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Most microwave readout architectures in quantum computing or sensing rely on a semiconductor
amplifier at 4 K, typically a high-electron mobility transistor (HEMT). Despite its remarkable noise per-
formance, a conventional HEMT dissipates several milliwatts of power, posing a practical challenge to
scale up the number of qubits or sensors addressed in these architectures. As an alternative, we present
an amplification chain consisting of a kinetic inductance traveling-wave parametric amplifier (KITWPA)
placed at 4 K, followed by a HEMT placed at 70 K, and demonstrate a chain-added noise 7y = 6.3 £0.5
K between 3.5 and 5.5 GHz. While, in principle, any parametric amplifier can be quantum limited even at
4 K, in practice we find the performance of the KITWPA to be limited by the temperature of its inputs and
by an excess of noise Tex = 1.9 K. The dissipation of the rf pump of the KITWPA constitutes the main
power load at 4 K and is about 1% that of a HEMT. These combined noise and power dissipation values
pave the way for the use of the KITWPA as a replacement for semiconductor amplifiers.
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I. INTRODUCTION

Superconducting parametric amplifiers have been stud-
ied and refined for decades [1-8], yet they have always
been used in the same configuration: as preamplifiers
placed at millikelvin temperatures, followed by a 4-K
stage low-noise amplifier, conventionally a high-electron
mobility transistor (HEMT). While Al-based parametric
amplifiers can only operate well below the critical tem-
perature of aluminum (7, ~ 1.2 K), Nb-based Josephson
amplifiers (7, ~ 9 K) [2,5,9] or Nb-Ti-N-based kinetic
amplifiers (7, ~ 14 K) [4,8,10—12] can operate at much
higher temperatures, in particular at 4 K.

At 4 K, HEMTs are commercially available and typ-
ically achieve input noise temperatures of just a few
kelvins, with bandwidths spanning several gigahertz. They
are integral to superconducting quantum computer archi-
tectures [13], to dark-matter searches [14—16], and to
the readout of superconducting transition-edge sensors or
microwave kinetic inductance detectors [17,18]. However,
cryogenic HEMTs require several milliwatts of power and
the dissipated heat load can quickly become a serious chal-
lenge when designing experiments that require scaling to
massive detector or qubit channel counts. For example,
in both the Lynx [19,20] and the Origin Space Tele-
scope [21-23], two of the four large mission concepts
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for observatories presented in the 2020 Astronomy and
Astrophysics Decadal Survey [24], about ten HEMTs are
planned to measure signals from roughly 10000 readout
channels and the power dissipation from the HEMTs is the
single largest power load on the 4-K stage of the instru-
ment. In space, achieving 10 mW of cooling power at 4
K is extremely challenging; therefore, techniques for mea-
suring gigahertz signals that can reduce this heat load are
of great interest.

At millikelvin temperatures, the Nb-Ti-N—based kinetic
inductance traveling-wave parametric amplifier (KITWPA)
has shown promising performance [4,8,10,11,25,26]. In
particular, its gigahertz bandwidth along with its nanowatt
input saturation power makes it compatible with high-
channel-count applications and it can operate close to the
quantum limit [8,25]. Furthermore, Nb-Ti-N resonators
have internal quality factors Q > 103 at 4 K due to their
high T, [27], so the KITWPA chip should be almost dis-
sipationless. In addition, the three-wave mixing (3WM)
mode of operation has reduced its pump power require-
ments to the few microwatts range [8,28], suggesting that
the power dissipation at 4 K can be made much smaller
than that generated by common HEMTs.

In this paper, we ask: can a KITWPA replace a conven-
tional 4-K stage semiconductor amplifier? Although one
might expect parametric gain at 4 K, can one also expect
it to retain its noise performance at such high tempera-
ture? Here we show that, in principle, a “hot” parametric
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amplifier can be quantum limited, as long as its input
fields are well thermalized to a cold bath. Using a shot-
noise tunnel junction (SNTJ), we measure the total chain-
added noise of an amplification chain configured with the
KITWPA at 4 K, followed by a HEMT placed at 70 K,
and find Tsx, = 6.3 £ 0.5 K between 3.5 and 5.5 GHz. This
noise level is comparable to that of a well-optimized chain
with a single HEMT placed at 4 K. Accounting for the
contribution of each stage in the amplification chain, we
estimate that the KITWPA alone generates 1.9 £ 0.2 K of
excess noise, on par with the noise added by most com-
mercial HEMTs [29]. Meanwhile, the power load at 4 K,
predominantly due to dissipating the rf pump, is currently
about 100 uW, or 1% of that of a HEMT. Together, these
measurements pave the way toward a more power-efficient
and lower-noise alternative to semiconductor amplifiers at
4 K.

II. THEORY AND EXPERIMENTAL PRINCIPLE

The fundamental limit on the noise added by a lossless
phase-insensitive parametric amplifier is often described
as originating from an internal mode [30—32]. But this
mode is not an inaccessible internal degree of freedom.
Rather, it refers to the input “idler” mode and therefore this
ideal amplifier should properly be described as a four-port
device: two inputs and two outputs, at the signal and idler
frequencies (the idler output is usually not monitored). In
this context, the mean amplifier output signal power is, in
units of photons [8],

NS

out

=GN, + (G — DN, M
where G is the amplifier signal power gain and N;, (N.)
is the input power at the signal (idler) frequency. Here,
regardless of its physical temperature, the quantum-limited
nature of the amplifier only depends on the input idler state:
when it is vacuum N/ = 1/2, in the high-gain limit the
amplifier adds half a photon worth of noise energy to the
input-referred signal N .

To test whether a “hot” parametric amplifier can remain
quantum limited, we design the amplification chain illus-
trated in Fig. 1, where a KITWPA is placed at 4 K but
its signal and idler inputs are connected to the millikelvin
stage. Then, provided that (i) the gain of the KITWPA
is enough to overcome the following loss and amplifier-
added noise, (ii) the inputs of the KITWPA are cold, and
(ii1) the KITWPA is lossless, i.e., does not add any excess
of noise on top of that from its inputs, the noise added
by the entire chain should reach the quantum limit (half
a photon) (see Appendix A 1).

Operating the KITWPA in a 3WM fashion [8,26], we
employ a bias tee (BT) and a directional coupler (DC) to
deliver, respectively, a dc current and an rf pump to its
physical input port. Both the BT and the DC are placed

4K 70K

7 GHz HEMT

FIG. 1. A schematic of the amplification chain. The KITWPA
(squared spiral) is magnetically shielded (dashed square) and
placed at 4 K while the HEMT operates at 70 K, protected
from the strong KITWPA pump tone (PT) by a low-pass filter.
The PT then dissipates into the isolator (4—12 GHz). When the
microwave switch (MS) is in its top position, the PT is delivered
to the KITWPA via a directional coupler (DC), whereas two bias
tees (BTs) allow the dc current /; to flow in and out of the chain,
through the KITWPA. A hypothetical device under test (DUT)
is coupled to the chain with efficiency 7;.. When the MS is in
its bottom position, the SNTJ delivers a known noise [33] to the
input of the chain, the power of which depends on the current 7,
(delivered via a BT) with which the SNTIJ is biased.

at 30 mK, behind a hypothetical device under test (DUT)
coupled to the readout line, thereby minimizing insertion
loss between the DUT and the KITWPA. This configu-
ration is particularly suitable when the DUT represents
an array of resonators, such as microwave kinetic induc-
tance detectors [25,34] or a microwave superconducting
quantum interference device multiplexer [35,36].

To measure the added noise of such a chain, we insert a
microwave switch (MS) that allows us to alternate between
the KITWPA biasing components and a calibrated noise
source, consisting of a SNTJ [8,37]. We first obtain the
added noise Ny of the chain when the MS is toggled
toward the SNTJ (see Appendix E 1). Then, after actuat-
ing the MS, we turn on the KITWPA and measure the
level r to which the output noise rises. We then deduce
the chain-added noise Ny using

r N;; + Nc

== )
G Ng+N,

where G is the KITWPA gain and N, is the vacuum noise
(see Appendix A 2).

I1I. PERFORMANCE AT 4 K

The results of such a measurement are presented in
Fig. 2, performed when using a commercial HEMT and
a KITWPA, the design and millikelvin performance of
which have been described elsewhere [8]. With the MS
actuated toward the DC and BT, we operate the KITWPA
at various gains, from an average of 2.5 dB to 18 dB
between 3.5 and 5.5 GHz [see Fig. 2(a)]; the higher gain
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profile remains flat, with less-than-3-dB ripples in that
band. For each operating gain G, we record the noise rise
r on a spectrum analyzer (SA) and form Ty = Nxhw/kp
(where h is the reduced Planck constant and & is the Boltz-
mann constant) using Eq. (2). In Fig. 2(b), we show T as
a function of the frequency, when the KITWPA is operated
at low and high gain (gray and black curves, respec-
tively), along with T, = Ny hw/kg, obtained when the MS
is actuated toward the SNTJ (purple curve). At high gain,
Ts = 6.3 0.5 K between 3.5 and 5.5 GHz (with uncer-
tainty dominated by that of the output power of the chain,
known within +0.3 dB). To our knowledge, it is the first
time that such a low and broadband noise performance has
been obtained without the use of a semiconductor amplifier
at4 K.

As discussed in Sec. I, three possible sources of noise
prevent Ty from reaching the quantum limit: (i) insuffi-
cient KITWPA gain, (ii) warm KITWPA inputs, and (iii)
KITWPA excess noise. Although, from a user perspective,
only Ts matters, knowledge of the separate contribution
of these sources is interesting from an amplifier-design
perspective, because it indicates if and how Tx may be
improved. In Fig. 2(c), we present the variation of T’y as a
function of G, at two different frequencies. As G increases,
Ts reaches an asymptotic lower bound. Therefore, the
high-gain regime of our KITWPA is enough to overcome
the following loss and HEMT-added noise; operating at
higher gain would not improve the chain-added noise.

To evaluate the noise coming from the KITWPA
inputs, we separately measure at 4 K the transmission

efficiencies of each stage in the amplification chain (see
Appendix F). Each efficiency acts as an effective noise
source, the temperature of which is governed by a beam-
splitter interaction (see Appendix A 1). In Table I we report
the transmission efficiencies and corresponding noise tem-
peratures of the various stages, either when considered
separately (intrinsic noise) or within the amplification
chain (chain-input-referred noise). Clearly, the tempera-
ture of the KITWPA inputs is dominated by the effect
of n, = 0.8, the transmission efficiency at 4 K between
the DUT and the KITWPA. It generates 2.1 K of noise
at the input of the amplifier (and 2.6 K when referred
to the input of the chain). Practically, 7x may be signif-
icantly decreased with increasing n,: for example, with
nn = 0.9, T would drop from 6.3 K to 4.5 K. We believe
this performance to be achievable, because most of our
warm-insertion loss originates in the KITWPA packaging,
the printed circuit boards and connectors of which may be
made less dissipative.

Subtracting the (input-referred) noise generated by all
the inefficient transmissions from Ty, we deduce the
KITWPA excess noise: at the input of the chain, it amounts
to 2.9 K, equivalent to an intrinsic excess noise tempera-
ture Tex = 1.9 £ 0.2 K, on par with that of the HEMT at
4 K [29]. This noise is associated with some internal loss
(see Appendix B).

As a fair comparison to Ty, we measure the noise
temperature Ty, added by a well-optimized chain, employ-
ing only a HEMT at 4 K (see Appendix D). Between
3.5 and 5.5 GHz, Ty, =3.54+0.3 K (with uncertainty

0 I I I I I
3.5 4.0 4.5 5.0 5.5 6.0 6.50 10 20

FIG. 2. Chain-added noise measurement. (a) The KITWPA gain G (ratio pump on or off) as a function of the frequency (measured
with a vector network analyzer) is shown for two rf pump powers (P, ): at low pump power (gray curve, P, = —37 dBm at the input
of the KITWPA) and high pump power (black curve, P, = —29 dBm). In both cases, the pump frequency is f, = 8.979 GHz and the
KITWPA is dc biased with I; = 0.7 mA. (b) We first measure the frequency-dependent chain-added noise T (purple curve) with the
SNTIJ. Below 4 GHz and above 6 GHz, T, increases because we reach the pass-band edge of the components in the amplification
chain (HEMT, isolator, and low-pass filter). Then, we deduce the chain-added noise Tx when the KITWPA operates at the low (gray
curve) and high (black curve) gain G presented in (a). The points at two witness frequencies (3.6 GHz and 5.5 GHz) underline how the
noise diminishes (from stars to squares) when the gain increases. (c) At these two frequencies, the variation of 7 as a function of the
gain shows that the lowest noise temperature (square) reaches an asymptote.
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TABLE I. The noise contribution of each stage of the amplifi-
cation chain, averaged between 3.5 and 5.5 GHz. The DUT sig-
nals are routed to the signal input of the amplifier with efficiency
N1 at 30 mK (i.e., there is —101og(n,.) dB of insertion loss) and
with efficiency ny, at 4 K. After the KITWPA, signals are routed
with efficiency 1, to the HEMT input (see Appendix A 1). From
the transmission efficiencies, we calculate the intrinsic and chain-
input-referred noise temperatures, using the expressions reported
in Table III. Note that for the noises related to 1. and 7ny,, the
contribution of the signal and idler paths are added. The intrinsic
HEMT-added noise at 70 K (first stage of our dilution refrigera-
tor) Ty = 13.4 £ 0.4 K lies between the HEMT-added noise at 4
K and that at 296 K [29].

Sources
of noise le

W (o> @
0.80 —

Transmission 0.80 0.51 -
efficiency

Insertion loss 1 1 - 2.9 -
(dB)

Intrinsic 0.16 2.1 1.9 3.9 10.7
noise (K)

Input-referred  0.16 2.6 2.9 0.1 0.6
noise (K)

here dominated by that of the SNTJ impedance, 48.2 +
3.5 Q). Therefore, while not surpassing it, the KITWPA-
based solution approaches the HEMT-based perfor-
mance.

IV. POWER CONSUMPTION

In combination with having a competitive amplification
and noise performance compared to that of a HEMT, the 4-
K stage KITWPA is expected to consume much less power.
In fact, it typically requires an rf pump power P, ~ —30
dBm (i.e., 1 W), several orders of magnitude lower than
the power requirement for a standard (approximately 10
mW [29]) or even state-of-the-art (300 uW [38]) HEMT.
Note, however, that P, does not account for the dissipa-
tion along the pump line. In our current setup, the pump
travels to the KITWPA via a 10-dB attenuator at 4 K and
through the weakly coupled port of a 10-dB DC at the
millikelvin stage (see Appendix C1). Therefore, in our
experiment, a typical —30-dBm pump tone delivered to
the KITWPA translates into dissipating 99 uW at 4 K (the
DC being terminated at 4 K). But such a heavy attenuation
is not mandatory: in principle, the high-pass filter (HPF)
we employ at the millikelvin stage suffices to prevent the
room-temperature 300-K noise from directly contaminat-
ing the signal and idler bands. At the pump frequency, this
noise is negligible compared with the power of the tone
and therefore does not affect the dynamics of the KITWPA
(in the limit of nondiverging gain [12]). So instead of being

200 0.10
150 40.08
= 0.06 =
E 100 =
[ —40.04 %
50 -40.02
0 0.00
2
Id (IDA)
FIG. 3. The characterization of the KITWPA dc power dissi-

pation. The dissipated power P, (left-hand y axis) is shown as a
function of the bias current /; for two situations: when the pump
of the KITWPA is off (solid black line) and when P, = —20
dBm (dashed red line). In the pump-off situation, the resistance
R4 (right-hand y axis) is also shown as a function of I; (blue
curve).

injected through the 4-K stage attenuator and millikelvin-
stage DC, the pump could simply pass through the HPF
and enter the rf port of the input bias tee. Furthermore,
at 4 K, P, is currently dissipated in the isolator placed
before the HEMT, which could also be avoided by using a
diplexer to redirect the pump to higher temperature. With
these strategies, the dissipation associated with the pump
can be reduced below 1 uW at 4 K. Further possible
improvements of the amplification chain—in particular,
targeted for qubit readout applications—are discussed in
Appendix C2.

However, the KITWPA also requires a non-negligible
dc bias I; ~ 1 mA, which may dissipate and generate heat.
We measure the corresponding dissipated power P, with
a four-point probe setup (see Appendix G): reading the
voltage drop V,; across the KITWPA, we then retrieve
P; = V,l;. In Fig. 3, we show P, as function of /;, when
the rf pump is off (solid black line) or, instead, very strong
(P, = —20 dBm, dashed black line). In both cases, at
1; = 1 mA we obtain P; >~ 100 nW, several orders of mag-
nitude lower than what a HEMT consumes. We also show
the resistance R; = V;/1; (right-hand y axis) as a func-
tion of /;. Under normal operation, i.e., for /; < 1.5 mA,
the resistance across the four-point probes (encompassing
the KITWPA, its packaging, and the BT at 4 K) is Ry =
80 mS2. Conversely, R, increases sharply to approximately
~ 1 k€ when I; > 1.5 mA, because superconductivity
breaks down inside the KITWPA, probably at a weak link
[8,39]. Note that the transition to this dissipative regime
happens at slightly reduced /; when P, = —20 dBm, sug-
gesting that both the dc and the rf currents can activate
the weak link. Voltage biasing the KITWPA with a small
(approximately 100-2) shunting resistor would alleviate
transitioning to this regime.
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V. CONCLUSION

Despite their remarkable noise performance at 4 K,
semiconductor amplifiers remain power hungry. This dissi-
pation may limit the scale of future applications, for which
large arrays (> 10°) of detectors or qubits would require
tens to hundreds of low-noise amplifiers. As an alternative,
we investigate the use of a parametric amplifier at 4 K: the
KITWPA. Using a SNTJ as a calibrated noise source, we
measure the noise added by an amplification chain where
the KITWPA is the sole 4-K stage amplifier. In princi-
ple, this chain can remain quantum limited; in practice,
when the KITWPA is operated at an average gain of 18 dB
within a 2-GHz bandwidth (and with less-than-3-dB gain
ripples in that band) we measure an average chain-added
noise of 6.3 0.5 K, comparable to that of a chain where
the HEMT is the 4-K stage amplifier. This performance
is limited mostly by the insertion loss at 4 K preceding
the KITWPA and by an excess of noise Tox = 1.9 0.2
K. Furthermore, the heat load at 4 K, currently in the 100-
uW range, is due to dissipating the rf pump. It is 2 orders
of magnitude lower than what a conventional HEMT gen-
erates and can straightforwardly be reduced below 1 uW.
This work is a successful implementation of a broadband,
high-gain, low noise, and power-efficient microwave para-
metric amplifier at 4 K. As such, it may constitute a shift
in the readout architecture for large numbers of microwave
resonators.
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APPENDIX A: ADDED NOISE

1. Chain-added noise

Figures 4(a) and 4(b) recast the amplification chain pre-
sented in Fig. 1 in a diagram of cascaded transmission
efficiencies and gains, when the MS is activated toward
the KITWPA biasing components [Fig. 4(a)] or toward the
SNTIJ [Fig. 4(b)]. Considering the situation in Fig. 4(a)
first, a signal with photon number N}, at the input of the
chain (that would be generated by the hypothetical DUT),
undergoes amplification and loss when propagating to the

4K 70K

FIG. 4. A diagram of the cascaded transmission efficiencies
and gains, when the MS is activated (a) toward the KITWPA
biasing components or (b) toward the SNTIJ.

chain:
. s 1 - Nic
<o (Ve ), (A1)
Nic
s § 1- n
Nih = N1n (Nlc + 1hNh> 5 (AZ)
Nih
i 1_nllh
Nip = | Ne + — Vi), (A3)
Mn
Ny = GOV, + N3 + (G— DIV, + L), (A4)
1 —
N; = <N2S + nzNh> 5 (AS)
n2
N; = Gy (N3 + Nn), (A6)

where the variables are all defined in Table II.

Assuming that the HEMT gain is sufficient to over-
come any following loss and amplifier-added noise, the
power at the signal frequency reaching the SA is directly
proportional to N;. Using Eqs. (Al) to (A6), and in the
simpler case where G >> 1 and where the idler and signal
transmission efficiencies at 4 K are equal, i, = nn, we
have

Nj = GagnaGninnic(Ny, + Nx), (A7)
where
2 — 1— 1
Ny = 7}1ch ) 771hNh T Ny
Nic NnhN1c NinhN1c
1 — 1
2y Ny (A8)
m2GNnnie m2GNnnie

is the chain-added noise. The first line on the right-hand
side of Eq. (A8) can be identified as the KITWPA added
noise; it depends not only on the KITWPA excess noise
Nex = Ni, + N’ but also on the cold and warm transmis-
sion efficiencies between the KITWPA and the input of
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the chain. The second line represents the contributions of
the elements placed after the KITWPA: the transmission
efficiency 5, (first term) and the HEMT-added noise (sec-
ond term); they are damped at sufficiently high gain G. In
the high-gain limit, with perfect transmission efficiencies
N = Nin = 1 (i.e., the inputs of the KITWPA are per-
fectly thermalized to the cold bath) and without excess
noise (Nex = 0), we verify that Ny = 1/2, the minimum
chain-added noise.

All the terms in Eq. (A8) are referred to the input of the
chain: the noise from each source is divided by the trans-
mission efficiencies and gain preceding it. Conversely, the
noise intrinsic to each stage is chain independent. The
expressions for the chain-input-referred and intrinsic noise
for each stage are reported in Table III.

To calculate Ny (the chain-added noise when the
KITWPA is off and the MS is actuated toward the SNTJ),
we propagate the SNTJ calibrated noise NV, (which is our
“signal”) through the chain shown in Fig. 4(b). Here, 1.
accounts for the cold loss coming, in particular, from the
SNTJ packaging and from the following BT. Meanwhile,
the unpumped KITWPA acts as a passive element of gain
1; therefore, we need not keep track of the noise entering
the idler port [8,40], because the KITWPA output signal
does not contain the idler component, as can be seen from
Eq. (1). We thus obtain the HEMT-output signal power,

Ny = GumamnmieN:, + NL), (A9)

TABLE II. A list of the variables pertaining to the amplifica-
tion chain [see Figs. 1(b) and 1(c)]. The variables designating a
power (termed using N) are in units of quanta. The transmission
efficiencies are dimensionless and the gains are linear.

Variable name Definition

N Input signal of the chain

N, Vacuum noise

N}, Cold stage output signal

Nj, 4-K stage thermal noise

N, KITWPA input signal

NI, KITWPA input idler

N Signal-to-signal path KITWPA excess noise
NL Idler-to-signal path KITWPA excess noise
Nex Overall KITWPA excess noise

Ny HEMT-added noise

N KITWPA output signal

Ny HEMT input signal

Ny HEMT output signal

Nie Cold-stage signal transmission efficiency
Nih 4-K stage signal transmission efficiency
n 4-K stage idler transmission efficiency
2 KITWPA-to-HEMT transmission efficiency
G KITWPA signal power gain

Gy HEMT signal power gain

TABLE III.
cation chain.

The noise generated by each stage in the amplifi-

Sources of noise Intrinsic noise

Chain-input-referred noise

2-1n1¢ 2—nyc
Me NC Mec NC
2 1= N, 2 lfﬂthh
NhNMic Nh
lf l
mhcheX Nex
1=, I=np
YT =
\V 1
'72G'71hf)1cNH Nu
with
1— 1—
N/z — 771ch n nthh
Nic NinNic
1— 2 1
+ Ny, + Ng. (A10)
mninNic mNinNic
Varying N;,, we retrieve Ny.. Then, knowing the transmis-

sion efficiencies from the loss budget (see Appendix F), we
can calculate Ny.

2. Noise rise

The noise-rise measurement consists of comparing
the output noise power, recorded on the SA, when the
KITWPA is on and off; knowing G and Ny, we can retrieve
Ns.

With the MS actuated toward the KITWPA, the HEMT-
output noise obtained with the KITWPA off (pump off, no
dc bias) is equal to that of Eq. (A9) (assuming that the loss
between the two MS paths is equal and that signals from
the DUT are transmitted with efficiency n;. at 30 mK). But
here, Ni = N,, because there is vacuum noise at the sig-
nal input of the chain. Similarly, the HEMT-output noise
obtained with the KITWPA on is equal to that of Eq. (A7),
with N3 = N,, such that the ratio of output noises r is

Ns + N,
r= G,EL, (Al1)
N% + N,

which gives Eq. (2).
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APPENDIX B: EXCESS OF NOISE AND
INTERNAL LOSS

The excess of noise in the KITWPA is associated with
internal loss. Here, we evaluate this loss and show that it
generates a noise commensurate with our observed excess
noise of 1.9 K. We then discuss the possible origins of this
loss.

1. From internal loss to transmission efficiency

Material loss can be characterized by the internal quality
factor Q; that a resonator fabricated in that material will
have or, equivalently, by its loss tangent tans = 1/Qi. In
our case, we measure Q; >~ 5000 on a Nb-Ti-N resonator
at 4 K, the characteristics (line width, dc bias) of which are
similar to those of the KITWPA.

In turn, Q; can be expressed as a function of the field
propagation constant « + i in that material, as Q; =
B/Qa). Here, B =k = w/v, (excluding any dispersion
engineering) where v, is the phase velocity and « is the
(amplitude) attenuation constant. In our KITWPA, v, =
Agfs = 1000 cells/ns, where A; is the wavelength of the
periodic loading pattern that creates a stop band at fre-
quency f; [8]. Thus, with Q; = 5000 and at w = 2w x 4.5
GHz, we obtain o =~ 2.8 x 107° cell™".

Our KITWPA contains C, = 66000 cells; therefore, the
total transmission efficiency is 1y = exp (—2aC;) =~ 0.69.
In other words, the total insertion loss in the KITWPA
is equal to 1.6 dB. If we were to place this entire loss at
the KITWPA signal and idler inputs, it would generate an
excess noise T, = 3.6 K for an effective gain G = 18 dB.
However, this loss is distributed along the line and that is
why this naive calculation clearly overestimates the noise
generated by this loss.

2. Excess noise from a distributed loss

The effect of distributed (and potentially asymmetric)
loss on the ideal exponential gain of a traveling-wave para-
metric amplifier has been treated in theory [30,41]. Here,
we distribute a known effective power gain G (that need
not be perfectly exponential) and total transmission effi-
ciency 7o within several stages, to evaluate the excess of
noise associated with this distribution.

When the phase-matching condition is achieved in a
traveling-wave parametric amplifier of length x, the output
currents 4 (x) and B*(x) at the signal and idler frequencies
are [8,42]

A(x) = A(x)ekax,

Bl
E* (x) — B* (x)elz)(kbx’ ( )

where y is the cross-phase modulation term and &, (k)
is the wave number at the signal (idler) frequency. The

amplitudes 4 (x) and B*(x) are given by

Ax)/ka\ _ ( cosh(gsx)  isinh(gsx)
B*(x)/~ky) — \—isinh(gsx) cosh (g3x)

A0)/vka . (B2)
B*(0)/ vk
In other words, for a given length of line x, the ampli-
tude (i.e., gain) and phase of the currents are separately
determined.

We now describe the signal and idler modes in terms of
number operators. Their phase is determined by Eq. (B1).
Then, for an amplifier with signal power gain Gy, preceded
by a transmission efficiency 1y (modeled as a beam-splitter
interaction), the amplitudes a;, and by, of the input modes
are transformed into the amplitudes aq,, and by, of the
output modes according to

(ai)ut> _ ( m
bg)ut _i\/TIO(GO - 1)

The effective signal gain power G (as observed on the
VNA) is therefore equal to 79Gy. Considering now that the
line has been divided into » identical stages (see Fig. 5),
each characterized by a transmission efficiency 7, and gain
G,, the amplitude of the output modes is given by

dout\ A/ nnGn i\/ nn(Gn —-1) " din
b:r)ut - _i\/nn(Gn -1 \/nnGn bj-n

i«/m> (“@)
V10Go b, )’

(B3)

— gaa(n) gab(n) ai'n
- (gba(”l) gbb(n)> (’%1)’ (B4)
where
1 n
Zaa(n) = 5[ <\/17,,G,, + V(G — 1))
+ (x/nnGn — V(G — 1))1 (BS)

and

1 n
gan(n) = "3[ (vV1.Gy + V.G, = D)

— (VG = /(G = 1))"], (B6)

and with g4, (n) = gpy(n) and gup(n) = —gra(n). These
relations define, for any number of stages #, the relation
between {n,, G,} and {1, Gy}, because for any #, the over-
all values of the signal and idler amplitude gain are always

equal to /oGy and i/ny(Gy — 1), respectively. But we

044009-7



M. MALNOU et al.

PHYS. REV. APPLIED 17, 044009 (2022)

alll aout
77() -
out

ga gb
a(k: - 1) a(n)
-@ T ; § A
(1) g k) & (k £.(n) € (n)

FIG. 5. A model for the distributed amplification and loss
along the KITWPA. Starting with an amplifier with power gain
Gy and a power transmission efficiency 7o, we divide the gain
and loss along the KITWPA in »n identical stages, each with
transmission efficiency 7, and gain G,.

can more easily calculate 1, and G, in a recursive manner
when n = 27 where p € N, because then

Ny = /Mw-1, (B7)
VG + 1
Gy = % (BS)

We now introduce the loss modes &,(k) and &,(k) for
k € {1,n} (see Fig. 5). These modes are complex, each with
a random phase. The output of stage & is then given by

a(k) = v/mGuatk — 1) + /0, (G, — Db (k= 1)

+ V(0 =) Guka(k) + A = 1)(G, — DE (),
(B9)

(@ (mam) = |gu®m)|* [(a*(ma(on +

+ ) lea() [ EGE) +
j=I1

1 n
+ 5 [ g = lgam@ + 3 les () = lea()I

Finally, the last term of Eq. (B14) is equal to —1/2
because g2, (n) — g2,(n) = —n} and because |cy(j)|* —
lca()| = (1 — n,)n,, forj € {1,n}. We thus obtain

Niy = 8o MNG, + g2, (WN}, + Nex, (B15)

BT (k) = V/1u(Gy — Da(k — 1) + /n,G,b" (k — 1)
+ V(1= 0)(G, — DEKR) 4+ V(1 = 1,)GEl ().
(B10)
Thus, we obtain recursively
a(n) = gaa(n)a(0) + ga(n)b'(0)
+ 2 [ehath) +angn], @
j=1
where, forj € {1, n},
ca(j) = gaa(n —j)/(1 —1,)Gy
+ g —j)V (1 =n)(G,—1)  (BI2)
and
h(j) = galn —j)v/ (1 = 0,)(G, — 1)
+gab(n _j)\/ (1 - nn)Gn- (B13)

We now need to calculate (af(n)a(n)). Here, we assume
that the loss modes are all uncorrelated and that they
are all in equilibrium with a bath at temperature 7, i.e.,
(Si (k)& (D) = 6ij0any, where ny, is the average photon
number in each mode. We also assume that a(0) and 5(0)
are neither correlated to each other nor to any of the loss
modes. With these conditions, we have

1 1
—} + |gan () * [(b*(0>b(0>> + 5}

1
} T les()P [@E(i)éb(i)) + 5}

(B14)
j=1

where

New = No Y [leaGP + les ()P

Jj=1

(B16)

Here Noyw = (@' (ma(m) +1/2, N;, =
= (b1(0)b(0)) + 1/2, and N, =

(@' (0)a(0)) + 1/2,
ELHEG) +1/2=
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FIG. 6. The full experimental setup used to measure the noise performance of the KITWPA at 4 K.

(€] (&) + 1/2, for j € {1,n}. Equation (B15) is the
equivalent of Eq. (1) when accounting for a distributed loss
within the traveling-wave parametric amplifier.

In practice, the excess noise quickly converges to an
asymptotic value, as we increase the number of divisions
n, because gain and loss equilibrate. At n = 1024, it can
be considered as asymptotic. Starting with ny = 0.69 and
G = 18 dB, we thus estimate that T,y = 0.5 K. Therefore,
this shows that the excess noise implied by the nonzero
loss along the line is clearly non-negligible. The discrep-
ancy between this theoretical value and the experimental
one (1.9 K) may come from uncertainties in the true atten-
uation constant of the line (i.e., Q;) but also from the
possible inhomogeneous distribution of the loss, which
may be greater at the beginning of the line.

3. Possible origin for the internal loss

Several phenomena can give rise to internal loss, includ-
ing an excess of quasiparticles, two-level systems in the
dielectric, or itinerant vortices. A recent study on a Nb-
Ti-N transmission line embedded in an amorphous silicon
matrix [11] suggests that itinerant vortices arise when dc
biasing the line. Further study is required to identify and
quantify the various possible sources of loss.

APPENDIX C: FULL EXPERIMENTAL SETUP
1. Existing setup

The full experimental setup used to measure the
chain-added noise containing the KITWPA is shown in

Fig. 6. It is composed of three main parts: the KITWPA
control electronics (top), the amplification chain (middle),
and the SNTJ control electronics (bottom). At the top, a
current source and a microwave generator provide the dc
and rf KITWPA biases, respectively. The high-pass filter
on the pump line (ZHSS-8G-S+) provides over 30 dB of
insertion loss at 6.5 GHz and over 80 dB at 4 GHz. In addi-
tion, a vector network analyzer (VNA) is connected to the
input and output of the amplification chain, allowing us to
measure the KITWPA gain.

In the middle, the amplification chain contains three
amplifiers: the KITWPA at 4 K, the HEMT at 70 K,
and a room-temperature amplifier (LNA-30-00101200-17-
10P). Signals from the millikelvin stage, either vacuum
noise or calibrated noise from the SNTJ, depending on the
microwave switch position, travel through these amplifiers
and are read on the spectrum analyzer at room temperature.

Because of cable resistance between the SNTJ and its
drive generator (the AWG), we cannot directly voltage bias
the SNTJ. Instead, we current bias it with /, (through a
10-k€2 polarization resistor) and retrieve V = Rsntilp by
first measuring the SNTJ resistance Rsnty. To do that, we
send a known dc current with the AWG and measure the
dc voltage across the SNTJ with the oscilloscope (OSC),
mounted in a four-point probe configuration (and set with
the 1-M€2 input impedance).

2. Possible improvements

Ultimately, the BT and the DC presently placed at 30
mK and used to inject, respectively, the dc bias and rf
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FIG. 7.

The characterization of a HEMT-only amplifier chain (mounted at 4 K). (a) The output noise temperature is referred to the

input of the chain (i.e., divided by the gain of the chain) and varies as a function of the SNTJ dc-bias voltage V. We illustrate the
output noise recorded on the SA, in a 5-MHz window around two frequencies: 3.6 GHz (red curve) and 5.5 GHz (blue curve). We then
retrieve the chain-added noise temperature 7T, from a fit (black curves). (b) Two techniques allow us to measure 7, as a function of
frequency: one using the shot noise generated by the dc-biased SNTJ (black curve) and one using the temperature-dependent Johnson
noise generated by the unbiased SNTJ, mounted on a VTS (purple curve). Two squares underline the values of Ts,: at 3.6 GHz,
obtained with the shot-noise method (red); and at 5.5 GHz, obtained with the Johnson-noise method (blue). (¢) The input-referred
output noise temperature varies as a function of the VTS temperature. We illustrate this variation for two frequencies, 3.6 GHz (red
points) and 5.5 GHz (blue points). We then recover T, from a fit (black lines).

pump, should be made more compatible with the scarce
real estate of the millikelvin stage. That means, ideally,
placing them at 4 K. With off-the-shelf components, that
would bring an additional 0.5—-1.0 dB of insertion loss in
front of the KITWPA, which would degrade the noise per-
formance by a few kelvins: the chain-added noise would
then be around 10 K. This noise may still be suitable
for qubit readout, where a quantum-limited preamplifier is
often placed at the millikelvin stage, typically a Josephson
device, which routinely achieves 2025 dB of gain [13,43].
This preamplifier would bring the 10-K chain-added noise
below that of vacuum at the input of the chain. In the
future, the BT and DC could be implemented on chip,
together with the KITWPA, thereby reducing their inser-
tion loss. Ultimately, this seems like a natural path forward.
Note that any other traveling-wave parametric amplifier
faces the same issue of pump delivery.

Note also that the (3.5—6.5)-GHz range over which the
KITWPA has gain depends on the periodic loading inside
the transmission line of the KITWPA, which determines
the position of the pump frequency at which exponen-
tial gain is achieved [8]. This range can be adjusted by
changing the design of the periodic loading (its period and
impedance). As such, there is no fundamental obstacle to
having the same technology operate in the (6—10)-GHz
range, which is more favorable for qubit readout. Although
dielectric loss will increase with frequency, so will the
gain, for a fixed KITWPA length. Therefore, we do not
expect the noise performance to be drastically different in
the (6—10)-GHz range, compared with what is shown in the
present work.

APPENDIX D: 4-K HEMT AMPLIFICATION
CHAIN

We present in Fig. 8 an amplification chain where the
4-K HEMT is the first amplifier. Compared with that of
Fig. 6, several components are removed from the signal
path, notably the bias tees used to deliver the dc current
1 to the KITWPA and the low-pass filter that protects the
HEMT from the strong KITWPA rf pump tone. We choose
to keep the isolator because it is often placed before the
HEMT in qubit experiments to avoid back action [44] and
in satellite mission concepts [19,21] but we place it at mil-
likelvin temperatures to minimize its noise contribution.
The unavoidable SNTJ packaging and bias tee remain in
the chain.

Generating shot noise with the dc-biased SNTJ and fit-
ting the output noise recorded on the SA [see Fig. 7(a)], we
obtain T as a function of frequency, shown in Fig. 7(b).
To validate this result, we employ another, independent
technique: in fact, at the input of the chain the SNTJ (with
its packaging) is mounted on a variable temperature stage
(VTS), allowing us to generate a temperature-dependent
Johnson noise with the unbiased SNTJ. Fitting the out-
put noise [see Fig. 7(c)], we obtain a second estimate of
Ts». Here, the reference plane of the chain advances to
the SNTJ packaging output, because the temperature of
the packaging also varies. Then, comparing the gains of
the chain between the two measurements (SNTJ and VTS),
we estimate the SNTJ-packaging insertion loss to be 0.3 £+
0.3 dB in the band of interest (see Appendix F), similar
to previous evaluations [45]. The quantitative agreement
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FIG. 8. An amplification chain where the HEMT is the first
amplifier, placed at 4 K. The SNTJ and its packaging are mounted
ona VTS.

between both methods validates our use of the SNTJ as a
calibrated noise source.

APPENDIX E: FIT OF NOISE CURVES

1. Shot-noise curves

We follow the same fitting procedure as in Ref. [8] but
in the simpler case where we do not include the idler noise
contribution. In short, the SNTJ delivers noise to the chain
[8,43], the power of which is

NS kgT [ eV + hw h eV + hw,
S = co
m Zh(,()s 2kBT ZkBT
eV — hw eV — hw;
——coth{ ———— ) |, El
T o ( 2sT )} ED

where T is the SNTJ temperature, V' is the voltage across
the SNTJ, and w; the signal frequency. The output noise
recorded on the SA is proportional to that of Eq. (A9).

In practice, we first fit the output noise at high voltage 7,
for |eV/(2hwy)| > 3 quanta. In that case, Eq. (E1) reduces
to

eV
NS = — . E2
" 2hw (E2)

We obtain the gain G, of the chain and the first estimation
of Ng..

Then we fit the central region, with G, fixed. We let Ny,
vary within £25% of its first estimation and because the
AWG has a slight voltage offset Vo, we include it as a
fit parameter: we write V' — Vg instead of V in Eq. (E1).
Finally, we bound 7 to a maximum value of 1 K.

2. Johnson-noise curves

When varying the VTS temperature, we deliver noise to
the chain, the power of which is

1 hw
N = ~coth | — |. E3
=% <2kBTVTs> (53)

TABLE IV. The transmission efficiencies at the various stages
of the amplification chain and their subcomponents, averaged
between 3.5 and 5.5 GHz. In addition to the ones defined in
the text, nyn is the transmission of the cable at 4 K, before the
KITWPA, and npy, is the transmission of all the components
between the KITWPA and the HEMT (see Fig. 6).

Transmission

efficiency Subcomponent

Niec = 0.8 £0.1 NSNT] = 0.93 £0.07
Nac = 0.86 £0.05

nin = 0.8 +0.1 Neh = 0.94 + 0.05
My =0.85+0.1

n =0.51+£0.1 VM =0.85+0.1

ngn = 0.6 £ 0.05

Knowing Tyrts, we fit the output noise recorded on the SA
to obtain Ny, = Tx,kp/(hw), the added noise of the chain
containing only the HEMT at 4 K (see in Appendix D).

APPENDIX F: LOSS BUDGET

We measure at 4 K the transmission of each part of
the amplification chain with a VNA, to retrieve nic, nin
and 7, as a function of the frequency [see Fig. 9(a)].
To find 5., we first measure the transmission 7y, of
the chain from the output of the SNTJ packaging to the
input of the Nb-Ti cable that connects the 30-mK stage
to the 4-K stage. The SNTJ being a one-port device, we
cannot measure the transmission of the SNTJ packaging
nsnty directly. Instead, we find it from the noise mea-
surements performed on the chain solely containing the
HEMT at 4 K: nsnty = 0.93 £0.07 is the ratio between
the gain of the chain obtained when using the SNTJ (pro-
portional to Gynaninlechsnty) to the gain obtained when
using the VTS (proportional to Gynaninfac). We then
have 7nic = ngensnty. The KITWPA packaging transmis-
sion 1), is measured separately at 4 K with a low probe tone
power. It is then equally divided between 1, and 1. We
report in Table IV the values of the various transmission
efficiencies, along with their subcomponents.

Knowing all the transmission efficiencies, we use Eq.
(A10) to deduce Ny, the HEMT-added noise at 70 K,
from Ny, the noise added by the chain presented in
Fig. 1(b) (and measured with the SNTJ). In Fig. 9(b), we
present Ty = Nyhw/kg as a function of the frequency,
along with the manufacturer specifications for the HEMT-
added noise, when the HEMT is at 4 K and 296 K [29].
Unsurprisingly, 7y lies between these two reported per-
formances, with T, = 10.7 & 0.4 K between 3.5 and 5.5
GHz (uncertainty dominated by that of the transmission
efficiencies).

Then, using Eq. (A8), we deduce N, the KITWPA
excess noise. In Fig. 9(c), we show Ty = Nexhw/kp, along
with Ty, as a function of the frequency. In the (3.5-5.5)-
GHz band, we have T, = 1.9+ 0.2 K.
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FIG. 9. The loss budget and the inferred noise temperatures.
(a) The transmission efficiencies 1. (purple line), n, (green),
and 7, (red) are measured at 4 K. The SNTJ-packaging trans-
mission nsnty (orange line) is deduced from the ratio of gains of
the chain, obtained when using the SNTJ and the VTS. (b) The
HEMT-added noise temperature 7 (blue line) is then deduced
using Eq. (A10). In comparison, we also show the noise temper-
ature of the HEMT when it is at 4 K (solid black line) and 296
K (dashed black line). (c) The KITWPA excess noise tempera-
ture T (blue line) is then calculated with Eq. (AS8) using the data
presented in (a) and (b) and using 7 (black line). (d) Both the
measured (black line) and inferred (blue line) chain-added noise
temperature Ts, agree quantitatively well. The inference is made
from the manufacturer specification of the HEMT-added noise at
4 K and from transmission-efficiency measurements on the parts
of the chain shown in Fig. 8.

Finally, we also measure (at 4 K) the transmission effi-
ciencies of each parts of the chain presented in Fig. 8§,
where the HEMT is mounted at 4 K. Then, from the
manufacturer’s specification of the HEMT-added noise
at 4 K [see Fig. 9(b)], we calculate the expected chain-
added noise and compared it with the measured one [see
Fig. 9(d)]. Both are in good quantitative agreement, vali-
dating our overall methodology for the loss budget.

APPENDIX G: FOUR-POINT PROBE SETUP

In Fig. 10, we present the experimental setup used to
evaluate the dc power consumption of the KITWPA. With
the KITWPA under dc and rf biases, we measure the volt-
age drop between components at 4 K required to operate
the KITWPA, consisting of the KITWPA itself, the BT,
and the LPF placed after the dc input of the BT. At room
temperature, a voltmeter reads the voltage across these

4 GHz

———————

=

Nb-Ti

_______

30 mK 4K 300 K

FIG. 10. The four-point probe experimental setup. Two red
points highlight the ports across which we measure the voltage
drop while the KITWPA is under dc and rf biases.

components. Note that we terminate the rf amplification
chain at 4 K, because it is no longer properly matched to
50 Q: in fact, we insert a subminiature version A (SMA) T-
junction at the KITWPA input in order to read the potential
at this point.
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