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Traveling-wave parametric amplifiers (TWPAs) have attracted much attention for their broadband
amplification and near-quantum-limited noise performance. TWPAs are nonreciprocal by nature providing
gain for forward-propagating signals and transmission line losses for backward traveling waves. This
intrinsic nonreciprocity is insufficient to protect sensitive quantum devices from backaction due to noise
from warmer amplification stages in practical systems, and requires the use of bulky cryogenic isolators.
We present a multistage TWPA (mTWPA) that addresses this limitation by achieving passive in-band
reverse isolation alongside near-quantum-limited noise performance. The multistage architecture consists
of two mode conversion stages and a reflectionless high-pass filter that provides the passive isolation.
Experimental measurements of a prototype mTWPA demonstrated 20 dB of forward gain across a 1.6 GHz
bandwidth and greater than 35 dB of reverse isolation. Noise measurements indicate performance at
1.7 times the quantum limit. This demonstrates that the increased complexity of a multistage TWPA design
does not lead to significant added noise. The designed distribution of gain across the stages is engineered
to minimize internal amplifier noise at the input, and we propose further optimization strategies in
redistribution of the gain between the stages. This level of isolation mitigates noise from warmer
amplification stages, matching the performance of conventional isolators. The passive reverse isolation of
the mTWPA, allows for the amplifier to operate in pulsed mode where the amplifier is off during qubit gate
operations and is turned on during readout allowing for an isolator free scalable readout architecture.

DOI: 10.1103/zkyt-r8vd

I. INTRODUCTION

In low-temperature electronics, quantum-limited broad-
band amplifiers are essential for high-fidelity readout of
weak signals. Superconducting travel-wave parametric
amplifiers (TWPAs) have emerged as a leading technology
due to their broadband operation and near-quantum-limited
noise performance [1-8]. TWPAs have been successfully
implemented in a range of experiments, including circuit
quantum electrodynamics [9-12], axion dark matter detec-
tion [13-15], spin qubit measurements [16], broadband
microwave squeezing [17-21], and microwave kinetic
inductance detector (MKID) readout for astronomical
imaging [22,23]. TWPAs are typically the first stage in a
cascaded amplification chain, followed by a high-electron-
mobility transistor (HEMT) amplifier and additional room-
temperature amplification [11]. Since total system noise is
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predominantly set by the first amplification stage [24],
achieving quantum-limited noise performance in the
TWPA is highly desired.

TWPAs facilitate signal amplification through a non-
linear transmission line. A weak signal at frequency @
co-propagates with a strong pump at frequency w,,
enabling parametric amplification via either three-wave
mixing (3WM) [3,25] or four-wave mixing (4WM)
[4,7,8,21,26-32], depending on whether the transmission
line exhibits second- or third-order nonlinearity. Under
phase-matching conditions between traveling waves, these
processes result in efficient signal gain and the generation
of an idler at frequency w; [33,34].

The nonlinear transmission medium can be realized
using Josephson junction arrays [7,8,30] or high-kinetic-
inductance superconductors [25,31], both of which allow
for the implementation of 3WM or 4WM through appro-
priate biasing strategies. A critical challenge in TWPA
design is maintaining phase matching between the inter-
acting waves as they propagate along the transmission line
[5,6]. To address this, dispersion engineering techniques
have been employed, such as the introduction of band gaps
or resonant features into the TWPA dispersion [5-7,30].
Such approaches modify the dispersion relation achieving
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optimal gain close to the pump, however, they create
unfavorable impedance matching conditions. Other
approaches have proposed utilizing phase matching in
left-handed Josephson junction transmission lines which
utilizes the left-handed dispersion relation and eliminates
the need for resonant structures [29]. Relevant to this
work are approaches that leverage transmission lines that
incorporate asymmetric superconducting quantum inter-
ference devices (SQUIDs) that enable phase matching by
modifying and inverting the third-order (Kerr) nonlinearity
[26,28,35]. Such approaches dislocate the region of optimal
gain in frequency from the pump and demonstrate
improved impedance matching.

TWPAs are nonreciprocal devices that amplify waves
that co-propagate with the pump. Backward propagating
waves counter to the pump experience a significant phase
mismatch, effectively suppressing first order parametric
processes [2,5,33,34]. The isolation exhibited by the TWPA
for reverse-propagating signals are due to transmission line
losses of the TWPA. Thermal noise from warmer HEMT
amplifier stages at 4 K, can radiate through the TWPA and
cause backaction on the quantum device measured due to the
limited isolation provided by the TWPA.

TWPASs are susceptible to backward-propagating waves
resulting from non-negligible impedance mismatches at the
ports. These mismatches cause reflections that can redirect
a portion of the amplified signal and noise backward
through the TWPA, leading to backaction on the quantum
device measured [36,37]. While out-of-band noise can be
effectively mitigated using band-pass filtering, in-band
noise presents a more significant challenge, necessitating
the use of isolators at the TWPA input. A conventional
readout chain can incorporate three isolators, one at the
input to the TWPA and two between the TWPA and HEMT
amplifier [11]. These microwave components introduce
insertion loss which limit the quantum efficiency of the
readout and occupy substantial physical space at the mixing
chamber stage of a dilution refrigerator. Since conventional
isolators rely on large magnetic fields and ferrite materials
to achieve nonreciprocity [24], their scalability is limited,
making the development of alternative methods necessary
for the continued development of prototype superconduct-
ing quantum computers.

There has been significant interest in developing non-
reciprocal devices that do not rely on strong magnetic fields
to replace isolators in measurement setups [38—42].
However, few attempts have been made to realize nonre-
ciprocal amplifiers, with existing implementations achiev-
ing narrow bandwidths of order 10 MHz for simultaneous
gain and isolation [40,41,43-45]. Recently, two experi-
mental demonstrations have explored approaches to
achieve broadband gain and reverse isolation in a TWPA
[36,37]. Both approaches employ a forward pump that co-
propagates with a forward signal, generating parametric
gain through a phase-matched 3WM or 4WM process.

To achieve reverse isolation, a second reverse-propagating
pump is introduced, and through a 3WM process, up-
converts reverse-propagating signals out of band. These
methods have demonstrated sufficient gain and isolation
over bandwidths less than 600 MHz.

Challenges associated with these approaches are the
necessity to finely tune both second- and third-order non-
linearities of the TWPA by requiring either a current bias
or the application of an external magnetic field. The two
counter-propagating pump frequencies and their respective
power levels must be carefully adjusted to achieve simulta-
neous phase matching of two parametric processes. The
experimental setup also necessitates the integration of direc-
tional couplers at both the input and output ports of the
TWPA to facilitate the introduction of the two counter-
propagating pumps, along with additional filters to prevent
pump leakage to the quantum device under measurement.

A challenge with isolation based on a parametric con-
version process is that unwanted highly phase mismatched
parametric processes are not completely suppressed. The
need to phase match a 3WM or 4WM forward parametric
gain processes at the same time puts a restriction on how
well unwanted parametric processes can be suppressed.
TWPASs designed with reverse isolation through parametric
conversion introduce unwanted parametric conversion
processes which have been shown to down-convert high-
frequency spectral content to in-band, causing unintended
backaction on the quantum device under test [46,47].
Because of this backaction from the TWPA an isolator
between the quantum device and the TWPA is still required
with these approaches.

The TWPA presented in this work is a multistage
traveling-wave parametric amplifier (mMTWPA) that exhib-
its passive reverse isolation. The mTWPA was designed
with a three-stage architecture, illustrated in Fig. 1(b). The
first and third stages consisted of coupled asymmetric
SQUID nonlinear transmission lines employing the inverse
Kerr phase-matching technique [28,35] for signal-to-idler
and idler-to-signal mode conversion, respectively. The
second stage incorporates a reflectionless high-pass filter
that blocks both forward and reverse signal propagation in
the stop band while allowing the idler and pump in the pass
band to propagate to the third stage. The signal-to-idler and
idler-to-signal phase-matched conversion process in the
first and third stages, respectively, allows for an amplified
signal to be present at the output of the mTWPA. In
contrast, a reverse-propagating signal experiences a large
phase mismatch with the forward-propagating pump and is
isolated by the passive reflectionless filter.

A key advantage of the mTWPA is that it provides in-
band passive reverse isolation that persists even when the
pump is off. When the mTWPA is on there is an ever
present backaction on the quantum device under measure-
ment due to parametric conversion of noise that can cause
decoherence. Because of the passive reverse isolation

021003-2



TRAVELING-WAVE PARAMETRIC AMPLIFIER WITH PASSIVE ... PHYS. REV. X 16, 021003 (2026)

(a) z = 350a z = 700a
5810‘ 58 201 M
=3 =T 101
o o0 A SN SNEN S S S— < 0 —
3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 12
ws/2m (GHZz) ws/21 (GHz)
(b) 1st Stage 2nd Stage 3rd Stage
= = Xt 50 Q
P°“$M 7,8 ¢ M% M%gm
5052 X x
% Reflectionless i
high-pass filter

(Up

Wj -

Wsg T T P N T N ——
@ 20 —
~ 101 P
:E 0 ‘f————————>
X _104
\’i. 10 / — a;Signal = a;ldler =— oV,
o —-20 : : . . : .

300 400 500 600 700

z (a)

FIG. 1. Signal propagation in mTWPA. (a) Transfer functions of the signal (purple line) and idler (green line) normalized to the input
signal |a,;/a.|? at the output of the first (z = 350a) and third stages (z = 700a). Position in frequency of input signal @, /27 = 5.2 and
pump ,/2z = 7.4 GHz indicated as purple and red arrows. (b) Three stage circuit diagram of the mTWPA. First and third stages of
nonlinear transmission line composed of coupled asymmetric SQUIDs biased with an external magnetic flux. The second stage consists
of a balanced high-pass reflectionless filter. Operation of the mTWPA consists of application of a pump (red line) and weak signal
(purple line) at the input to the first stage. As a result of the 4WM process, an idler mode (green line) is generated in the first stage. In the
second stage the weak signal is blocked by the filter and dissipated in a load instead of being reflected back into the first stage. The
pump and idler tones propagate into the third stage where the signal mode is regenerated through the 4WM process. Backward-
propagating signals @, (brown line) are isolated by the second stage reflectionless filter. (c) Evolution of the signal (purple line) and idler
(green line) along the length z of the first and third stages of the mTWPA. Backward-propagating signal , (brown line) isolated by the

reflectionless filter.

of the mTWPA it can be operated in a pulsed-pump
mode of operation with the mTWPA being off during
qubit gate operations and then turned on during readout
(Appendix D). This mode of operation allows for a fully
isolator-free readout architecture compatible with the noise
requirements of state-of-the-art superconducting qubits
which is not possible with parametric approaches of
isolation in TWPAs [36,37].

The first stage of the mTWPA employs 4WM via a third-
order nonlinearity and a strong pump at frequency w,, and
amplitude A, to amplify a weak signal at frequency w, with
an input amplitude a, . The 4WM process is most effective
when phase matching is satisfied, given by the condition
2k, — kg — k; = 0, where k,, represents the wave number
of each mode n = {s,i, p} [33,34]. As a result of the
4WM process, an idler mode at frequency w; = 2w, — @,
is generated.

This design utilizes an inverse Kerr phase-matching
technique [26-28], in which self-phase modulation (SPM)
effects induced by the strong pump are countered by the

chromatic dispersion of the transmission line. The transfer
function of the first stage is depicted in Fig. 1(a) for
both the signal |a,/a (w,)|* (purple line) and the idler
la;/a,(w,)|* (green line) modes. The positions in fre-
quency of w; and w, are denoted by the purple and red
arrows, respectively. Figure 1(c) illustrates the evolution
of |a,;/a.(z)|* along the length z across all three stages
of the mTWPA in the phase-matching region where
w,/2r = 5.2 GHz. It is important that the phase-matching
region occurs away from the pump in frequency due to a
finite roll-off of the stop band of the reflectionless filter.
Within the first parametric gain stage, a, and a; increase
significantly with z, despite the idler mode initially being
absent a;(0) = 0 at the mTWPA input.

At the output of the first stage, the signal and idler modes
enter the second stage, which functions as a reflectionless
high-pass filter with a stop band that includes w, and a
pass band encompassing both @, and w;. Efficient 4WM
processes in both the first and third parametric gain stages
require that the TWPA transmission line be terminated in
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FIG. 2. Balanced high-pass reflectionless filter implemented
with two quadrature hybrids and two nominally identical multi-
pole high-pass filters. Measurements of S,; at room temperature
show steep roll-off below w; /27 = 7.3 GHz and S}, shows good
return loss of better than 15 dB over a bandwidth of 4-11 GHz
which includes the stop bands and pass bands of the filters.

50 Q over a broad bandwidth that includes w, and w;.
This prevents the formation of standing waves that could
otherwise disrupt the 4WM parametric process. The filter
stage suppresses both the forward w; (purple line) and
reverse @, (brown line) traveling waves in Fig. 1(b) within
the stop band by directing the undesired electromagnetic
waves to be dissipated in one of two 50 Q loads internal to
the reflectionless filter shown in Fig. 2. The reflectionless
filter serves as the principal component providing passive
reverse isolation in the mTWPA design.

The idler and pump propagate through the filter and enter
the third stage of the mTWPA, where a second 4WM
process amplifies @; and regenerates the signal tone at
o, = 2w, — w;. As depicted in Fig. 1(c), a, at the output
of the third stage surpasses a;, and the transfer functions
lasi/a,(w)|* at z=700a are shown in Fig. 1(a). The
experimentally realized mTWPA design demonstrates
20 dB of forward gain and greater than 35 dB of isolation
for backward-propagating waves over a 1.6 GHz band-
width. This level of isolation is comparable to commercial
double-junction cryogenic isolators [48], which are com-
monly used to attenuate noise from the HEMT amplifier
stage in standard circuit QED cryogenic measurement
setups.

II. nTWPA DESIGN

In the mTWPA design, the first and third parametric
stages, shown in Fig. 1(b) employ an inverse Kerr phase-
matching technique, which obviates the need for dispersion
engineering and shifts the frequency of maximum gain

away from w,,. Given that the cutoff frequency w; of the
reflectionless high-pass filter lies just below ®,, and
exhibits a finite roll-off response, the regions of maximum
phase-matched gain in the parametric stages must be
sufficiently displaced from w/ to ensure a broad and usable
bandwidth of forward signal gain and at the same time
provide sufficient reverse isolation. The two-lobed gain
profile, depicted in Fig. 1(a), inherent to the inverse Kerr
phase-matching technique [28], enables such displacement
of phase matched gain from w,,.

The parametric stages of the mMTWPA consist of a trans-
mission line of coupled asymmetric SQUIDs [26,28,49].
The electrical circuit diagram is illustrated in Fig. 1(b),
where each unit cell of length a = 10 pm, comprises of two
coupled asymmetric SQUIDs. One arm of the asymmetric
SQUID contains a single small Josephson junction
(denoted by the blue x) with a critical current I, while
the other arm incorporates two larger Josephson junctions
(denoted by the red x) with a critical current of 7/, where r
represents the ratio in the junction areas. The small and
large junctions have shunting capacitance C, and rCj,
respectively. The SQUIDs are coupled through the large
junctions, forming a meandered backbone (highlighted
in red). To achieve a characteristic impedance of 50 Q
in the transmission line, distributed parallel-plate capacitors
to ground Cgy,q are used. To minimize insertion loss, the
dielectric material of the grounding capacitors is composed
of low-loss SiN,. Each asymmetric SQUID is threaded by
a magnetic flux @, enabling tunability of the mTWPA’s
operating point. The total length of each transmission line
for the first and third stages is denoted as /.

The propagation of electromagnetic waves in the first
and third stages, with wavelength 4 > a, is governed by the
wave equation [28,35]:

1 0% r o’ ¢
_0P e[ fy2) 22—, 22
L 07* * 0< * > 0> 07% ed 52

where L = Ly/[r/2+ 2cos(2z®/®y)] and y=
1/(3¢3Lo)[r/16 + cos(2z® /Dy )] is the flux tunable linear
inductance per unit-cell and Kerr constant respectively.
Ly = ®,/(2xl,) is the inductance of the small Josephson
junction, ®, is the magnetic flux quantum, and
@y = Do/2x. Losses in the parametric stages are intro-
duced through a conductance G = wC,,; tan 6 where tan é
is the loss tangent of the dielectric. The linear dispersion
relation [28] is

@+/LoCgnq )

k(w,®) =
N \/[§+2003 (271%)] — @*LyCy(5+2)
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A solution to Eq. (1) involves four traveling waves. In the
degenerate case, this consists of two pump waves with
equal angular frequencies w,,, a signal w,, and a generated
idler w; = 2w, — w,. A set of coupled mode equations can
be derived to describe the propagation and interaction of
the signal and idler waves under the influence of a stiff
pump [5,28]:

da ) )
— —ikgafe™ =0,
0z
da; . .
— —iKk;ate™ =0, (3)
0z

where a,, is a complex amplitude of the mode n = {s, i, p}.
The total phase mismatch is represented by k = Ak + Akyy,
where Aky = a; + a; — 2a,, is the mismatch due to SPM
and cross-phase modulation (XPM) and Ak =k, +k; — 2k,
is the chromatic dispersion of the transmission line. The
SPM and XPM per unit length is

I,

Ay,
> 4anda)?,i
_ 3k lA @
P 8and60%, ’

9

where A, is the pump amplitude. The couplings between
the signal and idler in Eq. (3) are

o — 3yk%7kski(2kp - ki>|Ap|2
y Sa)gcgnd

o 3yk2koki(2k, — k)| A, | '
! Sa)%cgnd

’

(5)

The solution to the coupled mode equations [6,33]
described in Eq. (3) are

ag(z) = [as (0) <cosh gz — ;—K sinh gz>
g

iK ) 1 .
+ —>a;(0) sinh gz | e™*/2,
g

a;i(z) = [ai(O) <cosh g7 — ;—K sinh gz)
g

+ l—;’ a:(0) sinh gz | e™*/2, (6)

where ¢ is defined as

From Eq. (6), the signal and idler power gains in the first
and third stages are

2
K .
Hg; = cosh® gz + 17 sinh? gz. (8)

For the first stage of the mTWPA the power transfer
function between a generated idler relative to an input
signal for a;(0) =0 is

57 sinn? gz. 9)

7

At the output of the first stage at z = 350a, the transfer
functions |a;/a,|* and |a;/a,|* as a function of w; is
shown in Fig. 1(a) as a solid green and purple line. As can
be seen for signals with w; < w,, the idler does not grow to
the same level as the signal. For w; > w,, the idler over-
takes the signal.

For the third stage of the mTWPA the power transfer
function between a generated signal relative to an input
idler for a,(0) =0,

a5(z)
(0)

a

. - %sinhz gz (10)
At the output of the third stage at z = 700a, the |a;/a, |*
and |a,/a_|? as a function of w, is shown in Fig. 1(a) as a
solid green and purple line. These transfer functions
represent the culmination of both stages in the mTWPA.
The total power gain of the signal in the stop band of the
reflectionless filter between the first stage and the third
stage absent loss is

2.2
G, :K“'—Z"sinh“gl. (11)
g

Critical to achieving sufficient gain is the ability to tune
the sign and magnitude of a, through the flux tunable
nonlinearity y and the pump amplitude A, to balance Akyy,
with Ak and achieve phase matching with k ~ 0 and
g* ~ k2k?. For signals @, in both the pass bands and stop
bands of the reflectionless filter under phase-matching
conditions, the signal gain can be approximated as
G, ~exp(4a,l)/16.

The second stage of the mTWPA is the high-pass
reflectionless filter, which provides isolation in the stop
band of the filter. This filter is engineered to exhibit a stop
band at w, and a pass band at @;. A key characteristic of this
high-pass filter is its reflectionless nature, ensuring a
matched impedance of 50 Q across both the pass and stop
bands. This property allows the first and third transmission
line stages to be terminated in matched loads over the
mTWPA’s operational bandwidth.
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The balanced reflectionless filter topology is realized
using two quadrature hybrids and low-temperature co-fired
ceramic (LTCC) high-pass filters, as illustrated in Fig. 2.
The quadrature hybrids are implemented using Lange
couplers, which exhibit insertion losses of 3 £ 0.5 dB
and a phase shift of 91°+ 1° between the output ports
over a frequency range of 4-11 GHz. Two balanced LTCC
multipole high-pass LC filters are connected between the
output ports of the quadrature hybrids and provide a cut-in
response at w;/2x = 7.3 GHz. The cut in of the filter can
be changed with different high-pass filters, which would
allow for repositioning of the center of the bandwidth of
the mTWPA.

The balanced high-pass filters generate identical reflec-
tions in the stop band, which combine in-phase at the
isolation port of the hybrid. This isolation port is terminated
with a matched load, while at the input (IN) port, the
reflections combine out of phase, thereby minimizing
return loss in the stop band. In the pass band, signals
propagate through both high-pass filters with a 90° phase
separation and enter the output ports of the second
quadrature hybrid. At this stage, the in-phase components
are constructively combined at the output (OUT) port,
while the out-of-phase components are directed to the
isolation port, which is terminated in a matched load.

Experimental measurements of the transmission (S,;)
and reflection (S;;) parameters of the reflectionless filter at
room temperature are presented in Fig. 2. The reciprocal
filter design ensures a well-matched impedance for the
transmission lines of the first and third stages of the
mTWPA which is essential to achieving high gain with
minimal gain ripple.

III. EXPERIMENT

The mTWPA was implemented using two coplanar
SQUID transmission line sections fabricated on separate
silicon dies, which constituted the first and third stages
of the mMTWPA. The transmission line sections and the
reflectionless filter were modularized and connected
together allowing flexibility to reconfigure the mTWPA
and characterize each component separately. Each trans-
mission line section had a length of / = 350a. The designed
circuit parameters for the transmission line sections were
Iy =12 pA, r=6, Cy =45, and Cgyq = 110 fF.

The critical current I, of the Josephson junctions was
estimated using the Ambegaokar-Baratoff relation [50],
based on room-temperature normal-state resistance mea-
surements from test junctions fabricated in the same
process. The permittivity of the SiN, dielectric was charac-
terized using test resonators to determine Cgpq, While the
Josephson junction capacitance C was calculated based on
a capacitance of 40 fF/pm?. The mTWPA was character-
ized in a dilution refrigerator at a temperature of 20 mK.
The experimental measurement setup is shown in Fig. 12
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FIG. 3. (a) Measured mTWPA transmission £S,; in radians

versus ®/®, at w,/2x = 7.4 GHz. (b) Measured transmission
S,1 of the mTWPA versus w,, comparing flux bias values of
®/®, = 0 (orange line) and 0.48 (blue line). Minimal ripple for
®/d, = 0.48 indicates improved impedance matching.

which enabled full S-parameter and noise characterization
of the mTWPA.

The mTWPA was initially characterized via trans-
mission measurements in the absence of an applied pump
to determine the circuit’s electrical parameters. Trans-
mission measurements were referenced against a thru line,
which could be switched in and out of the readout chain
using cryogenic rf switches. An external superconducting
solenoid applied a magnetic flux ® to the SQUID loops
of both transmission line stages. The measured phase
response Z£S,; as a function of @ for the mTWPA is
shown in Fig. 3(a) at w,/27z = 7.4 GHz in the pass band of
the reflectionless filter. The SQUID loops of the first and
third stage transmission line segments exhibited different
flux couplings to ®. Based on independent measurements
of each transmission line stage, as shown in Fig. 11(a),
a difference in the flux periodicities between the first @y
and third @5, stages was observed, ®;, = 1.26®;,. This
difference was due to flux-focusing effects in the super-
conducting coplanar ground plane, where the lateral exten-
sion of the ground plane from the central conductor differed
between the two stages [51].

The imbalance in flux coupling allowed for differen-
tial tuning of the first and third stages with an external
applied magnetic flux. When the applied flux was set to
/D, = 0.48, the normalized flux biases of the SQUID
loops for the first and third stages were @, /®,, = 0.41 and
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@3 /D55 = 0.52, respectively. The imbalance in the flux
coupling between the two stages allowed for a larger |y| in
the third stage relative to the first stage. This adjustment
was crucial because the same pump was used to drive both
stages. Because of transmission losses in the first stage and
the reflectionless filter, the pump power incident on the
third stage was approximately 2 dB lower than that on the
first stage. By tuning y through ®, it was possible to
optimize the gain distribution across both stages.

Figure 3(b) presents S,; of the mTWPA for ®/®; = 0
(orange line) and ®/®, = 0.48 (blue line). The high-pass
response in transmission is attributed to the reflectionless
filter. Just above wy, the frequency where w,, is positioned,
the insertion loss was measured to be 3 dB. The isolation
level in the stop band was limited by the noise floor of the
VNA for this measurement. A standing wave pattern in the
pass band was observed when the mTWPA was tuned
to ®/®, =0, which was attributed to impedance mis-
matches between the transmission line segments and the
50 Q impedance of the reflectionless filter and the ports.
Independent dispersion measurements of the first and third
stages indicated an estimated characteristic impedance of
22 Q which is consistent with the measured transmission
ripple. For ®/®, = 0.48, the standing wave ripple was
minimized, indicating improved impedance matching of
the transmission line segments to near 50 Q.

IV. RESULTS

The key results of this work are the measured signal gain
S>1(wy) of the mTWPA referenced to a thru line, over a
bandwidth which includes the pass band and stop band of
the reflectionless filter of the mTWPA which is shown in
Fig. 4(a). The signal gain at ®/®; = 0.48 and w,/2n =
7.4 GHz with pump power P, = =75 4+ 1 dBm (blue line)
is positioned just above w;. The gain measurements dem-
onstrate the broadband nature of the mTWPA, achieving a
maximum gain of 20 dB over a bandwidth of 1.6 GHz.

The inverse Kerr phase-matching approach enables
phase matching and maximum gain at frequencies
w,/27n = 5.2 GHz and 9.6 GHz, as indicated by the vertical
dotted lines in Fig. 4(a). This phase-matching approach is
necessary for achieving a broad operational bandwidth
away from w; where w, is positioned slightly above.
Despite the steep roll-off of 60 dB/GHz in the filter’s stop
band the center of the gain lobe must be positioned at least
1.8 GHz from w/ to ensure an adequate region of forward
gain and reverse isolation simultaneously. An advantage
of the inverse Kerr phase-matching technique is that it
does not rely on engineered dispersive features, thereby
allowing for tunability of w,, as demonstrated by an
alternative pump tuning of w,/2z =7.9 GHz and P, =
—74 + 1 dBm [Fig. 4(a), orange line]. The tunability of w,,
is limited by the need to position it near @, such that
forward gain and reverse isolation can be achieved

simultaneously with sufficient bandwidth. The absence
of dispersive elements in the inverse Kerr phase-matching
approach, minimizes the adverse effects of impedance
mismatches and suppresses gain ripples, which was
observed to be less than 3 dB in experiment when biased
with a suitable P,.

To determine the optimal P, for maximum signal gain,
we measured the nonlinear phase shift Oy, = £55,(P),)
of the pump in the mTWPA shown in Fig. 4(b) for flux
bias ®/®,; = 0 (blue squares) and ®/P, = 0.48 (orange
circles). For ®/®, = 0, the net Oy, is positive, similar to
the behavior observed in a conventional TWPAs consisting
of a chain of Josephson junctions. For ®/®, = 0.48, Oy
acquires an inverse sign due to the sign change of y [26].
The dependence of @y, on P, is observed to be linear at
low powers, in agreement with Eq. (4), where the dashed
line represents the total phase shift of both the first and third
stages O, = ap1(P,)l + ap3(P))l, where a,; and a3
denote the SPM coefficients for the first and third stages,
respectively. The disparity between «;,; and a3 arises due
to unequal P, delivered to and magnetic flux bias between
the first and third stages. For P, > 30 pW, Oy, deviates
from the expected linear behavior, which can be attributed
to the generation of higher-order pump harmonics and
pump depletion effects [52,53]. The P, when 6y deviates
from linearity sets the upper limit on P, for optimal
operation of the mTWPA.

The signal gain was experimentally measured as a
function of |fy; | and is shown in Fig. 4(c) for w,/27x =
5.2 (blue circles) and 9.6 GHz (orange squares). For
w,/2r =9.6 GHz and |Oy;| <1 radian, where phase
matching does not occur, the signal gain is negligible,
and S,; is dominated by transmission losses. In the phase-
matched regime where |0y | > 1 radian, the signal gain
follows an exponential dependence G, = exp(2|0x|)/16
as indicated by the dashed line. For w,/27z = 5.2 GHz,
when |fy | < 2 radian, phase matching is not achieved, and
the signal gain remains negligible due to the isolation of the
signal by the reflectionless filter. In the phase-matched
regime, where |fy; | > 2 radians, the signal experiences
gain and follows the expected exponential dependence.
At |Onp| > 4 radians, pump depletion effects become
significant, causing the signal gain to saturate and an in
increase gain ripple and mTWPA noise was observed in
experiment.

For w; < wy, which lies within the stop band of the
reflectionless filter, the original forward-traveling signal
does not propagate through the mTWPA as it is blocked by
the reflectionless filter. Instead, within the first stage of the
mTWPA, the signal generates an idler mode that resides in
the pass band of the reflectionless filter and is thus allowed
to propagate with the pump to the third stage. In the third
stage, the idler interacts with the pump to regenerate a
signal at the output, thereby recovering an amplified signal
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FIG. 4. Measured nonreciprocal operation of the mTWPA. (a) Forward transmission S, versus w, for pump frequency (P,) o, /27 =
7.4 GHz (=75 dBm) (blue line) and 7.9 GHz (—74 dBm) (orange line). Vertical dashed lines indicated regions of forward 4WM
parametric gain phase matching at w,/2z = 5.2 and 9.5 GHz. The experimental data is in agreement with WRspice circuit simulations
(red dash line) and theory Eq. (8) (black dotted line) and Eq. (11) (black dash-dot line). Reverse transmission S, through the mTWPA
when the pump is on (red line) and off (green line). The reverse isolation is approximately 55 dB when the pump is off and 35 dB when
the pump is on. The decrease in isolation with the pump signifies a potential higher order parametric process which is present.
(b) Measured nonlinear phase Oy, = £S5, of w, versus P, for ®/®, = 0 (blue squares) and 0.48 (orange circles). The difference in the
two flux biases shows the tuning of the sign of the Kerr coefficient where a positive shift in Oy, is observed for ®/®, = 0 and a negative
shift for ®/®, = 0.48. The dashed line is an expected dependence of Oy (P,), Eq. (4). Because of pump depletion effects at high
powers there is a deviation from linear dependence above 30 pW. (c) Measured dependence of the forward signal gain versus |Gy |
for wy/2m = 5.2 (blue circles) and 9.5 (orange squares) GHz. Dashed line illustrates the phased matched gain dependence

G, ~exp(20y)/16 of the mTWPA.

with a transfer function given by Eq. (10). The measured
signal gain for @,/27 = 7.4 GHz shown in Fig. 4(a) is in
good agreement with Eq. (11) (black dash-dot line) for
w; < ws. For w; > wy, the signal lies within the pass band
of the reflectionless filter, the forward-propagating wave
is amplified in accordance with the standard gain relation
described by Eq. (8) and is in agreement with experiment
(black dotted line) for ; > ;. The measured gain of the
mTWPA is in good agreement with WRspice simulations
(Appendix E) of the mTWPA circuit shown in Fig. 4(a)
(red dashed line).

The reverse isolation Si,(w,) of the mTWPA is pre-
sented in Fig. 4(a) for both the pump on (red line) and pump
off (green line) conditions. For @, > @/, corresponding to
the pass band of the reflectionless filter, the insertion loss is

measured to be 3 dB. This loss accounts for the combined
contributions of the filter and the transmission line losses of
the first and third stages of the mTWPA. For w, < wy,
which falls within the stop band of the reflectionless filter,
the isolation exceeds 35 dB across the mTWPA’s opera-
tional bandwidth when the pump is on and improves to
better than 50 dB when the pump is off. The observed
reduction in isolation when the pump is on can be attributed
to parametric processes that are not completely suppressed
in the first stage of the mTWPA. The 35 dB of isolation
exhibited by the mTWPA is better than wide-band com-
mercial double junction cryogenic isolators such as the
LNF-ISISC4_12 [48] (30 dB), but slightly lower than the
narrow band double LNF-ISIS4_8B (40 dB) and triple
LNF-ISISISC4_8B (60 dB) junction isolators. Isolation in
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the mTWPA can be improved with reflectionless filter
designs with stronger stop-band rejection or by cascading
reflectionless filters.

The forward S,; and reverse S, transmission of the
mTWPA for w; < w; is nearly identical in the pump-off
state, as the mMTWPA remains reciprocal under these condi-
tions at low signal powers. The signal extinction ratio,
defined as the ratio between the maximum gain when the
pump is on and the maximum forward isolation when the
pump is off, is measured to be 72 dB at w,/27z = 5.2 GHz.

The gain and isolation characteristics of the mTWPA were
measured against various signal powers, at ®/®, = 0.48,
a)p/27z = 7.4 GHz, and P, = =75 dBm which are shown
in Fig. 5. Figure 5(a) shows the vertical lines indicating
three frequencies wg, = 4.15 (dotted), 5.35 (dash-dot), and
6.1 GHz (dash), where measurements of the signal gain and
isolation of the mTWPA were performed.

The forward signal gain of the mTWPA versus signal
power P, is shown in Fig. 5(b). The dynamic range is
characterized by the 1 dB compression point P 4z, defined
as the input signal power at which the gain drops by
1 dB. This is given as —101, —102, and —97 dBm for
w,/2n = 4.15, 5.35, and 6.1 GHz, respectively. The mea-
sured dynamic range of the mTWPA is comparable to
demonstrated TWPA performance in literature [7,8,30,32].

The S}, (w,) data in Fig. 5(a) shows a series of peaks that
are above the isolation level when the mTWPA is turned off
and the three w, are marked with vertical lines. The reverse
isolation S;,(w,) versus the reverse signal power P, is
shown in Fig. 5(c). For a counterpropagating reverse signal
relative to the forward pump, there is significant phase
mismatch in the 4WM process minimizing the effects of
reverse parametric processes. The isolation observed is
primarily due to the transfer function of the reflectionless
filter. Since the filter is a linear electrical circuit, the reverse
isolation extends to high P,. The observed increase in
isolation is attributed to increased losses in the first and
third stages of the mTWPA, resulting from reverse signal
currents approaching r/, of the large Josephson junctions
in the SQUIDs.

The peaks in the S),(w,) measurements shown in
Fig. 5(a) dependence on P, are presented in Fig. 5(d).
For P, < —80 dBm, the mTWPA is effectively off, exhib-
iting insignificant forward gain and minimal reverse para-
metric processes. When P, 2 —77 dBm, the isolation
begins to decrease, dropping by 20 dB when P, reaches
—75 dBm, which is the optimal tuning of the mTWPA.
This reduction in isolation might be attributed to inefficient
parametric processes becoming active at the operating point
of the mTWPA. A detailed analysis of these parametric
processes which contribute to the decrease in the reverse
isolation of the mTWPA is beyond the scope of this work.

Return loss measurements S;; of the mTWPA in the
absence of the pump are shown in Fig. 6(a) for ®/®, = 0
(orange line) and ®/®; = 0.48 (blue line). When

25

01(a) i

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Ws, /21 (GHZ)

Gain (dB)
N

ol (0) mmimi e = —_—

10 el

Gain (dB)

0
-120

-110 -105 -100  -95
P (dBm)

0 |
(C)vev wRn=415GHz ==- w/2n=6.1GHz
—20 1 —-- W, /2n = 5.35 GHz — P, =off

-115

—404:,

Isolation (dB)

-100  -90 -80 -70
P, (dBm)

—-201

.
»
G .
.
at

K

—40 JTETaCY
Bt 44

- - ] - —

E e T TS T e

Isolation (dB)

-60 T :
-95 -90 -85 -80 =75 =70

P, (dBm)

FIG. 5. (a) mTWPA region of bandwidth where forward signal
gain and reverse isolation can be achieved simultaneously. The
vertical dash, dot, and dash-dot lines are markers and used as plot
lines in subsequent panels in this figure to represent measure-
ments taken at frequencies w,/2x = 4.15, 5.35, and 6.1 GHz,
respectively. (b) Measurement of the gain S,; versus forward
signal power P,. The saturation power is measured at the 1 dB
compression point in gain which occurs at —101, —102, and
—97 dBm for w,/2x = 4.15, 5.35, and 6.1 GHz, respectively.
(c) Reverse isolation S;, versus reverse signal power P,. Reverse
isolation when the pump is off (solid blue line). (d) Reverse iso-
lation versus forward pump power P,. At optimal P, = =75 dBm
for forward signal gain reverse isolation decreases to 35 dB.

@®/®, = 0, the return loss is measured to be better than
4 dB, which is in agreement with the first stage impedance
of 22 Q estimated from dispersion measurements. At
O/d, = 0.48, the return loss improves to better than
12 dB, indicating a closer match to 50  at the input port.
From dispersion measurements an impedance of the first
stage was estimated to be 46 Q at ®/®, = 0.48. The
application of a pump is expected to cause a decrease in
the impedance of the first-stage transmission line due to the
inverse Kerr dependence on P,.
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FIG. 6. mTWPA return loss S;; measurements (a) S;; of the
mTWPA versus w; for pump off and magnetic flux biasings of
/Dy = 0 (orange line) and ©/D, = 0.48 (blue line) represent-
ing impedance mismatch and matching conditions, respectively.
(b) and (c) Sy, of mTWPA with pump on when w,/27(P,) =
7.4 GHz (=75 dBm) and 7.9 GHz (—74 dBm), respectively.
Measured increase in return loss (~6 dB) with pump on signifies
the presence of an amplified backward traveling wave due to
reflection at the first stage reflectionless filter interface.

In practical TWPA applications, unavoidable impedance
mismatches exist between the TWPA transmission line and
the ports. This mismatch causes a portion of the amplified
forward-propagating signal to be reflected at the output port
and propagate backward through the TWPA. This backward-
propagating signal can be equal to or exceed the level of the
input signal to the TWPA [37]. Since the backward-traveling
waves have the same frequency as the forward, conventional
filtering methods are ineffective. The most practical
approach to mitigating the impact of backward traveling
waves is the use of external isolators at the TWPA input.

In the mTWPA, small but nonzero reflections occur at
the interface between the first-stage and the reflection-
less filter causing a fraction of the amplified forward-
propagating wave to reflect back toward the input port.
Since the first stage of the mTWPA contributes only 10 dB
of the total 20 dB signal gain, the return loss is improved
compared to a conventional TWPA with the same 20 dB
gain, transmission line loss, and output port return loss.

Measurements of Sy;(w,) at ®,/2z =7.4 GHz and

P, = -75 dBm indicate an increase in return loss to

p

better than 5 dB as shown in Fig. 6(b), when compared
to the pump-off condition. A second pump tuning of
w,/2n =79 GHz and P, =-74 dBm exhibit similar
performance, as shown in Fig. 6(c). The measured return
loss is comparable to other approaches aiming to realize
TWPAs with intrinsic reverse isolation via parametric up-
conversion processes [36,37]. The improved return loss in
these TWPAs is aided by the high transmission line losses
reducing the backward-propagating signal. The mTWPA
exhibits a first-stage transmission line loss of 0.5 dB at
5 GHz, Fig. 11(b) which does very little to isolate reverse
propagation. As TWPA transmission line losses improve,
return losses will get worse for devices without reverse
isolation characteristics and the need for isolation will
increase. In Appendix A, we discuss simple design
improvements that could significantly enhance the return
loss of the mTWPA presented here through redistribution
of the signal gain between the two stages.

V. NOISE MEASUREMENTS

The noise performance of the mTWPA was evaluated
using an amplifier chain characterized through a Y-factor
measurement [24], employing a broadband thermal noise
source tunable between 150 mK and 4 K. This measure-
ment determined the effective noise temperature 7' ypyra Of
the amplifier chain, which is primarily dominated by the
noise of the HEMT amplifier A. The measured Tygypra Of
the readout amplifier chain in photon units Nygyra =
kgTypmta/hw, is shown in Fig. 7(a) (red line).

The noise contribution of the mTWPA was determined
using the signal-to-noise ratio improvement method [8],
wherein both the signal power gain G, and noise gain
Gooise at the output of the readout chain were measured
as the mTWPA was switched on and off. The total
system and mTWPA noise were determined using Ny =
kg Tsys/ haw,, where Tsys = Ghoise THEMTA/ Gy, and Nyrwpa =
kpTwrwea/hewg, where Trwpa = Tremra(Groise — 1)/ Gy
and are presented in Fig. 7(a) as orange and blue lines,
respectively. Over the 4.5-6 GHz bandwidth of the
mTWPA, the noise remains below two photons, near the
one photon standard quantum limit. Given that the gain of
the mTWPA within this bandwidth is approximately 20 dB,
the system noise is about two photons.

Demonstrating a system noise of approximately twice
the quantum limit in an amplifier chain with a relatively
high effective noise of Nygymta = 25 photons highlights
the versatility of the mTWPA in achieving an improved
signal-to-noise ratio, even in a nonoptimized readout chain.
Additionally, in the upper gain lobe where the mTWPA
does not provide reverse isolation the noise remains below
two photons. The measured noise performance of the
mTWPA, despite the added loss and complexity of the
reflectionless filter, demonstrates an intrinsic noise level
comparable to some of the lowest reported for single-stage
TWPAs [7,8,32].

021003-10



TRAVELING-WAVE PARAMETRIC AMPLIFIER WITH PASSIVE ...

PHYS. REV. X 16, 021003 (2026)

o W AH—)HHEMTA - MEAS

102 —
NmTWPA NSystem

— Nugwra |

101 4

Noise (photons)

100

u/’_\;—'—-.__.__._“
a20 (b) // SECPERUALEE
o ~
£ 10 ‘/,:;:"/

8 /w;/’/

07 —-—- wy2n= 5.2 GHz

__10%; © — - wy2m= 9.6 GHz
o2
i) i
o T~ .
z2 it il

8_ —v_,_._._:.a.—ﬁ._‘__“___/__’,

100

FIG.7. Noise measurement of mTWPA performed with a noise
calibrated HEMT A amplifier with isolators shown at top of plot.
(a) Measured noise in photon units of the mTWPA (blue line),
system noise (orange line) and effective HEMT A noise (red line).
Vertical dash and dash-dot lines indicate regions of phase
matching above and below w; Measured mTWPA gain (b)
and mTWPA noise (c) versus P, at w,/2z = 5.2 and 9.6 GHz.

The measured signal gain and mTWPA noise in the
phase-matching region, indicated by the vertical dashed
(wy/27 = 5.2 GHz) and dash-dot (w, /27 = 9.6 GHz) lines
in Fig. 7(a) are shown versus P, in Figs. 7(b) and 7(c). When
the mTWPA operates at P, = —75 dBm, the noise is the
lowest at 1.7 photons. As P, increases, so does the noise,
until pump saturation due to high harmonic generation, and
parametric coupling to high frequency products. When
P, < =77 dBm, the noise at w,/27x = 9.6 GHz remains
constant as both G, and G, decrease proportionally as is
observed in conventional single stage TWPAs. However, at
w,/2r = 5.2 GHz, the noise increases to 3.2 photons at
P, = —79 dBm, coinciding with a drop in G, to 0 dB. Most
of the noise observed at the mTWPA output at w,/27 =
5.2 GHz arises from idler-to-signal conversion in the third
stage [Eq. (10)] of amplified noise from the first stage of the
mTWPA. The quantum noise at the input to the third stage in
the w,/27 = 5.2 GHz band makes a small contribution.
The measured output noise was referred back to the input
through the experimentally determined G, of the mTWPA.

For P, < =77 dBm, G,(w, < w;) < Gs(w, > wy) as shown
in Fig. 7(b), this results in a relative increase in input referred
noise at frequencies below wy.

An ideal TWPA with reverse isolation should function as
a near quantum-limited amplifier, positioned between the
HEMT amplifier and the quantum device under measure-
ment, without requiring isolators before or after the TWPA.
The TWPA must be able to tolerate the total broadband
noise from the HEMT without disturbing the in-band
forward signal gain while sufficiently isolating this noise
from reaching the device under measurement.

Figure 8(a) presents the forward signal gain at
w,/2rn = 5.2 GHz, measured for reverse-propagating sig-
nals at w,/2z = 4.5 (blue line), 5.5 (orange line), and
6.5 GHz (green line) versus P,. The reverse-propagating
signal only affects the parametric gain of the third stage of
the mTWPA, since the signal lies in the stop band of the
reflectionless filter, preventing interference with the first
stage. The forward signal gain is suppressed by 1 dB at
P, = —76 dBm. This power level is significantly higher
than the noise power emitted by typical HEMT ampli-
fiers used in circuit quantum electrodynamics (cQED)
measurement setups. This shows that the mTWPA can
effectively operate without isolation between the mTWPA
and the HEMT.

The mTWPA gain and input noise was measured without
isolators in the readout chain shown in Fig. 8, utilizing the
measurement setup shown in Fig. 12. The gain-bandwidth
of the mTWPA was not affected when measured without
isolation. The noise at the input of the mTWPA was
measured directly with the HEMT B readout chain. The
effective noise temperature of HEMT B Tygymrg, Was
characterized with a Y-factor measurement using a broad-
band noise source, which was switched into the readout
chain. The effective noise of HEMT B is shown in Fig. 8(b)
(green line).

The first input noise measurement of the mTWPA
involved inserting a thru line between HEMT A and
HEMT B to quantify the noise emanating from HEMT A,
Fig. 8. The measured noise gain G, Was determined at
the input reference plane A (Fig. 12) to the mTWPA by
measurement of the noise power when the thru line was
switched in compared to the measured noise power of a cold
load. The noise at reference plane A of the thru line
was approximately 12 photons Ny, = (Gpoise — 1) NugmTs>
as shown in Fig. 8(b) (red line). The effective noise of
HEMT A, measured as Nggmra =~ 25 photons in Fig. 7(a),
includes cable and isolator losses between HEMT A and the
mTWPA output reference plane B (Fig. 12). Accounting for
these losses along with the thru-line loss of ~0.2 dB will
reduce the noise from HEMT A to 12 photons at reference
plane A in the measurements without isolators. This noise
level aligns well with the measured Ny, and the manu-
facturer’s noise specifications for HEMT A [48].
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FIG. 8. Noise and gain measurement of mTWPA performed

without isolation between mTWPA and HEMT A. HEMT B used
to directly measure input noise of mTWPA from backward-
propagating noise from HEMT A and mTWPA. (a) Forward
signal gain at w,/2z =5.2 for w,/2x =7.4 GHz and P, =
—75 dBm versus P, at w,/2x = 4.5, 5.5, and 6.5 GHz. Signal
gain is resilient for P, up to —76 dBm where the gain drops.
(b) Measured noise in photon units at reference plane A for the
thru line between HEMT A and HEMT B (red line), the mTWPA
with pump on (blue circles), and mTWPA with pump off (orange
squares). The noise of HEMT B, characterized with a Y-factor
measurement is shown as a green line. Horizontal dashed line
indicates the quantum limit of 0.5 photons. The error bars
represent the uncertainty in determining the noise from Y-factor
measurements and uncertainties in losses in the readout.

The noise at the input of the mTWPA was measured with
the mMTWPA switched into the measurement circuit. The
noise measured when the pump was switched on and off,
are presented in Fig. 8(b) as blue circles and orange
squares, respectively, including error bars. The error was
determined from the loss uncertainties between the meas-
urement of the noise source and the mTWPA and the error
in the Y-factor measurement in determining the HEMT B
noise at Nygvmtg & 10. This error is comparable to 0.5
photons which results in larger error bars. Dashed line
represents the quantum limit of 0.5 photons. For w, /27 <
7.1 GHz, the mTWPA exhibits sufficient isolation to

suppress the noise from HEMT A. The measured noise
at the input of the mTWPA is approximately half a photon
when the pump is off and remains below 1.3 photons when
the pump is on.

The ideal noise at the input of the mTWPA is the
quantum noise of one-half photon. This noise level aligns
with the measured noise of the mMTWPA when the pump is
off. When the pump is on, a half-photon of quantum noise
enters the first stage of the mTWPA at both w, and w;
frequency bands. Through parametric gain at @, and idler-
to-signal down-conversion, described by Eq. (10), the total
noise at the output of the first stage of the mTWPA is
additive and reflects off a nonzero impedance mismatch of
the first stage—reflectionless filter interface. The reflected
amplified noise propagates backward through the first stage
and exits port 1 of the mTWPA, and contributes to the total
measured noise at the input. Given the first stage signal
gain of 10 dB, an estimate of 15 dB return loss at the first
stage—reflectionless interface, and the added noise of the
first stage transmission line of the mTWPA, it is conceiv-
able that the noise at the input of the mTWPA can reach
greater than one photon at its input in agreement with
measurements in Fig. 8(b). WRspice simulations of the
input noise of the mTWPA are shown in Fig. 9, which
estimates a first stage input noise of 0.8 photons for
[ =350a. These simulations do not take into account
added noise due to transmission line losses which was
observed in the experiment of the mTWPA.

For w,/27x > 7.4 GHz, the noise measured at the input
of the mTWPA, both with the pump on and off, predomi-
nantly originates from HEMT A, attenuated by losses in the
mTWPA, totaling approximately 3 dB. This attenuation
reduces the HEMT A noise measured by Ny, =% 10 photons
to 4.5 photons when the pump is off. When the pump is on,
the noise level increases by 1 photon, which is the additive
noise contribution from the mTWPA. In this frequency
region, the noise behavior of the mTWPA is analogous to
that of a conventional TWPA with minimal transmission
line loss which attenuates noise from the warmer HEMT.
However, relying solely on transmission line losses in
conventional TWPAs is insufficient to suppress HEMT
amplifier noise, necessitating additional in-band isolation
at the input and output of conventional TWPAs. For the
mTWPA presented here, the highest noise level at maxi-
mum gain in the phase-matching region is 1.3 photons.
This performance can be further improved by redistributing
the gain between the stages and improving impedance
match between the first stage and reflectionless filter of the
mTWPA, as discussed in Appendix A.

VI. DISCUSSION

We have presented a mTWPA design that exhibits
passive in-band reverse isolation and has been experimen-
tally demonstrated to achieve 20 dB of forward signal
gain over 1.6 GHz bandwidth. The in-band isolation of
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backward-propagating signals was measured to be better
than 35 dB. The mTWPA was designed with a three-stage
architecture. The first and third stages consisted of
coupled asymmetric SQUID nonlinear transmission lines
employing the inverse Kerr phase-matching technique
for signal-to-idler and idler-to-signal mode conversion,
respectively. The second stage incorporates a reflection-
less high-pass filter that blocks both forward and reverse
signal propagation in the stop band while allowing the
idler and pump in the pass band to propagate to the third
stage. Phase matching a co-propagating signal and pump
in a four-wave mixing process is crucial for these
conversion processes and for achieving signal gain. In
contrast, a reverse-propagating signal experiences a large
phase mismatch with the forward-propagating pump,
minimizing parametric processes, and is isolated with a
passive reflectionless filter.

Noise measurements demonstrate that the mTWPA
achieves near-quantum-limited performance, with a noise
level of 1.7 times the quantum limit over the 1.6 GHz
operating bandwidth. These results confirm that despite
the increased complexity of the mTWPA design, near-
quantum-limited noise performance can still be achieved.
The demonstrated level of isolation effectively suppresses
noise from the warmer HEMT amplifier stage. The
mTWPA exhibits reduced in-band amplifier noise that
propagates backward through the mTWPA that would
contribute to backaction on sensitive quantum devices
under measurement.
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APPENDIX A: mTWPA DESIGN OPTIMIZATION

The mTWPA exhibited a return loss of 5 dB, as
illustrated in Figs. 6(b) and 6(c), and an excessive input
noise level of 1.3 photons, as shown in Fig. 8(b). In
conventional TWPAs, return loss and input noise levels
tend to be even greater due to the cumulative effects of total

signal gain and output port reflections, which can lead to
reflected signals exceeding the magnitude of the input
signal. Both the suboptimal return loss and elevated noise
level at the input to the mTWPA are primarily attributed
to the signal gain in the first stage and the impedance
mismatch between the first stage and the reflectionless
filter interface.

Numerical simulations using WRspice [52,54-57] are
presented to evaluate an optimized mTWPA design aimed
at improving return loss and reducing noise at the input.
To reduce return loss and minimize input noise of the
mTWPA, the distribution of signal gain can be optimized
between the first and third stages. By setting the signal gain
in the first stage close to unity, this stage effectively
functions as an input buffer while still enabling sufficient
idler mode generation. In these numerical simulations, we
constrain our analysis to the same electrical circuit para-
meters and flux biasing conditions as those used in the
first and third stages of the experimentally demonstrated
mTWPA. Enhancements in return loss and input noise are
achieved by optimizing the [ of the first stage and the Z; of
the reflectionless filter.

Figure 9(a) presents estimates of the forward signal gain
(purple line), as described by Egs. (9) and (10), for an
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FIG.9. mTWPA circuit design optimization. (a) Power gains of
signal and idler |a,;/a, |* relative to input signal versus position z
along mTWPA calculated from Egs. (8)—(10) for first and third
stage [ = 150a and 550a, respectively. (b) S;; numerically
simulated with WRspice versus first stage transmission line
length /. (c) Noise in units photons at the input to the mTWPA
simulated with WRspice versus first stage [.
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FIG. 10. mTWPA circuit design optimization by improving
impedance match between first stage and reflectionless filter with
input impedance Z;. (a) Reflection Sy, numerically simulated
with WRspice for two first stage [ = 150a (blue circles) and 350a
(orange squares) versus Z. (b) Noise in photon units numerically
simulated with WRspice for first stage [ = 150a versus Z;.

mTWPA design with first and third stage transmission line
lengths of [ = 150a and [ = 550a, respectively. The calcu-
lated idler mode is depicted by the green line. By reducing
the length of the first stage, the signal gain is limited to less
than 2 dB, while in the third stage, the signal is effectively
recovered from the idler mode, achieving an output signal
gain of 20 dB.

With a reduction in [ of the first stage, both the return loss
and the noise at the input of the mTWPA are expected
to decrease. WRspice simulations of S;; are shown in
Fig. 9(b), which illustrate a reduction in return loss with
decreasing [ of the first stage of the mTWPA. WRspice
simulations of the noise at the input to the mTWPA are
depicted in Fig. 9(c) which show a decrease in noise with /.
WRspice simulations show that for a practical first-stage
length of / = 150a, the return loss is reduced to 10 dB and
the noise at the input is reduced to 0.59 photons.

Further reduction in return loss and input noise can be
achieved by optimizing the input impedance Z, of the
reflectionless filter relative to the characteristic impedance
Zy of the first stage of the mTWPA. For a flux bias of
@, /D, = 0.41, dispersion measurements of the first stage
indicate that the characteristic impedance is Z, = 46 Q at
low P,. When P, = =75 dBm, Z, decreases to 42 Q due
to the inverse Kerr effect.

WRspice simulations of Sy, for a first stage transmission
line length of [ = 150a (blue circles) and / = 350a (orange

squares) are shown in Fig. 10(a). A minimum return loss of
18 dB for [ = 150a is observed when Zf =41 Q, match-
ing the impedance of the first stage transmission line of the
experimentally measured mTWPA. WRspice simulations
of the input noise for / = 150a are presented in Fig. 10(b).
For Z;~41 Q, the input noise is minimized to 0.53
photons, approaching the quantum noise limit of a 50 Q
environment. Further improvements in return loss can be
had with better matching of the first stage and reflectionless
filter to the 50 Q environment.

Improvements in the impedance match between the first
stage transmission line of the mTWPA and the reflection-
less filter can be predetermined and fixed during fabrication
and do not depend on how the mTWPA is connected to an
external circuit. This approach offers a significant advan-
tage over conventional TWPA designs, where the output
port match is contingent on the impedance of the external
environment. In contrast, for the mTWPA, the output port
match is less critical, as any in-band reflected signal on
the output port is effectively isolated by the reflectionless
filter and will not make it to the input port to degrade return
loss or contribute to higher noise.

APPENDIX B: mTWPA FLUX DEPENDENCE

In the mTWPA characterized in this work, the trans-
mission lines of the first and third stages were designed to
be nominally identical. In the measured mMTWPA there was
a distinction between the two stages which was the extent
to which the ground plane of the coplanar transmission
line extended from the SQUID transmission line central
conductor. This co-planar transmission line structural
difference resulted in different periodicities in magnetic
flux between the two stages due to different degrees of flux-
focusing on the SQUID transmission line [51].

Figure 11(a) presents independent measurements of
the first-stage ZSy; (blue line) and the third-stage ZS,s
(orange line) transmission phase as a function of the dc
bias current I, applied to the external solenoid which
flux-biases both stages simultaneously. The transmission
measurements were performed at a signal frequency
w,/2n =5 GHz, which lies within the stop band of the
reflectionless filter, thereby causing the signal to exit the X
port of the quadrature hybrids in Fig. 2. The phase response
measurements as a function of magnetic flux revealed
periodicity in Iy, of @5 = 0.25 and @5, = 0.2 mA for the
first and third stages, respectively. The nearly identical
phase change at full frustration in both stages indicate
comparable values of k; between the first and third stages,
which is consistent with the nominally identical circuit
parameters. Measurements of the overall transmission
phase £S5, obtained within the pass band of the reflec-
tionless filter at w,/2z = 7.4 GHz, are represented by
the green line, exhibiting a periodicity in magnetic flux
of 0.22 mA.
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FIG. 11. (a) Transmission phase versus dc current [, applied

to external superconducting solenoid. ZSy; dependence for
w,/2m =5 GHz for the first stage (blue line) and £S,y for
the third stage (orange line) measured independently. Overall
/8, of the nTWPA measured at , /27 = 7.4 GHz (green line).
(b) Transmission S,; of the first and third stages measured
independently in a separate cooldown.

Independent transmission measurements for the first
(blue line) and third (orange line) stages are shown in
Fig. 11(b). These measurements were conducted on the
individual stages in a separate cooldown before they were
integrated into the mTWPA package. The observed inser-
tion loss suggests a dielectric loss tangent slightly exceed-
ing the expected value of tan ¢ ~ 0.0005 obtained from test
resonator measurements. The overall low insertion loss
contributes to the feasibility of driving both stages with a
single pump and enhances the mTWPA’s capability to
achieve near-quantum-limited noise performance.

APPENDIX C: MEASUREMENT SETUP

The measurements were conducted in a Bluefors LD400
dilution refrigerator at a base temperature of 20 mK with
the measurement setup shown in Fig. 12. The mTWPA was
flux biased using an external superconducting solenoid.
Both the mTWPA and the external solenoid were enclosed
within a cryogenic u-metal magnetic shield to mitigate
noise. The cryogenic measurement system was configured
for two-port S-parameter characterization of the mTWPA.
Signals originating at room temperature were transmitted to
the mixing chamber via coaxial cables, with a standard
configuration of attenuators to suppress noise. Return
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FIG. 12. Experimental setup used to characterize the mTWPA.
rf switches at room temperature utilized to switch between the
various measurement and mTWPA pumping configurations. The
experimental setup through latching rf switches allowed for
different low temperature calibration and measurement configu-
rations. Two separate cooldowns were performed to characterize
the mTWPA with and without cryogenic isolators in the HEMT A
readout chain. Measurement calibrations were performed at
reference planes A and B shown as vertical red dashed lines.

signals were amplified through two separate readout chains
(HEMT A and HEMT B) before reaching room temper-
ature. Each readout chain consisted of double-junction
low noise factory (LNF) isolators, NbTi superconducting
coaxial cables, and LNF HEMT amplifier, followed by
amplification via room-temperature amplifiers. In a sepa-
rate cooldown designed to characterize the input noise of
the mTWPA, the HEMT A readout chain was reconfigured
to replace the double-junction isolator with a thru line to
mimic a measurement configuration without isolators.

To facilitate switching between different measurement
conditions, two Radiall SP6T latching rf switches were
employed at reference planes A and B (denoted by red
dashed lines in Fig. 12), which designate the measurement
input and output reference planes of the mTWPA respec-
tively. These switches allow for switching between the
mTWPA, a thru line, noise sources, and thru-line-reflect
(TLR) microwave calibration references (not shown,
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but the line and short positioned at rf switch ports 2 and 3).
The noise source for Y-factor measurements consisted of a
Cu plate mounted on the 150 mK intermediate cold plate of
the dilution refrigerator, with a weak thermal link. This
plate was equipped with two Quantum Microwave QMC-
CRYOTEM-DC18NM 50 © NiCr loads, calibrated RuOx
thermometer, and a heater connected to a room-temperature
proportional-integral-derivative (PID) loop for precise tem-
perature control. Two loads were connected to the rf switch
at reference planes A and B via NbTi superconducting
cables, which ensured low-loss signal transmission while
maintaining weak thermal coupling to the mixing chamber.
Cryogenic directional couplers, Quantum Microwave
QMC-CRYOCOUPLER-16, were used to inject probe
signals and pump tones into the mTWPA input, as well as
to extract probe signals from the output for characterization.

Input and output signals from the dilution refrigerator
were routed to a vector network analyzer (VNA) and a
spectrum analyzer via an rf switch bank. The VNA forward
probe signal and the primary pump tone w,, were com-
bined at room temperature using a directional coupler and
routed through rf switches to both input ports of the dilution

(b)

FIG. 13.

Second stage
Reflectionless filter

refrigerator, facilitating the characterization of S,;, S,
and §;;. Additional rf sources at w,; and w,, were used
to inject a forward pump during S;, measurements and a
variable reverse signal P, during S,; measurements,
respectively. The VNA was calibrated at reference planes
A and B at cryogenic temperatures, and it was utilized to
measure gain, return loss, isolation, and the dynamic range
of the mTWPA as functions of pump frequency, pump
power, signal power, and ®/®,. The spectrum analyzer
was used to measure the signal and noise power levels
of both HEMT amplifier chains, thereby characterizing
mTWPA gain and system noise power.

APPENDIX D: mTWPA IMPLEMENTATION

The mTWPA circuit shown in Fig. 1(b) was physically
implemented as the system depicted in Fig. 13(b). Each
stage of the mTWPA is housed in an individual rf enclo-
sure, with adjacent stages interconnected by short sections
of coaxial cable and microstrip launchers. The first and
third stages consist of nonlinear transmission lines formed
from coupled asymmetric SQUID arrays. A microscope

Thir stge ‘

mTWPA physical layout. (a) Optical microscope image of a section of the nonlinear transmission line composed of coupled

asymmetric SQUIDs. The gray scale inset shows a SEM image of a single unit cell of the nonlinear transmission line. (b) Layout of the
mTWPA. The first- and third-stage nonlinear transmission lines are housed in separate rf packages and wire bonded to microstrip
launchers. The second stage is an rf circuit comprising two Lange couplers and multipole high-pass filters implemented in an LTCC
package. The isolation ports of the couplers are terminated with NiCr resistive loads.
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FIG. 14. Practical implementation of the mTWPA with di-
plexers to separate the signal and the idler and pump onto
physically separate ports to prevent backaction on the quantum
device under measurement and potential saturation of the
amplifier readout chain.

image of one such nonlinear transmission line is shown
in Fig. 13(a).

These transmission line sections were fabricated at the
SeeQC niobium superconducting foundry [58]. The regions
highlighted in red correspond to the ground capacitance,
Cgna- The gray scale inset shows a scanning electron micro-
scope (SEM) image of a single unit cell of the transmission
line, where the blue circle and rectangle indicate the small
and large Josephson junctions, respectively.

The second-stage reflectionless filter was realized using
two Lange couplers and balanced multipole high-pass
filters, as illustrated in Fig. 13(b). The Lange couplers
were custom designed to provide wide-band performance
in conjunction with two LTCC high-pass filters. The
isolation port of the couplers were terminated in NiCr
loads. The balanced filter topology was assembled in a
separate RF enclosure and coupled to the first and third
stages of the mTWPA.

The integration of the mTWPA into a practical meas-
urement setup can be realized with diplexers [59].
Diplexers utilize high-pass and low-pass filters to separate
the signal and pump at both the input and output of the
mTWPA, as illustrated in Fig. 14. Separation of the signal
and the pump is crucial to preventing unwanted reflections
of the pump tone from the input port of the mTWPA, which
could otherwise interfere with the quantum device under
measurement. Efficient separation of signal and pump
mitigates the risk of the strong pump propagating through
the mMTWPA and saturating the readout amplifier chain
at the output port. A key aspect of the diplexer design is
ensuring that the high-pass and low-pass filters exhibit
a sharp roll-off and are designed to be singly terminated.
This guarantees that the common port, interfacing with
both the input and output ports of the mTWPA, presents a
well-matched impedance across the entire operating fre-
quency range of the diplexer.

The diplexer serves a second purpose in suppressing
noise within the idler-frequency band, where the mTWPA
offers limited isolation. Because many qubit readout reso-
nators have resonances in this range, uncontrolled noise
can lead to dephasing. In this configuration, the diplexer
routes backward-propagating idler-band noise from the
mTWPA toward the pump source, preventing it from
reaching the qubits.
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FIG. 15. Excess noise comparison seen by a transmon qubit in a

cQED setup from a (a) conventional readout with magnetic based
isolators and the (b) mTWPA implementation which is isolator
free. Qubit control w, and readout resonator @, signals shown in
blue and orange in (a)—(c). (c) Excess noise in photons shown
by labeled arrows nygmt, 7150, and nyTwpa Versus time from
HEMT A, HEMT A isolated by a double junction isolator, and the
mTWPA respectively. In (b) and (c) the mTWPA implementation
is operated in pulsed pump @, mode of operation where during
qubit gate operations the pump is off. When the pump is off there
are no parametric down conversion processes or amplification of
noise and the passive reverse isolation of the mTWPA attenuates
noise from HEMT A by 50 dB resulting in n,rwpa < Riso-
During qubit state readout the pump is applied to the mTWPA at
the same time as w,.,, where the increase in noise from turning on
the mTWPA (n,rwpa = 0.03) will have a negligible impact on
the qubit.

Figure 15 compares a conventional cQED qubit readout
chain employing two junction isolators [48] with an isolator-
free architecture based on a mTWPA. In a typical readout
chain, multiple isolators provide more than 45 dB of
isolation from the noise of the HEMT A amplifier, which
has an effective noise of nygy =~ 10 (red line). This isolation
suppresses the noise incident on the qubit to ngo ~ 107
photons (brown line), as illustrated in Fig. 15(c). This noise
level remains constant during qubit gate operations, as
shown by the example rf pulse sequence for the qubit drive
@, (blue line) and readout tone @, (orange line). Residual
noise nygo populates the readout resonator modes and can
induce qubit dephasing; state-of-the-art qubit readout there-
fore requires ny5o < 1074,
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When an mTWPA is employed in an isolator-free read-
out chain, two modes of operation are possible: continuous-
wave (CW) pumping and pulsed pumping of the mTWPA
pump tone w,,, which is applied through a separate port of a
diplexer. In CW operation, the mTWPA is continuously
active, and noise at the low-frequency port of the diplexer,
arising from amplified noise and parametric down-
conversion of higher-frequency noise into the measurement
band, reaches nygo ~ 1072 photons. This elevated noise
level leads to significant qubit dephasing and is a known
limitation of parametric isolation schemes in TWPAs
[36,37,43]. In this regime, an additional input isolator
providing approximately 20 dB of isolation would still
be required.

In contrast, pulsed operation of the mTWPA allows the
pump to be turned off during qubit gate operations at @,,. In
the off state, the mTWPA has demonstrated passive reverse
isolation of up to 50 dB (Fig. 4), which is sufficient to
suppress the HEMT A noise to n,,rwpa < 107* (green line)
seen by the qubit Fig. 15(c). Because the mTWPA is
unpumped, there is no gain or parametric down-conversion
of higher-frequency noise that would otherwise contribute
to ny,Twpa. During readout, 1f pulses at ., are applied to
ring up the readout resonator while the pump ), is turned
on, intentionally populating the resonator with photons
and increasing n,,twpa, however, during state readout this
contribution remains negligible.

A key advantage of the mTWPA is that it provides in-
band passive reverse isolation that persists even when the

1%t stage

pump is off. This behavior contrasts with parametric
isolation schemes in conventional TWPAs [36,37], where
reverse isolation vanishes in the absence of pumping,
precluding pulsed operation. Pulsed operation of the
mTWPA enables a fully isolator-free readout architecture
compatible with the noise requirements of state-of-the-art
superconducting qubits.

APPENDIX E: WRSPICE SIMULATION

WRspice circuit simulations were used to model the
gain characteristics of the mMTWPA [52,54-57]. The circuit
schematic utilized for these simulations is shown in Fig. 16.
The nonlinear transmission line (TL) segments that make
up the first and third stages of the mTWPA comprise a
ladder network of coupled asymmetric SQUID unit cells.
Each unit cell consists of small and large Josephson
junctions with critical currents I/ and rl, and shunting
capacitance Cy and rC, respectively. The unit cell includes
a ground capacitance Cg,q and a conductance G to account
for losses. The SQUIDs are flux biased using a dc current
I'qux through a mutual inductance M to the SQUID loops.
The inductance contribution of the SQUID loop coupling
inductor is negligible in comparison to the junction
inductance within the SQUID loops. Each transmission
line segment in the simulation consists of 350 unit cells,
consistent with the mTWPA characterized in experiment.

The balanced high-pass reflectionless filter in the exper-
imental device was realized using two quadrature hybrids
and multi-pole high-pass filters. Because of the complexity

2nd stage rd
(reflectionless filter) 3" stage
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o 1Co ¢,
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FIG. 16. Circuit model utilized for time-domain WRspice simulations of the mTWPA. The first and third stages are transmission lines
(TL) modeled as a ladder network of coupled asymmetric SQUIDs shown in inset. The circuit parameters are described in the text. The
reflectionless filter is modeled with a lumped-element filter topology. Two stages of the reflectionless filter are used to provide sufficient
filter roll-off and stop-band isolation. For extraction of S parameters, a stimulus circuit composed of three voltage sources was used at
the input to the first stage of the mTWPA. Extraction of S parameters is accomplished by simulating the voltages at nodes 1-3.

021003-18



TRAVELING-WAVE PARAMETRIC AMPLIFIER WITH PASSIVE ...

PHYS. REV. X 16, 021003 (2026)

of accurately modeling this filter as a lumped-element
equivalent circuit in WRspice, an alternative approach was
adopted. The reflectionless filter was approximated using
the lumped-element design by Morgan [60]. A two-stage
lumped-element topology of the reflectionless filter was
used to approximate the cutoff frequency, stop-band iso-
lation, and roll-off characteristics observed in experiment as
shown in Fig. 16. The inductance L, and capacitance Cy
values of the reflectionless filter used in the simulation were
1.4 nH and 0.7 pF, respectively.

Time-domain WRspice simulations were used to simu-
late the forward signal gain, as presented in Fig. 4(a) (red
dashed line) which is in good agreement with experiment.
The pump and signal were introduced as sinusoidal voltage
sources with amplitudes V,, and V, respectively. In this
configuration, S,; was determined from the simulated
voltage amplitudes V, at node n = 3 shown in Fig. 16
using the relation S,; = V3/V, at the signal frequency w;.
To correlate the WRspice simulations with experimental
data, simulations of ZS,, as a function of pump voltage V,
were performed and compared to the experimental trans-
mission phase measurements at the optimal operating point
in P, of the mTWPA.

WRspice simulations were used to compute S| =
V,/V, and the total voltage sum of the forward and reverse
traveling waves at the input V,. Simulated return loss
results for different values of first-stage / and Z; are shown
in Figs. 9 and 10.

WRspice time-domain simulations were used to
compute the noise at the input of the mTWPA.

Gaussian noise was introduced with a V(o) =

/50 x BW x hawg/2 coth (ha,/2ksT) ~ where BW =
50 GHz and a temperature 7 = 10 mK. The generated
noise data was imported as a piecewise linear voltage
source for V, in WRspice. The backward-propagating
noise and total noise at the input of the mTWPA were
simulated at nodes V| and V,, respectively. Noise simu-
lations were conducted for various first stage / and Zj,
as shown in Figs. 9 and 10. The noise simulations did not
incorporate additional noise contributions from losses
inherent to the mTWPA which is beyond the scope of
this work.

APPENDIX F: NOISE MEASUREMENT
CALIBRATION

Noise measurements of the mTWPA were conducted
using the signal-to-noise ratio (SNR) improvement method.
The initial step in characterizing the mTWPA noise
involved measuring the effective noise of the HEMT
amplifier readout chain. In our experimental setup, two
readout chains needed to be characterized, determining
both gain and effective noise at reference planes A and B, as
shown in Fig. 12.

A broadband thermal noise source, consisting of two
50 Q loads connected to reference planes A and B was
varied in temperature between 150 mK and 4 K. This setup
was utilized to perform a Y-factor measurement [24]. The
noise power was measured using a spectrum analyzer,
which was switched between the outputs of the two
amplifier readout chains at room temperature, as shown
in Fig. 12. The measured noise power was analyzed and
fitted to the following noise model:

hw
2kpT

hw

Pnoise(a), T) = |:2 (Coth

)+ kT (o) | Gl)B,

(F1)

where Typmr(®@) is the effective noise temperature of either
HEMT A or B, G(w) is the system gain, and B is the
measurement bandwidth. The first term in Eq. (F1) repre-
sents the noise emitted from the noise source at frequency @
when heated to temperature 7. The measured Typyr(@)
represents the effective noise temperature of the readout
chain, including contributions from the HEMT amplifier
and additional losses before the HEMT, originating from
cables and isolators used in the experimental setup. The
effective noise temperatures Typyra (@) and Typyrp (@)
was determined for reference planes A and B, respectively.
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