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Abstract—Fast and high-fidelity qubit readout requires strong
coupling between the readout resonator and the feedline. How-
ever, such coupling unavoidably enhances qubit decay through
the Purcell effect. We present a four-pole broadband Purcell
filter implemented on a 3D flip-chip platform to overcome this
trade-off. The filter provides a flat 1 GHz passband centered at
7.68 GHz and achieves more than 45dB suppression at typical
qubit frequencies. We demonstrate the filter’s compatibility with
multiplexed readout using a test chip that integrates six floating
readout resonators strongly coupled within the passband. The
chip is fabricated using a 150 nm Niobium (Nb) thin-film process
and characterized at 20 mK in a cryogenic measurement setup.
We also develop an analytical model that captures the system-
level transmission response S>1, including both the Purcell filter
and the in-band coupled readout resonators, directly from their
physical geometry, enabling rapid circuit synthesis and design
optimization. The proposed design is compact and fabrication-
tolerant, making it a practical solution for large-scale supercon-
ducting quantum processors.

Index Terms—Multiplexed readout, Purcell filter, qubit read-
out, superconducting quantum circuits, 3D flip-chip

I. INTRODUCTION

well-known design trade-off in superconducting quantum

processors arises from the conflicting requirements of
fast readout and long qubit lifetime [1], [2], [3], [4], [5].
Achieving rapid state discrimination requires strong coupling
between the readout resonator [6] and the feedline, whereas
preserving long qubit relaxation time (71) requires minimizing
decay through this same channel [7]. To suppress the unwanted
decay while maintaining high readout fidelity, Purcell filters
are additively inserted in typical readout circuits [8], [9]. Such
filters are engineered to strongly attenuate emission at the qubit
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frequency while providing a relative broad transmission band
around the resonator frequency, enabling both efficient readout
and long qubit lifetime.

In recent implementations of multiplexed readout architec-
tures [10], each readout resonator is often equipped with an
individual Purcell filter [11], [12]. These filters are typically
realized as half-wavelength (\/2) open-ended transmission
lines with whose resonance frequencies are nominally identical
to those of the associated readout resonators. The Purcell
filters are then strongly coupled to a common feedline, en-
abling frequency-multiplexed readout while maintaining qubit
protection. Although this approach has been experimentally
demonstrated to provide effective suppression of radiative
qubit decay, it requires precise frequency matching between
the filter and resonator. The precise frequency targeting and the
large footprint of each filter place high demands on design and
fabrication, making the realization of large-scale processors
increasingly challenging.

An alternative approach integrates a common Purcell filter
directly into the feedline, as demonstrated in [2]. In that
work, a single-pole bandpass filter is realized using a quarter-
wavelength (A\/4) transmission-line resonator, within which
four readout resonators are coupled to the filter passband. The
suppression at the qubit frequency is around 17dB due to
the single pole design. The authors achieved readout fidelity
exceeding 99.8 % within 140ns while maintaining qubit re-
laxation times above 100 us, allowing fast and high-fidelity
measurement through the filter-protected channel. However,
the effective passband of this single-pole filter is limited to
approximately 200 MHz. In multiplexed readout architectures,
such a narrow transmission window restricts the number of
readout resonators that can be accommodated and forces
close frequency spacing between qubits, which can affect the
frequency discrimination and introduce unwanted crosstalks.

To overcome the bandwidth limitation of single-pole band-
pass filters, several groups have implemented multi-pole Pur-
cell filters. In [13], [14], stepped-impedance bandpass filters
are demonstrated both on- and off-chip, effectively broadening
the transmission window and enhancing qubit protection.
However, these designs require a relatively large footprint,
which becomes problematic for dense qubit integration. Al-
ternatively, in [15] an analytical model for a multi-pole broad-
band Purcell filter is proposed, offering a circuit-level frame-
work for broadband suppression, although no corresponding
physical layout is presented. A more recent implementation
reported in [16] employs four coupled resonators to realize
a compact broadband Purcell filter with strong suppression
near the qubit frequency and a passband of approximately
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Fig. 1.

(a) Cross-sectional view at AA’ plane in (f) (not to scale), illustrating the chip stack-up and the coupling section between readout resonator and

Purcell filter. The BB’ plane denotes the symmetry plane used for conformal mapping analysis. (b) False-colored optical micrograph of the fabricated sample
showing the top and bottom chips in an overlapped configuration. (c) Isometric view of the 3D model, unveiling the top chip to show both the metal layers
facing each other. The indium bumps are only shown on bottom chip for better visibility. The feedline and spiral resonators are implemented on the bottom
chip, while the coplanar waveguide (CPW) line resonator and meandering readout resonators are patterned on the top chip. (d) Coupling section between two
CPW line resonators of the Purcell filter. (e) Parallel-plate capacitance between the spiral and CPW line resonators enabling over-the-air coupling. (f) Floating
readout resonator coupled to the CPW line resonator within the filter passband. (g) Spiral resonator and tapped-in feedline providing external coupling.

790 MHz. The proposed integration strategy, however, is only
demonstrated through simulations and lacks experimental ver-
ification, and the reported results do not address multiplexed
readout operation.

Other approaches have also been explored, such as bandstop
filters at the qubit frequency [1] and intrinsic Purcell filter
configurations integrated directly into the readout resonator
structure [17]. However, these methods either exhibit similarly
limited passbands or require extensive engineering effort to
precisely position the filters. Moreover, all of the aforemen-
tioned implementations have so far been demonstrated only on
planar platform and have not yet been adapted to the emerging
three-dimensional (3D) stacked architectures envisioned for
large-scale quantum processors [18].

In this work, we present a Purcell filter design based on
four coupled resonators that achieves a broad passband of
1 GHz and 45dB suppression near the qubit frequency. To
demonstrate its functionality, six floating readout resonators
are coupled within the filter’s passband, forming a representa-
tive multiplexed readout configuration. An analytical model is
developed to guide the filter design efficiently and to reduce
the engineering effort required for optimization. The complete
system is implemented using a 3D flip-chip architecture, with
all components, including the floating readout resonators,
integrated on a compact 10 x 6 mm? chip. Moreover, based
on the transmission response S; obtained from the proposed
model, the resonance frequency and external quality factor

of each readout resonator can be estimated using the method
in [19].

II. CIRCUIT DESIGN AND METHODOLOGY

The proposed Purcell filter is implemented on a three-
dimensional (3D) flip-chip platform, as illustrated in Fig. 1(a).
The physical layout of the Purcell filter, shown in the optical
micrograph in Fig. 1(b), is based on a four-pole bandpass
topology comprising four coupled resonators, as illustrated by
the corresponding circuit schematic in Fig. 2(a). The system
consists of three types of resonators serving different roles:
spiral resonators acting as the input and output coupling
elements, CPW transmission-line resonators forming the inner
resonators of the filter, and floating readout resonators coupled
within the passband. Each resonator is short-circuited at one
end and open-circuited at the other. The feedline is tapped on
to the input and output resonators, highlighted in the close-up
Fig. 1(g), which are implemented as compact spiral structures.
The outer terminal of each spiral is connected to ground
to form the short-circuited end, while the inner terminal is
connected to a square patch of width wi"™, which realizes
the open boundary condition. The two inner resonators in
the coupling path are realized using unfolded A\/4 coplanar
waveguide (CPW) transmission lines, as depicted in Fig. 1(d).
The open ends of these resonators are terminated with larger
square patches (wi" > wP™) to mitigate fabrication-induced
lateral misalignment, as illustrated in Fig. 1(e). Within the



coupling path, six floating readout resonators, representing
qubit readout channel, are coupled to the two unfolded CPW
line resonators via short segments of parallel-coupled lines in
Fig. 1(f). This configuration emulates a realistic multiplexed
readout system.

A. Circuit Model and Implementation

The proposed Purcell filter can be effectively modeled as
a network of four coupled parallel LC resonators, as illus-
trated in Fig. 2(a). The feedline is tapped near the virtual
ground point of the input and output resonators. Therefore,
the coupling between the feedline and these resonators is pre-
dominantly inductive, characterized by the mutual inductances
Ly,.s and Ly, 1. These couplings between spiral resonators
and CPW line resonators are implemented by parallel plate
patch on open-end and denoted as C';, 12 and C,y, 34. The two
inner CPW line resonators are inductively coupled through
a short section of parallel coupled lines located near their
grounded ends, as shown in Fig. 1(d). This interaction is
modeled by a mutual inductance L, 23. In addition, a set
of meandering \/4 resonators is coupled to the CPW line
resonators within the transmission path.

Fig. 2(b) illustrates the coupling topology of the proposed
Purcell filter, together with the in-band coupled readout res-
onators. The numbered nodes in the equivalent circuit indicate
the sequential order of the resonators along the main coupling
path. The complete system can be described by a coupling
matrix m as

0 mg 0 0 0 0
ms M1 M2 0 0 0
_ 0 mo1 M2 R mos 0 0
T 0 me mar ma 0| M
0 0 0 M43 Mag M
0 0 0 0 mr 0
where each submatrix m; r(¢ = 2,3) represents the sub-

system formed by the i-th filter resonator and its associated
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Fig. 2. (a) Schematic of the chip and the coupling scheme between resonators
along the signal path. The color coding is consistent with the layout in Fig. 1.
(b) Coupling topology of the four-pole Purcell filter and the configuration of
the in-band coupled readout resonators.

readout resonators. These submatrices capture the internal
couplings within each readout group as well as their inter-
action with the corresponding filter resonator. In this case, the
coupling submatrix m; r can be expressed as

My Migy Mgy, Mg
Mg i, M4 0 0 .
e L S N R X
My, 5, Mjsjs
Mij, 0 0 My, ®

where the index set (j1,j2,j3) corresponds to the three
readout resonators coupled to the second filter resonator as
(R1, R2, R3) and to the third filter resonator as (R4, R5, R6),
respectively.

Once the coupling matrix is determined, the frequency
response of the filter can be evaluated in terms of the scattering
parameters. The reflection and transmission coefficients are
obtained as [20]

Sip=1+2j [A];} ,

So1 = —2j [A]n+2 1 &)
A=m+ QU — jgq,

where j is the imaginary unit, U denotes a modified (n +
2) X (n + 2) identity matrix with boundary elements [U]; =
[Uln+2,n+2 = 0, and q is an (n + 2) x (n + 2) diagonal
matrix with all entries zeros, except for [¢]11 = [¢]nt2nt2 =
1. Assuming the filter is designed to have a passband f; —
fn, where f; and f; indicate the passband-edge frequencies.
The normalized frequency variable {2 is introduced to map the
actual frequency response onto the low-pass prototype domain

as
_ (1 ko
e (o p) e

with fo and FBW being the center frequency and fractional
bandwidth of bandpass filter, respectively, given by

Jfo=~'fn-fi, L fl-
Jo

The entries in the coupling matrix in (1) can be catego-
rized into three groups: the self coupling coefficients m;; on
the diagonal; the off-diagonal mutual coupling coefficients
m;j,1 7 j; and the external coupling coefficients mg and
mry,.

FBW =

(&)

B. Extracting Self Coupling Coefficient

The diagonal elements m;; of the coupling matrix in (1)
determine the uncoupled resonance frequencies fy; of the
individual resonators in the absence of other resonators in the
circuit. Each resonator’s bare frequency is governed primarily
by its electrical length and cross-sectional geometry. For a
A/4 transmission-line resonator, the resonance frequency can

be expressed as
1
r = —— 0)
f 4l\/L7CY (

where [; is the physical length of the resonator and L{ and C}
are the geometrical inductance and capacitance per unit length,



respectively. These parameters can be determined using the
conformal mapping technique described in Appendix A.

The square capacitive patch, with capacitance of C), located
at the open end of the filter resonator introduces an additional
capacitive loading that can be approximated as an equivalent
extension of the resonator’s physical length, such that

legr =L+ Al Al= gg @)

It should be noted that the spiral resonators differ from
standard CPW structures, as they lack a parallel ground plane
on one side. Consequently, the conformal mapping approach
described in Appendix A is not directly applicable. For these
resonators, EM simulations are employed to obtain accurate
estimates of their fundamental resonance frequencies and
corresponding self-coupling coefficients.

The normalized self coupling coefficient corresponding to
each resonator is defined as

_ ., Joi—fo
mi; = 2 - FBW - fo ®)

C. Extracting Mutual Coupling Coefficient

The mutual coupling coefficient m;; quantifies the elec-
tromagnetic coupling strength between adjacent resonators in
Fig. 2(b). A general equivalent circuit for two coupled \/4
resonators is illustrated in Fig. 3. Each resonator consists of
three sections: a short-circuited section of length [, ;, a coupled
section of length /., and an open-ended section of length [, ;.
The total electrical length of the i-th resonator is therefore
lt,i = ls,i + lc + lo,i-

To analyze the coupling section highlighted by the ivory
box in Fig. 3, the structure is modeled as a four-port network.
This coupled-line section can be characterized using even—odd
mode analysis, as detailed in Appendix B, and represented in
terms of its impedance matrix ZS°UPle* given in (24). The
matrix elements in Z°°UPler are determined by the cross-
sectional geometry of the coupled lines and can be evaluated
analytically using the conformal mapping technique described
in Appendix C.

The corresponding scattering matrix of the coupling section,
Seoupler - can then be obtained from the impedance matrix
through the standard network transformation

-1
Scoupler _ (YO . Zcoupler _ ZO) . (YO . Zcoupler + ZO) , (9)
oy U 7, 7,1 (W
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Fig. 3. General distributed-element model of two coupled A/4 resonators,
with short- and open-circuit boundary conditions applied to the respective
ports.

where Zg is a diagonal matrix having the square root
of the characteristic impedance at each port Zo =
diag [v/Zo1, ..., v/Zos) and Yo = Zo

By definition, the scattering parameters relate the incident
and reflected voltage waves at each port as

Z Scoupler V +

where V;* and V;~ denote the incident and reflected voltage
wave at i-th port.

When each port of the coupling section is terminated in
either a short or an open boundary condition, the relationship
between the incident and reflected voltage waves can be
written in terms of the corresponding reflection coefficients
as

(10)

Vt=T.V", (11)

where I' = diag[[p1,s1,ls2, 2] is a diagonal matrix
collecting the port reflection coefficients. The reflection co-
efficients I'; ; and I', ;, seen looking toward the short- and
open-end sections of resonator i, are determined by the corre-
sponding section lengths, Is; and [, ;:

JZo,tan(Bls ;) — Zo

J 2o, tan(Bls ;) + Zo’
—jZo,r cot(Blo) — Zo
—jZo,rcot(Blos) + Zo”

Here, Zy, is the characteristic impedance of the resonator
transmission line, which can be obtained using (23) via the
conformal-mapping method in Appendix A, and Z; is the
port reference impedance used in (9). In most practical cases,
all transmission lines in the system are designed with equal
characteristic impedance, i.e., Zp, = Zp = 50§. Under
this condition, the reflection coefficients in (12) and (13) are
simplified to T'y = —1e =728 and T, = 1e728l,

Substituting the scattering relation of (10) into the termi-
nation condition of (11) yields the characteristic equation for
the coupled system. The dressed eigenfrequencies of the two-
resonator pair are obtained as the roots of

det(I — T - §eouler) — .

Lsi = 12)

Loi= 13)

(14)

Let f1 and f5 denote the two solutions of (14) in the vicinity
of the bare resonance fy; from (6). The mutual coupling
coefficient is then extracted by [20]

foo fm) sz fl) <f02 fm)
Jor  foz 5+ 17 f02+f01(15
and the corresponding normalized value for the entries in (1)
is ms; = IJ/FBW
In practice, the coupling coefficient between filter resonator
i = 2 and its associated readout resonator j € {R1, R2, R3}
(or j € {R4,R5,R6} for i = 3) in (2) is evaluated using
the general model of two coupled A\/4 resonators developed
above. The coupling coefficient between the two CPW line
resonators, mss in Fig. 2(b), is also obtained from the same
model by taking the limiting case in which the short sections
vanish, I, = ls2 = 0. As shown in Fig. 1(d), the coupling

My =ty (2



section starts directly at the short-end of the /4 resonator.
Note that the effective length of open section is compensated
using (7) to account the effect of the self-capacitance of the
capacitive patch at open-end.

To assess the validity and robustness of the model, we
benchmark it against Ansys HFSS eigenmode simulations.
The test structure comprises two coupled A/4 resonators with
total lengths l;; = 4340 um and l;2 = 4400 pum, and a fixed
coupled-line spacing d = 10 um. We sweep the coupling-
section length /. over a representative range and evaluate four
boundary configurations: general cases with /,; # 0 pm and
lsi # Opm, as well as two limiting cases with [5; =[5 =
0 pm and l,; = l,2 = 0 um. For each configuration, we extract
the bare and dressed resonance frequencies either from the
model or from HFSS eigenmode simulations. Because HFSS
provides eigenfrequencies rather than coupling coefficients, the
simulation traces in Fig. 4 are obtained by post-processing
those frequencies with (15), using the same definition as in the
model to ensure a consistent comparison. As shown in Fig. 4,
the value closely tracks the HFSS simulation results across
the entire sweep, indicating that the proposed formulation is
robust and effective. The data also highlight that the coupling
strength is governed not only by the coupling-section length /.
but also by the relative position of the coupling-section along
the resonators.
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Fig. 4. Extracted coupling coefficients of two coupled A/4 resonators with
different geometric parameters, obtained from the proposed analytical model
(solid lines) and Ansys HFSS eigenmode simulations (dash lines).

Unlike the coupled-line couplings discussed above, the
couplings between the spiral and CPW line resonators, mj2
and mgy, are realized by a parallel-plate capacitance placed
at their open ends. Therefore, the proposed model does not
apply. In this case the capacitive coupling is governed by the
mutual capacitance C,,, between the facing patches, which is
expressed as

Cm
VC1-C2’

where C7 and C5 are the equivalent capacitance of first and
second resonator in Fig. 2(a), respectively. Since the chip
spacing hs = 10 um is fixed by the fabrication process, the
most effective tuning parameter for mis (and mgy) is the
effective area of the parallel-plate capacitor that determines
C.n,. Although an ideal parallel-plate capacitor admits a closed-
form expression, in our design the top patch is deliberately
enlarged relative to the bottom patch to mitigate sensitivity
to lateral misalignment, as shown in Fig. 1(e). The resulting

mip = (16)

fringing fields invalidate simple analytical formulas. In prac-
tice, we determine mqo (and mg4) by performing eigenmode
simulations in Ansys HFSS to extract both the bare and
dressed frequencies, and subsequently use (15) to calculate the
coupling coefficient. As shown in Fig. 5, varying the size of
the top patch effectively tunes the coupling coefficient, while
also slightly affecting the bare frequency.
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Fig. 5. Extracted coupling coefficients M2 between spiral and CPW line
resonator, and the corresponding bare frequency of the CPW line resonator,
obtained from Ansys HFSS eigenmode simulations. The patch size of the

CPW line resonator wg"e is swept, while the patch size of the spiral resonator

spiral

is fixed at wp = 110 um.

D. Extracting Input and Output Coupling

The external coupling coefficients, mg and m,, characterize
the interactions between the filter and the feedline at the input
and output ports, respectively. In this design, both external
couplings are implemented using a 50€) tapped feedline, as
shown in Fig. 1(g). The strength of each coupling can be
quantified through the corresponding external quality factor,
defined as
Wo * TSy, (WO)

4 )
where wp is the resonant angular frequency and Tg,, (wo)
denotes the group delay of S7; at resonance. Once Q. is
obtained, the normalized coupling coefficient mg (and mp)
in (1) can be extracted as

1
=N Q. FBW

Fig 6 presents the simulated group delay of S1; at resonance
for various positions of tapped-line d;,, together with the
corresponding coupling coefficients extracted using (18). The
parameter d;, denotes the distance between the feed point
and the short end of spiral resonator. When d;,, = 0 um, the
feedline is directly connected to the short circuit, resulting in a
strong impedance mismatch and, consequently, a pronounced
reflection toward the source. In this configuration, the external
coupling is minimal. Increasing d;,, moves the feed point away
from the shorted end, thereby enhancing the coupling strength,
as clearly observed in Fig. 6.

To this end, all coupling parameters in (1) are determined
as functions of the relevant geometric dimensions. With the
coupling matrix established, the overall transmission response
So1 of the Purcell filter and the multiplexed readout resonators
within the passband can be computed using (3).

Qe = A7)

(18)
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III. EXPERIMENTAL CHARACTERIZATION

We design and fabricate a test chip on the 3D flip-chip
platform to characterize the experimental performance of the
proposed Purcell filter for multiplexed readout. The filter is
designed to provide a flat passband from f; = 7.20 GHz to
fn = 8.20GHz, corresponding to a center frequency f, =
7.68 GHz and a fractional bandwidth FBW = 13.2%.

Table I summarizes the geometric parameters of the spiral
and CPW line resonators used in the Purcell filter. Bare
resonance frequencies obtained from Ansys HFSS eigenmode
simulations are f*™ = 7.68 GHz and fi" = 7.70 GHz. The
corresponding normalized coupling parameters for this design
are extracted using the procedures described in Section II-B
and Section II-C as

Moo = M3z = 0.0325,
mo3 = 0.4861.

mi1 = Myq = —0.00757
mi2 = M34 = 06608,

The tapped-line feed point for both the input and output
resonators is located at d;, = 951.5 um. At the resonance
frequency of the spiral resonator wgp'_ral, the group delay
of the reflection coefficient is 7s,, (wP™) = 0.733ns, ob-
tained from Ansys HFSS driven-modal simulation. Using (18)
this corresponds to normalized external coupling coefficients

mg = my, = 0.93 for the source and load ports.

TABLE I
GEOMETRIC PARAMETERS OF THE PURCELL FILTER.
Parameter Value
Spiral total length, 5P (;m) 4904
Line total length, 7} (um) 3900
CPW line width, w (pm) 10
CPW line gap g (um) 9
Spiral outer diameter, d3P#! (ym) 375
Bottom patch width w;piral (pm) 110
Top patch width wgnc (pm) 135
Coupling-section length lc. 23* (um) LYE)

Coupling-section spacing dg3® (um) 6
4The length of the coupling section of the edge-coupled CPW line
resonator 2 and 3.

bThe edge-to-edge spacing between the inner strips of the CPW line
resonator 2 and 3 within the coupling section.

Six floating readout resonators are integrated within the
passband of the Purcell filter with around 100 MHz frequency
spacing to each other on spectrum. The geometric param-
eters are given in Table II. The bare frequencies and the
corresponding self coupling coefficients are obtained from (6)
and (8), respectively. Each resonator is coupled to one of the
two inner CPW line resonators of the Purcell filter and the
dressed frequencies together with mutual coupling coefficients
are determined using (14) and (15).

With all coupling parameters determined, the calculated
transmission response SS3- is obtained from (3), and a full-
wave simulation of the device using Ansys HFSS (driven-
modal) yields S§™ for reference. These responses are com-
pared with the measurement data in Section III-C.

A. Device Implementation

The chip stack-up used for the chip design and simulation is
shown in Fig. 1(a) and consists of two bulk silicon substrates
(e, = 11.45 [21]) with thickness h; = h; = 500 um, separated
by a chip spacing hs = 10 um defined by SU-8 polymer spac-
ers. Both top and bottom chips are patterned with 150 nm thick
Nb films for metal layers. The two chips are assembled using a
flip-chip bonding process adapted from [22]. Superconducting
indium bumps are deposited on both chips to provide galvanic
inter-chip connections. The bottom chip size is 10 x 6 mm?,
while the top chip is intentionally made 1 mm smaller than the
bottom chip in lateral dimensions to facilitate electrical fan-out
of the feedline. An optical micrograph of the assembled device
is shown in Fig. 1(b). The fabrication process is identical to
that used for qubit-integrated 3D flip-chip devices, thereby
inherently incorporating fabrication tolerance encountered in
practical superconducting quantum processors.

B. Measurement Setup

The package consists of a copper base, a carrier printed
circuit board (PCB), and a copper lid, as shown in Fig. 7(a).

(a) (b)
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Fig. 7. (a) Packaged sample with the lid removed. (b) False-scaled cross-
sectional view of the packaged sample in the YZ-plane, illustrating the internal
stack-up. (c) Measurement setup for cryogenic characterizations.



TABLE II
GEOMETRIC PARAMETERS OF READOUT RESONATORS, ALONG WITH THE CORRESPONDING RESONANCE FREQUENCIES AND EFFECTIVE EXTERNAL
(Q-FACTORS OBTAINED FROM HFSS DRIVEN-MODAL SIMULATION AND THE PROPOSED ANALYTICAL MODEL.

Parameter Res. 1 Res. 2 Res. 3 Res. 4 Res. 5 Res. 6
Total length, I; (um) 4400 4350 4300 4250 4200 4150
Short section length, I5 (um) 500 500 500 500 500 500
Coupling section length, . (um) 300 200 200 200 200 300
Coupling section spacing d (um) 7 10 15 15 10 7
Coupling section location [, 2* (4m) 2367 1917 1417 1417 1917 2367
Resonance frequency, 5™ (GHz) 7.42 7.54 7.65 7.74 7.82 7.90
Resonance frequency, f* (GHz) 7.43 7.51 7.60 7.69 7.78 7.87
External Q-factor, Q™ (x10%) 1.36 1.39 1.70 1.72 1.30 1.35
External Q-factor, Q% (x10?) 0.91 1.07 1.57 1.98 2.40 1.18

2The relative position of the coupling section counting from the common short-end of the CPW line resonators.

The fabricated device is mounted within an aperture in the
carrier PCB and is wire-bonded to the CPW traces on the
PCB, which are further connected to the measurement setup
via SMA connectors. Fig. 7(b) illustrates the cross-sectional
view in the YZ-plane, showing the internal stack-up of the
packaged structure. Both the copper lid and the copper base
include milled cavities above and below the chip, respectively.
The packaged sample is magnetically shielded with a cry-
operm shield and placed in a commercial dilution fridge
(Bluefors LD 400 with a base temperature of around 20 mK).
Vector network analyzer (Keysight N5224B) is used to perform
spectroscopy. The input line contains 80dB attenuators in
total at different temperature stages. The output line includes
a cryogenic HEMT amplifier (LNF LNC4_8C) at 4K stage,
2 dual junction isolators (LNF-ISISC4_12A), and a 3.1 GHz
high pass filter (Minicircuits VHF-3100+) at 20 mK stage. The
detailed measurement setup is presented in Fig. 7(c).

C. Measurement Results and Discussion

mea.

The raw measurement data of transmission spectrum S57*,
shown in Fig. 8(a), spans 1-10GHz with 100 001 points at
a VNA output power of 0dBm. The calculated (S53") and
simulated (S5™) responses are included for comparison. As
the results shown, the passband exhibits an overall amplitude
reduction of approximately -15 dB compared with the analyti-
cal model and simulation. This behavior is consistent with our
prior measurements on the same 3D flip-chip platform [23] and
is mainly attributed to ohmic losses along the signal path in
the measurement setup. To compensate for this attenuation, a
flat +15dB magnitude correction is applied to the measured
raw date. The restored spectrum, shown in Fig. 8(b) over
the smaller frequency span (7.0-8.2 GHz), closely tracks the
modeling result S§3- and the simulation S§™ obtained by
Ansys HFSS (driven-modal) across the passband. All six
floating readout resonances appear within the passband in the
three traces (model, simulation, and measurement) as indicated
by the markers in Fig. 8(b), confirming that the multiplexed
configuration is preserved on chip.

The fabricated device shows a small downshift of the pass-
band center frequency by approximately 200 MHz relative to
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Fig. 8. (a) Measured S5T* (blue) spectrum from 1 to 10 GHz, compared
with 5'5“11 (green) calculated from the analytical model and S;i{“‘ (magenta)
obtained from Ansys HFSS driven-modal simulations.(b) S21 spectrum with
smaller window from 7.0 to 8.2 GHz. The measured S5F* is restored by
compensating for a 15dB loss in the signal path. Markers are added to
indicate the resonance frequencies of readout resonators for the analytical
model (A), simulation (o), and measurement ((J). (¢) Measured raw data
(blue) and fitted S2; response (orange) of a representative readout resonator
(Res. 3). (d) Corresponding complex-plane representation of Sg1 for the same
resonator, showing Re{S21} and Im{S21}.

the design target, which we attribute to the kinetic inductance
of the thin-film Nb. This contribution is additive to the total



inductance and modifies the resonance frequency in (6) to
1
4/ (LK + L CY

o= (19)

Following the model in [24], the kinetic inductance per unit
length L‘f is determined by the superconducting material
properties, in particular the magnetic penetration depth [25],
as well as the current distribution across the conductor cross-
section [26]. For the 150 nm Nb film used in this work, the
magnetic penetration depth is approximately 80 nm according
to [27], [28]. Using this value together with the current
distribution of the specific CPW geometry (Table I) obtained
from HFSS simulation, the kinetic inductance per unit length
is estimated to be LF ~ 12nH/m. The geometrical induc-
tance Lj, calculated using conformal mapping techniques as
described in Appendix A, is approximately 388 nH/m. This
yields a ratio Lf /L] ~ 3.1%, corresponding to an expected
frequency reduction of approximately 2 %. This correction
directly affects the self-coupling coefficients m,; in (1), as
they are determined by the resonance frequencies of the indi-
vidual resonators. While this quantitative estimation applies to
CPW-based \/4 resonators operating in a quasi-TEM mode,
the spiral resonators do not strictly satisfy this condition.
Nevertheless, the kinetic inductance remains additive to the
total inductance and therefore leads to a similar qualitative
downshift in their resonance frequencies.

The Purcell suppression is estimated to be around 45dB
by comparing Sz1(f,-) at a representative readout frequency
fr in the passband to Sa1(f,) at a typical qubit frequency
fq = 4.5GHz. As shown in Fig. 8(a), the proposed fil-
ter exhibits a relatively flat So; transmission response over
a broader frequency range around 4.5 GHz (approximately
4-6 GHz), indicating that the Purcell suppression is robust
against variations in qubit frequency arising from fabrication
tolerances in the Josephson junctions.

The measurement S5 exhibits another two notable devia-
tions from the analytical model and the chip-level simulation
in Fig. 8(a), namely reduced Purcell suppression at 4.5 GHz
in the lower stopband and a spurious peak near 9.2 GHz in the
upper stopband. These discrepancies are attributed to parasitic
effects associated with wire bonding and packaging, which
are not captured in the chip-level simulation. As shown in
Fig. 7(b), the finite clearance between the chip and the aperture
in the carrier PCB forms a slot structure that can support
slot-line modes. Signals outside the passband of the filter are
reflected back towards the input port, and a fraction of the
reflected energy can couple into the slot-line mode at the
chip-to-PCB interface and propagate to the output port. This
parasitic transmission path leads to an increased S3; level in
the lower stopband compared with the chip-level simulation.
In addition, the wire bonds connecting the signal pads on
the chip and the carrier PCB introduce parasitic inductance
(approximately 1 nH/mm [29]), resulting in impedance mis-
match that effectively defines the boundary condition for the
slot-line mode. This gives rise to a resonant response at a
specific frequency, manifested as the spurious peak observed
near 9.2 GHz. Similar effects have been reported and analyzed

in [30], [31]. Both discrepancies are reproduced in full-
wave simulations that include the package and wire bonds,
as discussed in Appendix D. The chip-level simulation in
Fig. 8(a) is retained for direct comparison with the analytical
model, as these package-induced effects do not affect the in-
band performance of the filter.

Subsequently, from the measured S57*, we extract for each
readout resonator the resonance frequency f,., loaded quality
factor ();, and external quality factor Q). by fitting the complex
notch response to the model [19]:

1— (Ql/Qe)ej¢
1+2jQu(f/fr = 1)

Here, the model also accounts for environmental effects such
as attenuation a, electric delay « and 7 introduced by the
environment and RF cables, as well as the impedance mis-
match ¢ in the feedline. The measured data and corresponding
fitting results of Res. 3 as a representative example are shown
in Fig. 8(c) and (d). The internal quality factor (); can
also be estimated from the fitting model, where the loaded
quality factor @; is related to the external and internal quality
factors through 1/Q; = 1/Q. + 1/Q;. For Res. 3, Q; is
approximately 2 x 10% at a VNA output power of 0dBm,
which is consistent with typical Nb-based CPW resonators in
3D flip-chip architectures [22]. However, in the present design
the readout resonators are intentionally operated in a strongly
overcoupled regime (Q. < ;) to enable fast readout, which
limits the sensitivity to internal loss, as discussed in [32], [33].

When applying the notch-type model to S2; obtained from
simulation or analytical model, those parameters from envi-
ronmental effects can be ignored and the model in (20) will
be simplified as [19]:

Sa1(f) = ael®e=I2mIT (20)

Ql/Qe
L+ 2jQu(f/fr— 1)

Fig. 9 compares parameters extracted from the analytical
model, HFSS driven-modal simulation, and measurement. As
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Fig. 9. Resonance frequencies f, (a) and external Q-factors Q. (b) extracted
from the transmission coefficients obtained by experimental measurements,
Ansys HFSS driven-modal simulations and the analytical Model.



shown in Fig. 9(a), the measured resonance frequencies differ
from the simulated values by Af = |fme* — fsim| < 100 MHz
across all six readout resonators. This systematic downshift is
attributed to the kinetic inductance of Nb thin-film, which is
not included in the simulation. The same mechanism applies
here, as described above in (19).

In contrast, the extracted external quality factors exhibit
more noticeable discrepancies (AQ. = QT — QS™| <
0.5 x 103, excepting resonator 6) compared to the simula-
tion, corresponding to a relative deviation of approximately
AQ./QS™ ~ 30 %. We attribute this primarily to fabrication
tolerances in the flip-chip bonding process. Even with the
use of polymer spacers, the chip spacing hs varies across
the chip with a mean value of 9.91 + 0.12 ym. A detailed
characterization of hg, performed using a profilometer and
presented in Appendix E, shows a systematic variation across
the chip. As a result, the local spacing in the coupling sections
is smaller than the target design value 10 gm, which introduces
nontrivial deviations in the extracted (). [23]. In addition, the
measured external Q-factors QQ7°* of all readout resonators
are consistently higher than the simulated values, providing
independent evidence of reduced local spacing in the coupling
regions, as a closer grounding plane weakens the coupling
strength. Exceptionally, resonator 6 exhibits a larger deviation,
AQ.(Res.6) ~ 0.9 x 103, further indicating non-uniformity of
hs across the sample.

We also observe an offset between the extracted ). from
the analytical model and simulation. Several factors contribute
to this deviation. First, the open ends of the CPW line
resonator 2 and 3 in the filter include capacitive patches.
Although their effects are incorporated as a length extension
in (7), this approximation does not accurately capture the
effective position of the coupling section along the A/4 line
and consequently affect the coupling coefficient as shown in
Fig. 4. Second, it is difficult to effectively include the curved
bend in the joints between coupling section and the rest parts
of resonator shown in Fig. 1(f) into the analytical model. Third,
weak cross-couplings between the neighboring resonators are
neglected in the coupling-matrix formulation in (1). Despite
these limits, the model predicts (). within a reasonable margin
for all six resonators (|Q — Q™| < 0.45 x 10 relative to
the simulated values), which is sufficient for design iteration
and targeting.

IV. CONCLUSION AND OUTLOOK

In this work, we have demonstrated a compact broadband
Purcell filter composed of four coupled resonators integrated
on a 3D flip-chip platform. The filter exhibits a flat 1 GHz
passband centered at 7.68 GHz and strong stopband attenu-
ation exceeding 45dB at typical qubit frequencies, ensuring
effective Purcell protection. Six floating readout resonators are
strongly coupled within the passband, demonstrating fast and
efficient readout. An analytical framework has been developed
not only to enable rapid circuit synthesis of the Purcell filter
but also to fast determine the resonance frequencies and
external Q-factors of the readout resonators.

The proposed design offers several important advantages
for large-scale superconducting quantum processors. The over-

the-air capacitive coupling between the spiral and CPW line
resonators shows high tolerance to fabrication variations, par-
ticularly to chip-spacing nonuniformities introduced during
bonding process. Its compact footprint and flip-chip compat-
ibility mitigate the routing congestion in large-scale quantum
chip and make the design more suitable for dense, multiplexed
qubit readout architectures.

While the present work does not include a fully integrated
qubit demonstration, the proposed filter design provides a
scalable and robust solution for suppressing Purcell decay in
multiplexed readout architectures. Future work will focus on
integrating the filter with qubit devices to further validate its
performance in realistic quantum processor environments.
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APPENDIX A
CONFORMAL MAPPING FOR CPW LINE WITH TOP
GROUND

A top-grounded CPW (TGCPW) line can be analyzed under
the quasi-TEM approximation and decomposed to two partial
regions. The upper part is in an air cavity seeing the continuous
top ground with finite distance hs and the bottom part is in
a Silicon dielectric with finite height h;. Detailed conformal
mapping steps are given in [34]. The total impedance can be
treated as the parallel combination of those two regions and
the closed-form expressions are given in [35] as:

K(kr,i’)) 1

7 Kon) | K(ka)
K'(kr3) gy + zooe2)
|

K(kry) | K(kpo) )’
CEQ/Eeff,r (K’(knll) + K’(’%Z))

Eeff,r = 1+ (€T - 1) (22)

Z, = (23)

where

kr,l = w/(w + 29)7
k, o = tanh(mw/4hs)/ tanh(m(w + 2g)/4hs),
ks = sinh(mw/4hy)/ sinh(m(w + 2g)/4hs).

APPENDIX B
ANALYTICAL MODEL FOR COUPLED-LINE COUPLER

The coupled-line section is modeled as a symmetrical four-
port network described by its impedance matrix, which relates
the port voltages and currents as:

Vi Zn Zha| |
= ] (24)
V;l Z41 Z44 I 4



The entries of the impedance matrix in (24) follow directly
from even- and odd-mode analysis of the coupled transmission
lines as:

11 = Loy = L33 = Zyy = %j(zo,e + Zy,0) cot

Zio = Zo1 = Z34 = Zy3 = ;J(Zo e — Zo,0) cot 6

5 (25
213 = Z31 = Loy = Zyo = 7(Zo e — Zo,0)csct

iy =Zy = Zog = Z3p = 7(20,6 + Zp,0) cscl

Here Zy . and Zy, denote the characteristic impedances of
even and odd modes, respectively. The electrical length 6
depends on the effective dielectric constant and the physical
length of the coupling section /..

APPENDIX C
CONFORMAL MAPPING FOR EDGE-COUPLED TGCPW
LINE

Fig. 10 shows the electric-field distribution in the cross
section of an edge-coupled TGCPW pair simulated in Ansys
2D Extractor. A virtual perfect magnetic conductor (PMC)
or perfect electric conductor (PEC) plane can be introduced
along the symmetry plane (BB’ plane in Fig. 1(a)) between the
two conductor strips without perturbing the field distribution.
Due to the symmetry, only half of the geometry needs to be
analyzed for either mode.

The geometries in Fig. 10 are defined by the coordinates:

a:d/27
zp =d/2 4+ w,
Z(':d/2+w+ga

(26)

The total capacitance per-unit-length of the edge-coupled
TGCPW pair can be decomposed into three partial capaci-
tances that represent the distinct dielectric regions involved
as

Ctot,m = Ca,ml + Ca,mQ + Cd,m (27)
where m represents the propagation mode, either even (e)
or odd (o). As illustrated in Fig. 10, C, ;1 corresponds to
the capacitance in the upper air region within the flip-chip
cavity, C, 2 represents the capacitance in the lower region
in the absence of the dielectric substrate, and Cy ,, denotes

the capacitance associated with the silicon substrate.

In region 1, the top ground provides anther PEC boundary
condition with a finite distance, hg, to the structure. Therefore,
the partial capacitances C, ., in this air cavity are [36]:
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Fig. 10. Cross-sectional E-field distributions for edge-coupled TGCPW line
simulated using Ansys 2D Extractor, and the corresponding partial capacitance
configurations for even mode (a) and odd mode (b).
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In region 2, the fields extend into an effectively infinite air
region in the absence of dielectric. The corresponding partial
capacitances Cj, ,,2 are therefore given by [36]

C 2 =& K(k62)
Ki(ke)’ (29)
C K(kOQ)
a,02 — K/(k02>)
where
2 2 20,2 2

_ Ry — Ra o Zc (Zb — Za)
S\ e T e

In region 3, the structure is backed by a dielectric substrate
with finite distance, hy, to the dielectric-to-air boundary. The



coordinates in (26) after conformal mapping are transformed
according to

Zn,h = sinh(nz,/2h), n=a,b,c (30)

The corresponding partial capacitance Cy ., can then be writ-
ten as [37]

K(ke3)
Ce =2oler =gy 31)
w Wp W
Cd,o - <C:0(67' - l)Cp(ﬁa W17 Wz)a
where
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Here, C, is a function of three geometric parameters,
«, 3,7, which define the configuration of a parallel-plate
capacitor with a infinite long slot on one plate. The analytical
evaluation of C), follows the conformal mapping approach
described in [37], [38]. Some useful closed-form relations for
solving (31) are given as

Cpla, B,7) = K(k) /K (K)) + K(ks) /K (k3),

5 B+)
2 )
K(ks)
Ky ~ 1)
K (k) =ad
K (k) 7
Flarcsin(ks/k4), k4] _1-
K(ky) 1—46’
Flarcsin(kq /k2), k2] _ B
K (k2) 5

By performing the conformal mapping procedure for each
region, all the terms in (27) have been determined using
closed-form expressions. Consequently, the effective dielectric
constants for both the even and odd modes, € m, and the
characteristic impedances Z ,, are calculated using:

Ctot m C(tot m
eff,m = — = ’ 5 32
Eeff, Ca,m Oa,ml + CaJnQ ( )
1
Zom = ; (33)

COCa,m Eeff,m

where ¢y is the speed of light in free space. By solving Zj .
and Z , and substituting the results into (25), the impedance

matrix of the coupled TGCPW line in the flip-chip config-
uration, ZUr is obtained. The corresponding scattering
matrix, S®Uer is then derived via standard impedance-to-
scattering transformation and is used in Section II-C to model
the coupling behavior between adjacent resonators.

To validate the accuracy of the conformal mapping ap-
proach, we apply it to an edge-coupled symmetric TGCPW
structure and compare the calculated results from (33) with
those obtained from Ansys Q2D Extractor simulations. Two
metallization conditions are considered: an ideal case with
zero conductor thickness, ¢ = Onm and a practical case with
metal thickness of ¢ = 150 nm, corresponding to the thin-
film Nb used in fabrication. For both cases, the TGCPW
geometry is defined by conductor width w = 10 um and gap
g = 9 um. Chip spacing is fixed as h; = 10 um. The edge-to-
edge spacing d between the coupled strips is swept from 1 to
15 pm to evaluate the dependence of the coupling parameters
on line separation.

= Sim.7=0nm
-o- Sim. =150 nm 73

1 3 5 7 9 11 13 15
Coupled Line Distance d (um)

Fig. 11. Calculated characteristic impedance for even and odd mode,
comparing with Ansys Q2D simulations under different configurations.

As shown in Fig. 11, the characteristic impedances Zg ,, of
even and odd modes calculated from the conformal mapping
model agree closely with the results from the Q2D simulations.
Defining the relative error as

Cal. Sim.
|ZO,m - Z07m

: 34
o (34)

err =
the maximum deviation between the calculated and simulated
values for the case with ¢ = O nm remains within 1.3 %. The
error increases slightly when comparing to the case with ¢ =
150 nm. The discrepancy arises primarily from the finite metal
thickness, which is not included in the conformal mapping
formulation. This inherent approximation of the conformal
mapping method propagates into subsequent calculations, such
as the estimation of coupling coefficients.

APPENDIX D
PACKAGING EFFECTS

To investigate the impact of packaging effects discussed in
Section III-C, full-wave electromagnetic simulations including
the package are performed. The package configuration follows
that described in Section III-B. Aluminum wire bonds with
a length of 0.75mm and a diameter of 25 um are included
for both signal and ground connections. The floating readout
resonators are removed from the simulation model to simplify
the analysis.
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Fig. 12. Simulated transmission response S%i{“' of the filter without readout
resonators, with and without the package. Measurement result S5y* is
included for comparison.

Fig. 12 presents the simulated transmission response S5

with and without package. Including the package leads to
two key changes. First, the transmission level in the lower
stopband increases, reducing Purcell suppression to approx-
imately 62dB at 4.5GHz, in closer agreement with mea-
surements. Second, an additional spurious resonance appears
around 9.1 GHz, consistent with the measured response in the
upper stopband. These results confirm that the discrepancies
observed in the measurement can be attributed to packaging-
induced parasitic effects.

To further support this interpretation, the electric field distri-
butions at representative frequencies are examined. Fig. 13(a)
shows the field distribution at 7.75 GHz within the passband,
where the electromagnetic field is primarily confined along
the intended signal path. In contrast, Fig. 13(b) shows the
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Fig. 13. Electric field distribution in the XY-plane at (a) 7.75 GHz and (b)
9.1 GHz. The color scales are identical in both plots for direct comparison.

field distribution at 9.1 GHz, where strong field localization
is observed along the chip-to-PCB interface, indicating the
excitation of a parasitic mode.

It should be noted that the simulations are based on ideal
conditions. In practice, variations in wire bond geometry and
slight misalignment of the chip may lead to deviations from the
simulated response. Therefore, the simulations presented here
are intended to identify the origin of the spurious resonance
rather than to quantitatively reproduce the measured response.

APPENDIX E
FLIP-CHIP BONDING CHARACTERIZATION

The flip-chip spacing across the chip is characterized using
profilometer, and the measured data are fitted to obtain a
three-dimensional contour-map, as shown in Fig. 14. From
this analysis, the mean spacing is 9.91 £+ 0.12 ym, with a
minimum of 9.69 yum and a maximum of 10.32 um. The
results reveal a systematic spatial variation in the chip spacing
across the chip, with reduced spacing near the center. These
measurements support the interpretation in Section III-C that
local spacing in the coupling sections is smaller than the design
value, contributing to the observed deviations in the extracted
external quality factors.
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Fig. 14. Contour map of the flip-chip spacing hs across the chip, obtained
by profilometer.
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