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We present a tunable coupler scheme that allows us to tune the coupling strength between a
feedline and a superconducting resonator in situ over a wide range. In this scheme, we shunt the
feedline with a 50-Q lumped-element nonlinear transmission line made from a 20 nm NbTiN film.
By injecting a DC current, the nonlinear kinetic inductance changes and the effective impedance
shunting the resonator periodically varies from a short to an open, which tunes the coupling
strength and coupling quality factor Q.. We have demonstrated Q. tuning over a factor of 40,
between Q. ~ 5.5 x 10* and Q. ~ 2.3 x 10°, for a 4.5 GHz resonator by applying a DC current
less than 3.3 mA. Our tunable coupler scheme is easy to implement and may find broad applications
in superconducting detector and quantum computing/information experiments. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4953209]

Superconducting microwave resonators have found impor-
tant applications in astronomy and quantum computing.' They
are usually defined lithographically from thin superconducting
films. Many resonators with different resonance frequencies
may be coupled to a common feedline for multiplexed readout
of an array of detectors™ or qubits.*> The coupling strength
between the resonators and the feedline, characterized by the
coupling quality factor Q,, is a critical design parameter which
sets the photon lifetime in qubit experiments and affects the de-
tector sensitivity of microwave kinetic inductance detectors
(MKIDs). Usually, Q. is fixed by the geometry of the coupling
section. In many applications, however, actively tuning the cou-
pling strength and Q.. is desired. For example, a tunable coupler
is useful for qubit readout, control,ﬁ’7 and inter-qubit communi-
cation.*” The MKIDs would also benefit from a tunable cou-
pler scheme to achieve the critical coupling condition Q.= Q;,
where Q; is the resonator internal quality factor, to compensate
for changes or uncertainty in the optical loading conditions dur-
ing lab tests and telescope observations.

Previously, a tunable coupler has been demonstrated
using a dc-SQUID (superconducting quantum interference
device) as the tunable element, which requires Josephson
junction fabrication.'® In this letter, we present a design and
experiment for a tunable coupler using a superconducting
transmission line with a nonlinear kinetic inductance. This
tunable coupler is easy to construct and can tune Q. of a
generic resonator by more than a factor of 40 in situ.

Lithographically defined superconducting microwave
resonators are photon cavities that store microwave photons.
The analogy between a one-sided optical cavity and a 1-port
capacitively coupled microwave resonator is illustrated in
Figs. 1(a) and 1(b). In both cases, optical (microwave) pho-
tons leak in and out of the cavity (resonator) through the
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partially transparent wall (coupling capacitor) with a trans-
mission coefficient ¢ and associated Q.. given by

energy stored in cavity 4mm
—5 ey

energy leaked out per cycle - lt]

Qc:

where m is the optical (electrical) length of the cavity (reso-
nator) in number of wavelengths A.

In order to tune Q., the magnitude of the transmission
coefficient |¢| has to be varied. Previously, this has been
implemented in an inductive coupling scheme, where the
mutual inductance controlling the coupling strength is tuned
by a flux-biased SQUID circuit.””® In this letter, we describe
a tunable capacitive coupling scheme without SQUIDs. In
our setup, we shunt the coupling capacitor to ground through
a lossless nonlinear transmission line whose phase length is
variable, as shown in Fig. 1(c). As the phase length f/ is var-
ied, the shunt impedance of the transmission line varies peri-
odically from an open (fl = ©/2 + n=n) to a short (Sl = nmn),
effectively turning the coupling on and off. Here, f is the
propagation constant, / is the physical length of the transmis-
sion line, and 7 is an integer. From microwave network anal-
ysis, we find that the wave reflected from the transmission
line branch interferes with the direct input wave giving rise
to a 1 + yp modulation factor on . The combined coupler

(a) (b) (c)

~C_ A Bl
CAVITY S - T
\mk/ mA mA

FIG. 1. (a) Cartoon showing an optical cavity, (b) a resonator capacitively
coupled to a feedline with one port, and (c) a resonator capacitively coupled
to a feedline in the proposed tunable coupler scheme.

Published by AIP Publishing.
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block, indicated by the dashed box in Fig. 1(c), has an effec-
tive transmission coefficient ¢ and coupling quality factor O/,
given by'!

t/ _ t(l + VB)

=42,
/ . 4Q( o Q(f _ QL' (2)
Uyt c0s?(Lyp/2)  cos?(Bl—n/2)

where ¢ and Q. take the values for the fixed coupler case in
Fig. 1(b), and the reflection coefficient y, = ¢“7s = —e= 2!
from the terminated lossless transmission line is assumed.
Eq. (2) clearly suggests that the effective Q' of the tunable
coupler may be continuously tuned from the original Q. to
infinity by varying the phase length of the transmission line.

To vary the phase length, we introduce a lumped-
element transmission line with nonlinear kinetic inductance
made from 20nm NbTiN. NbTiN has a current-dependent
kinetic inductance, modeled by

I 2
Ly =Lio|1+ (1—> ) 3)

where [ is the current flowing through the inductor and 7, is a
characteristic current on the order of the superconducting
critical current.' The nonlinear kinetic inductance of NbTiN
has been found to exhibit extremely low dissipation and used
in the construction of nonlinear superconducting devices,
such as broadband traveling-wave parametric amplifiers,'>'?
frequency tunable resonators,'* and frequency combs.'” In
this experiment, we adopt a lumped-element transmission
line design that is modified from a conventional coplanar
waveguide (CPW) transmission line. We place 2 um interdi-
gitated capacitor (IDC) fingers directly on both sides of the
2 um center strip, forming a “fishbone” pattern as shown in
Fig. 2. The added capacitance to ground compensates for the
high kinetic inductance of the NbTiN center strip resulting in
a lumped element transmission line with characteristic
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FIG. 2. (a) Lumped element model of a nonlinear kinetic inductance trans-
mission line where the inductance L depends on the current /. (b) One
port of the “fishbone” nonlinear transmission line with IDC features. The
design dimensions listed in the figure yield a transmission line close to
50 Q characteristic impedance. NbTiN is shown in blue and exposed sub-
strate in white.

18.2 mm
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impedance of Zy = 50 Q, naturally matched to the measure-
ment system. For the design parameters shown in Fig. 2, we
have verified Z, = 48.5 Q with time-domain reflectometry
(TDR) measurements in an LHe dunk test. As a comparison,
a CPW made from 20nm NbTiN with 2 um center and gap
would have an impedance of more than 200 Q. It should be
pointed out that the tuning element is not limited to a 50 Q
transmission line and in general any lossless component with
a variable reactance may work as a tunable coupler.
However, in other impedance mismatched cases, the phase
of the reflection coefficient oscillates rapidly with frequency,
limiting it to be useful only for narrow-band devices. The
trade-off for the 50 Q fishbone tuner is that the overall foot-
print is increased by about a factor of 3 from a meandered
CPW implementation due to the added IDC fingers. The
footprint is not significantly increased, thanks to the fact that
the added IDC also reduces the phase velocity and the
required length of the fishbone line by a factor of 4 from the
CPW counterpart.

Because the propagation constant is related to the non-
linear inductance by f§ = w+/L(I)C, the phase length may be
modulated by a DC current (/4c)

o o [1gc 2
Bl = Byl 1+g<z> ; )

where f3,/ corresponds to the phase length at zero current and
o is the kinetic inductance fraction.! Therefore, we have con-
structed a lossless transmission line whose phase length can
be varied by injecting a DC current (neglecting the effect of
a slight impedance change'"), as required by the tunable cou-
pler scheme in Fig. 1(c).

Our Q. tuning experiment was conducted using the
setup shown in Fig. 3 in an adiabatic demagnetization refrig-
erator (ADR) maintained at a bath temperature of 380 mK,
well below the superconducting transition temperature of the
rhenium resonators (7. ~ 1.7 K) and the NbTiN fishbone

111

Resonator
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FIG. 3. (a) A diagram showing the tunable coupler setup. The DC current
is injected through the bias tee and flows through the circulator, resonator
feedline, fishbone transmission line, and finally through a short to ground.
A larger DC current reduces the wavelength of the standing wave (illus-
trated by the red and blue sinusoidal waves) and varies the phase of the
wave seen by the resonator. (b) Photograph of the resonator chip (left) and
fishbone transmission line (right). One of the eight resonators on the reso-
nator chip and one of the three fishbone transmission lines were used in
our experiment.
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transmission line (7, ~ 14 K). A battery-powered, low noise
voltage supply provided a DC current, which was injected
into the feedline using a bias tee and a 1kQ series resistor.
This DC current flows through the circulator, resonator feed-
line, fishbone transmission line, and finally through a short to
ground. The output RF signal, the S;; reflection from the
entire network including the resonator and the lumped trans-
mission line, was amplified with a HEMT at 3 K. The center-
to-ground short at one end of the fishbone transmission line
and the interconnections between the resonator chip and the
fishbone transmission line chip were made using aluminum
wirebonds.

We first measured the device reflection around its reso-
nance frequency of 4.548 GHz using a vector network ana-
lyzer (VNA), while DC current injected into the fishbone
transmission line was stepped from 0 to a maximum value of
Inax = 3.32mA. For [ > I,,x part of the transmission line
went normal, and the transmission was dramatically reduced.
Fig. 4(a) shows a waterfall plot of all the measured |S),|*
curves under different bias currents. One can see that with
the increasing DC current, the resonance dip first goes deeper
and then shallower, indicating the coupling quality factor Q.
of the resonator is effectively tuned by the DC currents.

To further analyze the reflection data, we normalized
the complex S;; data at 380 mK for different DC currents to
the Sy, data with no injected DC current at 700 mK. At 700
mK, the resonances die out due to thermal quasiparticles,
leaving a clean background for reference. This normalization
technique removes cable delays and losses from coaxial
cables and was commonly used in resonator measurements
in Ref. 15.

The normalized resonance loops for all the DC currents
are shown in Fig. 4(b). The diameter of each resonance loop
is directly related to its effective coupling quality factor, O"..
With increasing DC current, the centers of the resonance
loops move clockwise and the diameters change, indicating
both the phases of S;; and Q' change with current. The black
dots in Fig. 4(b) indicate the first frequency point f| in
each sweep. Measured at a fixed off-resonance frequency f,
75 ~ S11(fi) = € gives the reflection coefficient (normal-
ized) from the nonlinear fishbone transmission line only. The
phase of these black dots, 0, versus DC current squared, Iﬁc,
is plotted in Fig. 5(a). According to Eq. (4), 6 o< I3.. The 0
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FIG. 4. Network analyzer sweeps of
the resonator-coupler circuit for differ-
ent values of DC current. |Sy;|* data
are plotted in (a) with 2dB offsets in
the y-axis added for clarity. The reso-
nance frequency is mostly unchanged
but the depth of the resonance dip is
modulated by varying Q.. The normal-
ized complex §;; data are plotted in
(b). The diameter of the resonance
circle is modulated by the effective
coupling, Q.. The first (lowest) fre-
quency point in each sweep is indi-
cated by the black dots.

270

vs. I3, curve roughly follows a linear trend but at higher cur-
rents a clear departure is visible. This effect has been previ-
ously observed in other nonlinear devices using NbTiN,
where a quartic term /4, has to be included to fit the data.'*'®
Such a quartic term may arise from higher order nonlinear
response of kinetic inductance or from quasiparticle genera-
tion.'* Despite the detailed model of 0(I4.) and its underly-
ing physics, Fig. 5(a) shows that we have obtained a large
nonlinear phase shift of over 7 useful for Q. tuning by inject-
ing a DC current.

To quantitatively assess the Q. tunability, we retrieve
the effective Q' for each value of /4. by fitting the complex
S11 data to a theoretical model derived for our circuit
confl guration,l !

20/0;

1+i2Q<f;f"> 7

Su(f)=yp|l— 5)

using the established resonator fitting procedure outlined in Ref.
15. Here, f,. and Q are the resonance frequency and total quality
factor, respectively. Fig. 5(b) shows the fitted Q; (squares) and
Q' (dotted) plotted against /3.. The internal loss Q; remains
nearly constant with increasing DC current while O’ ranges
from a minimum Qcmin = 5.5 X 10* at Iy =2.14mA to a
maximum Q¢ max = 2.3 X 10° at I = 3.32mA. This result
clearly demonstrates that we have achieved tuning of Q. by

@) o (b) W —
o Q. from fitting
-1 —_— Qc,minlcosz[(e_eo)/z]
106 b - ol Qi

i
£ O o
@
o
4l 10
0 » 0 2 4 6 8 10 2

2 2 2 2

lge [MA] Idc[mA]

FIG. 5. (a) Current-induced nonlinear phase shift 6 and (b) quality factors as
a function of DC current squared lﬁc. The minimum Q¢ i, and the corre-
spondent nonlinear phase shift 0, are indicated by the stars.
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more than a factor of 40, while Q; is unaffected. We further
infer that when Q¢ min is reached the DC current has induced
an additional nonlinear phase 0y ~ 1.25 rad in the transmis-
sion line, making the total phase length il = 7/2 + nm.

In order to check the agreement between our model and
our data, we plot the theoretical model implied by Eq. (2),
Q! = Qcmin/ cos?[(0 — 09)/2], where 6 is the current
induced nonlinear phase shift given by Fig. 5(a), O min is the
lowest measured Q' and 0, is its corresponding nonlinear
phase (indicated by the stars in Fig. 5). As shown by the red
curve in Fig. 5(b), the theoretical model is in excellent agree-
ment with the measured Q...

In conclusion, we have demonstrated the tunable coupler
scheme for superconducting microwave resonators proposed
in Fig. 1(c) and achieved Q.. tuning over a factor of 40, from
0, ~55%x10* to Q. ~2.3x 10° Our scheme uses the
current-dependent nonlinear kinetic inductance in a super-
conducting NbTiN transmission line without any Josephson
junctions. We have introduced a lumped-element transmis-
sion line architecture with an interdigitated capacitor to com-
pensate for the high kinetic inductance of NbTiN. We have
constructed such a transmission line with 50 Q intrinsic
characteristic impedance, which provides an elegant solution
to transmission line designs using high kinetic inductance
films for other applications, such as kinetic inductance
traveling-wave parametric amplifiers. This device is easy to
construct and requires only single layer fabrication.
Integrating the tunable coupler with the resonators to be
tuned onto the same chip should be straightforward. If a tight
integration is needed, the footprint of the coupler circuit can
be further reduced by shrinking the width of the spine and
the IDC finger/gap of the fishbone. The demonstration
described here was for a 1-port resonator; it is straightfor-
ward to extend the scheme to 2-port resonators with inde-
pendent control of the coupling strength for the two ports.

Appl. Phys. Lett. 108, 222604 (2016)

The devices were fabricated in the NIST cleanroom.
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