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A 4 : 1 Transmission-Line Impedance Transformer
for Broadband Superconducting Circuits
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Abstract—We present a 4 : 1 superconducting transmission-line
impedance transformer for cryogenic applications. The device
transforms 25 €2 in the coplanar waveguide to 6.25 €2 in the
microstrip and is designed to operate at 20 mK. Calibrated
measurements in a dilution refrigerator demonstrate a —3 dB
bandwidth from 1.6 to 13 GHz. In a modified Ruthroff design, a
small capacitor is integrated at the input as a direct-current block,
making it suitable for biasing and matching to low-impedance
active circuits, such as superconducting quantum interference
device (SQUID) amplifiers.
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I. INTRODUCTION

MPEDANCE matching to microwave superconducting cir-

cuits and components is often difficult to achieve because
of extremely low input or output impedances [1]-[3]. The input
impedance of superconducting antennas and the output/input
impedances of superconducting quantum interference device
(SQUID) amplifiers in particular are typically on the order of
a few ohms [1], [2], [4]. DC-SQUID amplifiers, consisting
of two dc-biased Josephson junctions arranged in parallel to
form a loop, can reach noise temperatures below 1 K, lim-
ited by the normal (i.e., nonsuperconducting) currents in the
junctions [5]. However, present designs are typically limited to
5% relative bandwidth with the center frequency in the 1- to
8-GHz range. In order to achieve the impedance matching
of dc-SQUID amplifiers to 50 € at cryogenic temperatures,
quarter-wave resonators [2] or flux transformers [3] have been
traditionally employed, but such techniques are often limited
by low self-resonance frequencies or narrow bandwidths. Other
matching methods that might be used involve either compli-
cated multipole filter topologies [6] (particularly with very high
source/device impedance ratios) or are incompatible with the
low magnetic fields required for many superconducting devices
due to the presence of a ferrite element [7].

Transmission-line transformers (TLTs) [8]-[12] have been
extensively used at UHF and higher frequencies due to their
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Fig. 1. Schematic of the 1 :4 impedance transformer developed in this paper.

compact size and extremely wideband performance. TLTs can
achieve high impedance transformation ratios over wide band-
widths by suitably connecting electrically short sections of
uniform transmission lines. The Guanella and Ruthroff trans-
formers, in particular, can be used to achieve rational number-
valued impedance transformation ratios over several octaves
[8]-[10], [13].

At UHF and low microwave frequencies, TLTs are typ-
ically fabricated with coaxial lines of various characteristic
impedance, which are readily available and are commonly
wound around a ferrite core to suppress unbalanced currents
[9], [14]. The proper operation of the transformer critically de-
pends on the two lines having the same electrical length 6. With
increased frequency, the interconnections at the two ends of
the transformer become difficult to implement without parasitic
reactances, which effectively changes the electrical lengths.
Therefore, at higher frequencies, fabrication technologies with
good control of parasitics are needed [10], [15]. Recently, a
new wafer-scale microcoaxial technology has been demon-
strated with 4 : 1 transformation operating in the 2- to 22-GHz
range [11].

In this paper, we demonstrate an on-chip TLT in supercon-
ducting technology for the first time. The circuit diagram of the
TLT is shown in Fig. 1. We introduced capacitor C, usually not
present in previous designs, in order to make the device suitable
for amplifier biasing. The Ruthroff topology was chosen for
its small size and easy microfabrication into superconducting
circuits. Impedance matching to 6.25 €2 from 1.6 to 13 GHz
has been achieved. The device, fabricated in niobium, has a
coplanar waveguide (CPW) 25-Q) input and a microstrip low-
impedance 6.25-Q) output, thus providing an easy transition
from the off-chip high-impedance CPW lines to the on-chip
low-impedance environment. In Section II, we describe the the-
ory and the design of the impedance transformer. In Section III,
we discuss the device fabrication and packaging. Section IV
describes the device characterization and experimental results.
Finally, conclusions are drawn in Section V.
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II. TRANSFORMER DESIGN

The transformer shown from Fig. 1 can be analyzed in terms
of even- and odd-mode excitations [9], [10]. The impedance
transformation ratio can be then expressed as a function of
the even- and odd-mode characteristic impedances Zy. and
Zpo, respectively, and the propagation constants 3. and [3,,
respectively. In the limiting case where Zy. > Zj,, the even
mode can be neglected, and the relation between the output and
load impedances (Z;, and Zp, respectively) can be calculated
following the procedure shown in [10]. The basic network
equations for the device in Fig. 1 are

Iy =1+ 1
Vo =Vycost + 25157y, sin 6
I, =1> cos¢9+j2?;0 sin 6
I
i=V,+ -2
1 +ij
Vo—Vy,—Vi =0 (1

where 0 = f3,1 is the electrical length of the coupled lines, while
V, and V}, are the voltages across the input and the output of the
coupled lines, respectively. As a consequence, the relationship
between the input and output impedances (Z;, = —V;/I; and
Zin = —Va/I5) can be derived as

Zin = 4Z00

Z(cos0+1)+7Zg, sin 97]‘;:})20 (j 2%0 tan 641

>. )

X :
2700 cos 0+3j 71 sin 0+%

With no capacitor, this reduces to the standard Ruthroff ex-
pression [9]. The real part of the impedance transformation ratio
Zout/Z, is plotted in Fig. 2 as a function of the electrical length
of lines 6 for different odd-mode characteristic impedances. An
approximate 4 : 1 impedance ratio is obtained for § < 1.5 rad.
The impedance ratio has a peak at about 1.5 rad. The amplitude
of the peak can be controlled by changing the value of the odd-
mode impedance. The transformation ratio goes to zero at § =
m. Fig. 2 also shows that the impedance transformation ratio at
low frequencies is reduced from its ideal value. From (2), the
low frequency limit of R;, = Re(Z;,) can be calculated as

4Ry,
Rypy=——"7""—"7"7"7"+"7+—7 3
14357~ ©)

8v,CZoo+1
where v, is the propagation speed of the odd mode, and
0 = wl/v,.

Capacitor C, introduced to allow a dc connection between
the input and the output of the device, controls the lower
frequency limit of the transformer. Because of the finite value
of the even-mode impedance Z., the input impedance of the
transformer is zero when

1

Zoe tan(fB,l) = on 4

Equation (4) is used to determine the minimum value of C
given a desired transformer bandwidth.
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Fig. 2. Theoretical impedance ratio of the transformer from Fig. 1 as a
function of the electrical length 6 of the coupled lines. Capacitor C' = 10 pF
is assumed. The odd-mode impedance is varied from 0.2Zp, to 1.2Z, in 0.2
increments.

III. DEVICE FABRICATION AND PACKAGING

The goal of this paper was to design and build a broadband
impedance transformer operating from 1.6 GHz over more than
10 GHz of bandwidth, providing a 4 : 1 impedance transforma-
tion from 25 to 6.25 €2, for the purpose of providing broadband
matching for an ultralow-noise SQUID amplifier. The desired
impedance match should minimize the noise temperature of
the final amplifier, including the transformer and possibly other
matching elements (this is different in general from maximum
gain matching). Input and output impedances of microwave
SQUID amplifiers are typically ~ 5 and ~ 10 €, respectively
(11, [2], [4].

This transformer is fabricated in a Josephson junction pro-
cess, with the layer structure shown in Fig. 3(a). The process
is described in detail in [16]. Two layers of Nb and two SiO;
insulated layers are deposited via sputtering on a 381-um-thick
Si substrate (e, = 11.9). The top and bottom Nb layers are
400 and 200 nm thick, respectively. The traces are defined
via etching. The SiO, layers are 350 and 450 nm thick. The
superconducting transition temperature of the Nb films is about
T. = 9 K and was verified on a different set of wafers produced
with the same process.

A sketch of a back-to-back transformer is shown in Fig. 3(b),
where both the input and the output are 25-2 lines. The higher
impedance input is fed by a CPW line, while the output is
realized in a low-impedance 6.25-{2 microstrip. The sample
box provides the ground plane to the coupled lines and the
conductor backing to the CPW. The side ground plane of the
CPW, placed on the bottom layer of the stackup in Fig. 3, serves
as the bottom ground plane for the microstrip. The low 6.25-C)
impedance microstrip line is 80 xm wide. The coupled lines are
two broadside-coupled transmission lines placed on the top and
bottom Nb layers. The two transmission lines are bent in a ring
to enable a short parallel output connection between them.

The ratio between the odd- and even-mode impedances can
be estimated by the ratio of the even- and odd-mode capac-
itances. As a first approximation, this scales as the ratio of
substrate thickness, as shown in Fig. 3(a). The Si substrate is
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Fig. 3. (a) Layer structure of the deposition process (not to scale) and
(b) schematic view of the device. (c) Exploded view of the coupled lines and
capacitor. (Gray) Bottom ground plane. (Blue) Top metal. The CPW is 70 pm
wide with a 1.5-pm gap. The microstrip line width is 25 pm. The coupled lines
are 16 pum wide. A bottom ground plane is provided by the metallic package
where the chip is mounted.

381 pm thick, whereas the SiO layer is 0.8 pm thick; there-
fore, Zo./Zp, = 381/0.80 = 476. The parallel-plate blocking
capacitor (C' in Fig. 1) is fabricated by the use of the two
available Nb layers. A high capacitance is desired for a wider
bandwidth; however, the occupied chip area is also a constraint.
A value of 10 pF (corresponding to a 450-pum side square
capacitor) was chosen. The odd-mode impedance was fixed to
Zoo = 8 (). This value, corresponding to the dashed curve in
Fig. 2, results in a minimal return loss in the 1.6- to 13-GHz
range. Full-wave simulations performed in the High-Frequency
Structure Simulator (HFSS)! show that, because of dispersion,
the microstrip line impedance varies between 6.8 and 6.25 ()
from 1 to 10 GHz. This is partially compensated by means of an

ICertain commercial software, equipment, instruments, and materials are
identified in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the software, the material, or the
equipment are necessarily the best available for the purpose.
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Fig. 4. Full-wave simulation of the influence of through vias connecting the
device ground planes on the transformer performance. By avoiding parasitic
modes, plated vias through the chip could extend the device bandwidth up to its
theoretical limit (continuous line). (Dashed line) In a real device, the bandwidth
is reduced. A particular chip size (4 mm X 5 mm) was chosen in the simulation,
and the Nb layers had zero thickness. The simulation was performed on a single
25- to 6.25-Q2 transformer.

increased transformation ratio over the same frequency range.
The desired transformer operating bandwidth determines the
length of the coupled lines. A high value for length [ limits the
device upper frequency limit, given by condition [, = 7.
The lower frequency limit is determined by (4) and increases at
low values of [. A value of [ = 1 mm was chosen for this design
to set a lower frequency limit of 1.6 GHz. The linewidth is
optimized to improve the response flatness over the bandwidth,
by controlling the odd-mode impedance, as shown in Fig. 2.

We simulated and optimized the 25- to 6.25-() transformer
using HFSS, with a perfect conductor boundary condition under
the substrate, to simulate the package on which it is mounted.
The chip ground layer is not directly connected to the package
with through vias. The Nb layers were treated as perfect electric
conductors for the purpose of the simulation. During the full-
wave simulations, the physical dimensions of the device were
tuned to minimize the device return loss. The simulation results
are shown in Fig. 4. With [ = 1 mm, the high frequency limit of
the device is theoretically equal to 35 GHz (at which point the
transmission drops to zero). Full-wave simulations show that
parasitic modes in the conductor-backed CPW structure limit
the available bandwidth [17]. Such modes can be suppressed
by removing the bottom ground plane and adding air bridges
or by connecting the two ground planes with through vias.
Full-wave simulations performed with through vias next to the
main CPW trace, in fact, show a frequency limit of 35 GHz,
as shown in Fig. 4. When the through vias are removed, the
device upper frequency limit is reduced to 16 GHz for the
particular case in Fig. 4. The actual frequency limit depends
on the size of the superconducting chip. Since through vias to
the bottom of the silicon chip are not possible with the trilayer
superconducting deposition process, parasitic CPW modes set
the frequency limit in the final fabricated prototype discussed
below.

As a test device, a back-to-back transformer was fabricated.
The package is shown in Fig. 5. The superconducting chip (with
asize of 3.5 mm x 5 mm) was attached to the bottom of the box
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()

Fig. 5. (a) Picture of the fabricated back-to-back transformer and (b) detail of
the superconducting chip. The fabricated device achieves broadband impedance
transformation from 25 to 6.25 €2 and back to 25 €.

with an Apiezon N! high-vacuum grease and wire bonded to a
15-mil-thick Rogers' TMM10i microwave board (e, = 9.8).

The 50- to 25-2 CPW exponential tapers were fabricated off-
chip to connect the input port of the transformer to the 50-(2
coaxial environment. These tapers provide better than 10 dB
of return loss at 1 GHz and above. Through vias all around the
boards and next to the tapered CPW lines provide good ground-
ing and suppress spurious modes due to the metallic enclosure
where the device is placed. The chip bottom ground plane is
provided by the metallic package where the superconducting
chip is placed. There is no Nb layer at the bottom of the silicon
substrate, and therefore, no through-via connection to the top
ground plane was possible. The possibility of suspending the
superconducting chip and adding air bridges to increase the
device bandwidth was not considered, due to its complexity.
Resonances related to additional modes in the substrate depend
on the chip size and limit the upper frequency of the device to
13 GHz, which satisfied our design goal.

IV. EXPERIMENTAL RESULTS

We characterized the device by the use of an Agilent E5071C
Vector Network Analyzer! with cables connecting to the device
inside a dilution refrigerator operating at a base temperature of
approximately 11 mK with no load. During the experiment, an
effective temperature between 20 and 30 mK was measured.
Through-reflect-line calibration standards, designed and fabri-
cated on the same substrate and in the same type of package as
the device under test, were placed at the base of the refrigerator
and used to de-embed the effect of the tapers [18]-[20]. Two
line standards of different lengths were employed to cover a
frequency range from 1 to 16 GHz. The reference planes of
the calibration are situated at the 25-Q0 CPWs. Mechanical RF
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Fig. 6. (a) (Continuous line) Experimental and (dashed line) simulated trans-

mission and reflection coefficients of the back-to-back transformer prototype
fabricated in this paper. The data were taken at a base temperature of 20 mK.
(b) Transmission is shown in detail on a 0.5-dB scale.

switches operating from dc to 18 GHz were used to switch be-
tween the device and calibration standards without the need to
warm up the system. The measurement bandwidth was limited
by the low-noise amplifiers at the 4-K stage, which worked
up to 16 GHz. We obtained a good agreement with the HFSS
simulations, as shown in Fig. 6(a). A detailed view of the device
insertion loss is reported in Fig. 6(b), where the 0.1-dB 1-GHz
standing wave corresponds to the length of the cables between
the RF switches and the device, which was not fully removed
during the calibration procedure. The low frequency limit of the
device at 1.6 GHz agrees well with that predicted by theoretical
calculations and simulations. The high frequency limit is due
to additional modes in the conductor-backed CPW and could
be accounted for by our full-wave simulations, as shown in
Fig. 6 and as previously discussed. This limit is dependent on
the size of the superconducting chip and, to a lesser degree, on
the thickness of the dielectric and Nb layers (300 nm), which
was therefore taken into account in the simulations.

The different port impedances on the transformer make it
difficult to test it alone. Therefore, we designed a simple
capacitively coupled shunt Nb LC' resonator with 6-{2 input
impedance to test the structure, by inserting it between two



1500606

6.2502 6.2502
[ TLT —| ’— Tt ]
250 0.1pF 0.1pF 250
4.05pF 820pH

(@)

1S,,| (dB)

3%85 269 2695 27 2705 271 2715
Frequency (GHz)
(b)

Fig. 7. (a) Schematic of test circuit. (b) (Crosses) Experimental transmission
data are compared with (continuous line) theoretical calculations. (Inset) Smith
chart plot. The data were taken at a temperature of approximately 20 mK and
calibrated at the microstrip line reference plane. The best fitting was obtained
for component values within 5% from the original design.

transformers (see Fig. 7). The same package, microwave board,
and superconducting-chip footprint were used. The resonator
was made of a parallel-plate capacitor (4.05 pF), a coil inductor
(820 pH), and two small input decoupling capacitors (0.1 pF).
The resonator had a central frequency of 2.7 GHz and a @)
factor of 3300. The measured transmission coefficient is shown
in Fig. 7 and compared with the circuit simulation best fit.
The simulation line corresponds to the lumped element circuit
shown in Fig. 7(a). The resonator is strongly overcoupled and
well matched. About 83%-90% of the power is dissipated in
the load, less than 2% is reflected, and the rest is dissipated
in the resonator components. The best fit between simulation
and measurements is obtained for a microstrip characteristic
impedance of 6.6 € with 5% uncertainty.

V. CONCLUSION

In this paper, we have studied and characterized a super-
conducting 4:1 TLT with a 6.25-Q output impedance. The
transformer design is based on the Ruthroff topology, which
was modified by introducing a small blocking capacitor in order
to break the ground path at the dc. We have shown that the
capacitor increases the low-frequency cutoff of the device and
modifies the transformation ratio. The transformer implemen-
tation, with an input CPW and an output microstrip line, is
suitable to interface high-impedance off-chip devices to low-
impedance standard superconducting circuits. This device can
be therefore used to achieve broadband matching and biasing of

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 22, NO. 5, OCTOBER 2012

various superconducting devices such as SQUID amplifiers. To
achieve the latter goal, the superconducting transformer could
be used in conjunction with a lumped-element filter to match
both real and imaginary parts of the SQUID impedance over
frequency. It is also possible to design a TLT with a larger
transformation ratio eliminating the tapered line. This would
however require more coupled-line sections. In addition, the
transformation ratio must be a square of a rational number
[11]; thus, a 1: 8 ratio is impossible for a pure TLT. However,
an extension of the design to a 1:9 Ruthroff transformer is
possible using four lines, transforming 50 to 5.6 €2, and is
currently under consideration.
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