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We report on the use of a kinetic-inductance traveling-wave parametric amplifier (KITWPA) as the first
amplifier in the readout chain of a microwave superconducting quantum interference device (SQUID) multi-
plexer (µmux). This µmux is designed to multiplex signals from arrays of low temperature detectors such as
superconducting transition-edge sensor microcalorimeters. When modulated with a periodic flux-ramp to lin-
earize the SQUID response, the flux noise improves, on average, from 1.6µΦ0/

√
Hz with the KITWPA off, to

0.77µΦ0/
√

Hz with the KITWPA on. When statically biasing the µmux to the maximally flux-sensitive point,

the flux noise drops from 0.45µΦ0/
√

Hz to 0.2µΦ0/
√

Hz. We validate this new readout scheme by coupling a
transition-edge sensor microcalorimeter to the µmux and detecting background radiation. The combination
of µmux and KITWPA provides a variety of new capabilities including improved detector sensitivity and
more efficient bandwidth utilization.

Over the past few years, the multiplexed readout of
transition-edge sensors (TES) with microwave supercon-
ducting quantum interference device (SQUID) multiplex-
ers (µmux) has become ubiquitous. For example, this
multiplexing technique will be deployed at the Simons
Observatory to read out signals from tens of thousands
of TES bolometers, aimed at measuring the cosmic mi-
crowave background1. It is also being used to read out
TES microcalorimeter arrays for x-ray and gamma-ray
spectroscopy2–8.

A µmux divides the available readout bandwidth by
coupling many readout resonators to a single transmis-
sion line. Each resonator is terminated by an rf-SQUID,
inductively coupled to a TES, and this coupling is typi-
cally made large enough to ensure that the TES current
noise dominates over the noise of the readout chain. For
pulsed TES signals, this large inductive coupling results
in a high flux slew rate at the SQUIDs, requiring a wide
resonator bandwidth to track9. In this context, having a
lower readout noise would allow for a smaller coupling,
a slower slew rate, narrower resonators, and therefore
would allow us to increase the multiplexing factor.

Other sensors could benefit from a lower readout noise,
in particular metallic magnetic calorimeters (MMCs).
These devices place a magnetically susceptible calorime-
ter in the field of a superconducting loop that also passes
through the input coil of a SQUID. With magnetic flux
trapped in the loop, a variation in the MMC suscep-
tibility shifts a fraction of this flux into or out of the
SQUID. This shift of magnetic energy cannot be bet-
ter resolved by increasing the inductive coupling to the
SQUID. Furthermore, existing µmux readout techniques
substantially degrade the performance of MMCs10. The
use of a near-quantum-limited microwave amplifier could
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mitigate this problem and advance the use of multiplexed
MMC arrays.

Traditionally, the first amplifier in the µmux readout
chain is a high electron-mobility transistor (HEMT) am-
plifier, placed at 4 kelvin2,3,11,12. The HEMT offers sev-
eral key features that make it compatible with µmux
readout: (i) it provides sufficient gain, (ii) it is wideband,
and (iii) it has a high compression power. However, its
noise temperature, usually a few kelvin, is far from the
lower bound imposed by quantum mechanics13.

In this letter, we use a kinetic-inductance traveling-
wave parametric amplifier (KITWPA) as the first am-
plifier in the readout chain of a µmux. The KITWPA
gain, bandwidth and power handling are also compati-
ble with µmux readout, and its wideband noise has been
shown to be close to the quantum limit14,15. It is placed
before the HEMT, at millikelvin temperatures. With
this readout scheme, we show that the flux noise at-
tached to a coherent tone probing one of the resonators
in the µmux, whose resonance is modulated at 3 MHz,
is, on average, 0.77µΦ0/

√
Hz. When the KITWPA

is turned off, the flux noise obtained with the HEMT
as the first amplifier is more than doubled, reaching
1.6µΦ0/

√
Hz, a typical noise level for traditional µmux

readout chains12,16. When the resonator is biased at its
maximum flux-sensitive point, the open-loop flux noise
drops from 0.45µΦ0/

√
Hz (with the KITWPA off) to

0.2µΦ0/
√

Hz (with the KITWPA on), equivalent to a
system noise temperature of about 1 K. Such a low open-
loop flux noise suggests that the demodulated flux noise
could be decreased even further with straightforward im-
provements. Finally, we validate the use of the KITWPA
coupled to the µmux by measuring pulse events in a TES
microcalorimeter caused by background radiation.

Qualitatively, for microwave SQUID multiplexing, a
low amplifier noise translates into a low flux noise. Each
resonator within a µmux is terminated by an rf-SQUID,
whose loop is coupled to a flux-bias line used to modulate
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the resonator’s resonant frequency (see Fig. 1a). A probe
tone, with frequency centered within the peak-to-peak
frequency shift of the resonance, then describes a semi-
circle trajectory in its rotating frame, at the modulation
frequency. The readout noise attached to this tone can
then be thought of as spreading its instantaneous position
over a two-dimensional Gaussian in the rotating frame,
along the in-phase (I) and out-of-phase (Q) quadratures
(see Fig. 1b). It determines the noise on the tone’s angle
θ in this frame, and in turn, it determines the noise on
the phase of θ (see Fig. 1c). This phase noise, multiplied
by Φ0/2π, gives the flux noise.
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FIG. 1. Schematic of a µmux readout circuit, showing how
amplifier noise translates to flux noise. In traditional µmux
readout (a) a TES (shown as a variable resistor) is inductively
coupled to a radio frequency (rf) SQUID embedded in a mi-
crowave resonator. (b) For a fixed microwave probe tone, the
transmission moves along the resonance circle as a periodic
function of flux in the SQUID. The noise associated with the
amplifier chain (red disk) spreads the tone’s position along
the I and Q quadratures. (c) Under flux-ramp modulation,
the SQUID is constantly sweeping out its approximately sinu-
soidal response. The noise attached to the tone thus translates
into some noise on θ(t), the phase of the flux-ramp response.
This noise impacts how well one can detect a phase shift δa
on θ(t), due to a TES signal.

To reduce the flux noise, one can (i) increase the tone’s
power, but this power is eventually limited by the linear-
ity of the SQUID response, and (ii) reduce the noise of
the readout chain, which is what we propose to do, using
a near-quantum-limited amplifier. In this context, for a
given tone’s power we can ask: what is the lowest flux
noise achievable? In other words, what is the flux noise
associated with a quantum-limited amplification chain?

Quantitatively now, starting with a system noise tem-
perature Tsys, the (input-referred) noise power spectral
density SN along the I and Q quadratures of the tone
is SN = kBTsys, where kB is the Boltzmann constant.
Normalizing by the tone’s power Pt, it translates into a
spectral density on the rotation angle of the tone, θ, such

that Sθ = 4kBTsys/Pt
17. Assuming a sinusoidal variation

of θ with the flux Φ, θ(Φ) = A cos(2πΦ/Φ0), with A the
variation amplitude and Φ0 the magnetic flux quantum,
the maximum slope is then max{dθ/dΦ} = 2πA/Φ0. At
this maximum flux-sensitive point, the noise power spec-
tral density on the flux is S̃Φ = SθΦ

2
0/(2πA)2. Therefore,

the flux noise
√
S̃Φ at the maximum flux-sensitive point,

sometimes called the open-loop flux noise, is:√
S̃Φ =

1

πA

√
kBTsys

Pt
. (1)

For typical µmux operation, A ' 1; thus, with a sys-
tem noise temperature Tsys = 4 K, representative of a
HEMT, and a probe tone power Pt = −75 dBm, we ob-

tain
√
S̃Φ = 0.42µΦ0/

√
Hz. Note that the dependence of

the flux noise on the system noise temperature enters as
a square root (due to the conversion from a power noise
to an amplitude noise), so in practice, significantly reduc-
ing the flux noise is a difficult task. Note also that Eq. 1

gives the most honest way to quote Tsys knowing
√
S̃Φ,

because here the system noise temperature includes all
the possible sources of noise that contribute to the flux
noise.

At the standard quantum limit (SQL), the noise power
spectral density is equal to one photon13, SN = ~ω,
where ~ is the reduced Planck constant and ω is the
angular frequency of the photon. Thus, at the SQL,√
S̃SQL

Φ = 1/(Aπ)
√

~ω/Pt. For ω = 2π × 4.5 GHz

and with Pt = −75 dBm (and A = 1) it means that√
S̃SQL

Φ = 0.1µΦ0/
√

Hz. This is the quantum limit on

the flux noise at the maximum flux-sensitive point, for
this photon frequency and probe tone power.

In practice, the SQUIDs within the µmux are always
modulated with a fast ramp of current18, transforming
the detector signal into a phase shift of the SQUID mod-
ulated flux response. This technique evades multiple
sources of low-frequency noise. In this context, the flux
noise

√
SΦ on the demodulated tone is obtained from

the open-loop flux noise, degraded twice: (i) when the
peak-to-peak frequency shift of the resonator δf is com-
parable to its bandwidth B and when the modulation of
θ is sinusoidal, the flux power spectral density integrated
over the full 2π modulation of θ increases18 by a factor of
≈ 2. (ii) Usually, the beginning of each ramp of current
has a transient, which affects the modulation of θ. The
transient is eliminated by discarding the first Φ0 of the
ramp response. Thus, if the ramp is swept over nΦ0, the
noise increases by a factor 1/α = n/(n− 1). The general
expression of the tone’s demodulated flux noise is thus:√

SΦ =

√
2/α

πA

√
kBTsys

Pt
. (2)

For example, with A = 1, α = 2/3, Pt = −75 dBm, and
at the SQL where kBTsys = ~ω, with ω = 2π × 4.5 GHz,

we would predict
√
SSQL

Φ = 0.17µΦ0/
√

Hz.
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(a) (b)

(c) (d)

KITWPA off KITWPA on

FIG. 2. Readout of a single resonator within the µmux, dis-
connected from a TES. The digitized output (at 60 MS/s) of
the demodulated probe tone is obtained when the KITWPA
is (a) off and (b) on; the origin of the I and Q quadrature
frame is translated to the center of the circle supporting the
tone’s positions. The flux ramp sweeps 3Φ0, at a frequency
fr = 1 MHz (for 60 samples per ramp, 20 samples per Φ0).
The tone’s power is Pt ' −75 dBm, and the tone’s frequency
is ft = 4.383 GHz, to be compared to the resonator’s maximal
resonance f0 = 4.392 GHz and peak-to-peak frequency shift
δf = 15 MHz. (c) For each sample within the ramp (excluding
the 20 first samples corresponding to the first Φ0) we measure
a mean value and standard deviation for θ, the angle of rota-
tion of the tone in the I and Q quadrature frame, when the
KITWPA is off (gray line) and on (blue line). (d) Extracting
a value for the phase of θ for each ramp segment, we Fourier
transform this phase vector (and divide by 2π) to obtain the
flux noise for the two situations: KITWPA off (gray line) and
KITWPA on (blue line).

Microwave loss and excess noise will prevent the flux
noise from reaching the SQL, so to see how much we can
improve the flux noise in practice, we perform the read-
out of a µmux, using a KITWPA as our first amplifier,
placed at millikelvin temperatures. Figure 2 shows the
results of a single resonator readout within the µmux,
for two situations: when the KITWPA is turned off (the
HEMT is then the first amplifier in the chain), and when
the KITWPA is turned on. This resonator is not con-
nected to any TES, because otherwise the TES noise
would overwhelm the readout noise (due to the engi-
neered SQUID inductive coupling to the TES). We send
a probe tone and apply a 1 MHz flux ramp to the SQUID,
sweeping 3Φ0 per ramp so that the resonance is modu-
lated at fm = 3 MHz. Figure 2a (Fig. 2b) shows a his-
togram of the digitized output of the tone in its I and
Q quadrature frame, obtained using a homodyne setup9,

when the KITWPA is off (on). The tone frequency and
power are adjusted in this frame: at the optimal tone
frequency the transmission describes a “figure-8” shape,
due to the fact that the resonator is constantly driven
out of equilibrium, and above the optimal probe tone
power, Pt ' −75 dBm, the resonator bifurcates. Quali-
tatively, when the KITWPA is turned on, the successive
positions taken by the probe tone along the flux ramp are
better defined, indicative of a lower phase noise. Quan-
titatively, Figure 2c shows 〈θ〉 and σθ, respectively the
mean value and standard deviation of θ over one ramp
period (discarding the transient-contaminated first Φ0)
when the KITWPA is off and on. Clearly, turning on
the KITWPA reduces σθ. It translates into a lower flux
noise9,

√
SΦ (Fig. 2d), which drops from 1.6µΦ0/

√
Hz to

0.77µΦ0/
√

Hz on average.
Here, we compare the flux noise obtained when the

KITWPA is off to when it is on, but the KITWPA-off
situation is not equivalent to a standard µmux readout
chain, with the HEMT as the first amplifier, because
our chain contains extra microwave components9. These
components insert loss, and therefore increase the flux
noise. Nonetheless, even with these components the flux
noise with the KITWPA off remains low compared to
standard values12,16. Furthermore, we used off-the-shelf
microwave components to build the readout chain. These
could be made more efficient, for example by integrating
them on-chip, together with the KITWPA.

(a) (b)

SQL

FIG. 3. Open-loop flux noise measurement. (a) The flux
modulation curve of the resonator shows that δf = 15 MHz,
while the bandwidth of the resonator is B = 4.6 MHz. We set
the tone’s frequency ft at max{dθ/dΦ} (dashed line), where
ft = 4.384 GHz. (b) We measure the flux noise at this partic-
ular flux bias point9, when the KITWPA is off (gray line) and
on (blue line). In comparison, the flux noise of an amplifica-
tion chain operating at the SQL is indicated by the dashed
red line.

How close are we to the SQL? We cannot directly
derive Tsys from Eq. 2, because in our case δf � B,
see Fig. 3a. It degrades

√
SΦ compared to the situation

where δf = B, because when sweeping the ramp the tone
then spends more time away from resonance, in the flux-
insensitive region. Instead, to estimate Tsys, we measure
the open-loop flux noise at max{dθ/dΦ}9, for the two
situations, KITWPA off and on, see Fig. 3b. At 3 MHz,
equal to the modulation frequency fm previously used,



4√
S̃Φ drops from 0.45µΦ0/

√
Hz to 0.2µΦ0/

√
Hz. Indeed,

the open-loop flux noise is degraded by more than
√

2/α
(with α = 2/3) to yield the demodulated flux noise pre-

viously obtained. Using Eq. 1,
√
S̃Φ corresponds to a

system noise temperature Tsys = 4.6 K and Tsys = 0.9 K,
respectively (taking A = 1, and Pt = −75 dBm). In com-
parison, at the SQL, T SQL

sys = 0.2 K (at 4.5 GHz), there-
fore with the KITWPA turned on we operate 4.5 times
above the quantum limit, whereas with the KITWPA off
we operate more than 20 times above the quantum limit.

Reaching such low values for
√
S̃Φ suggests two ways√

SΦ could be further reduced: (i) a resonator for which

δf = B should, in principle, yield
√
SΦ =

√
2/α

√
S̃Φ,

so with α = 2/3,
√
SΦ could be as low as 0.35µΦ0/

√
Hz

(with the KITWPA on). (ii) With a tone tracking tech-
nique, where the tone’s frequency is also modulated to
follow the resonance, having δf � B becomes benefi-
cial; in principle, this technique allows for a lower de-
modulated flux noise than the one obtained with a fixed-
frequency tone19.

To demonstrate that this amplification chain can truly
be used for sensor readout, we connected another µmux
channel to a TES9. When the TES detects a photon or a
particle, it generates a pulse of current in the SQUID
loop, which translates into a dephasing event on the
probe tone’s trajectory (see Fig. 1). Absent any radia-
tion, the flux noise is dominated by the TES noise at
frequencies below 10 kHz, see Fig. 4a, and therefore there
is no difference between the two situations, KITWPA off
and on. In fact, the coupling to the TES within this
µmux has been engineered to overwhelm higher read-
out noises than those obtained when using the KITWPA.
With a redesign of the µmux, where both the coupling
and the resonator bandwidth could be reduced with no
penalty on the readout sensitivity, one would truly bene-
fit from the near-quantum-limited nature of the readout
chain.

Continuously acquiring the tone’s excursion in the
quadrature frame over several hours, we record the events
for which Φ/Φ0 significantly deviates from zero. These
events correspond to cosmic rays and other background
radiation hitting the TES9. In Fig. 4b, we have over-
lapped the 226 events where Φ/Φ0 ≤ 2, detected over
3.5 hours with the KITWPA on (events with Φ/Φ0 > 2
are present but excluded from the plot because the TES
begins to saturate). This experiment proves that the
readout scheme using the KITWPA is suitable for the
detection of pulsed events from the deposition of energy
quanta.

In conclusion, we have demonstrated an unprecedented
microwave SQUID multiplexing readout sensitivity, using
a near-quantum-limited KITWPA as our first amplifier.
Modulating a µmux resonance at 3 MHz with a ramp, we
showed that the flux noise of a demodulated tone is, on
average,

√
SΦ = 0.77µΦ0/

√
Hz, and it could be signif-

icantly lowered with straightforward improvements. In
the context of µmux readout, the true system noise tem-

(a) (b)

TES

readout

FIG. 4. Response of a resonator within the µmux, connected
to a TES. (a) When the TES is biased between its normal
and superconducting branches, the flux noise

√
SΦ increases

below 10 kHz, because the TES noise overwhelms the readout
noise. At higher frequencies, we recover the improvement in
flux noise when turning the KITWPA on (blue curve) com-
pared to when the KITWPA is off (gray curve). Note that the
flux noise values are higher here than in Fig. 2d, probably be-
cause of the unoptimized link (that includes long wire-bonds)
between the TES and the µmux9. (b) Pulse events due to
background radiation have been detected by the TES over 3.5
hours. Focusing on times around 0 ms (inset) and on a single
large amplitude pulse, it is evident that the KITWPA read-
out chain records the pulses without distortion even where
the derivative of the flux signal is largest.

perature must be calculated from the knowledge of the
flux noise and the probe tone power. Here, our open-loop
flux noise of 0.2µΦ0/

√
Hz is equivalent to a system noise

temperature of 0.9 K, or about 4.5 times above the quan-
tum limit. Continuously monitoring over several hours
the output of one resonator connected to a TES, we suc-
cessfully measured the dynamic response of the sensor
to background radiation, validating the use of this new
amplification chain. This improvement of noise tempera-
ture should allow a doubling of µmux multiplexing factor
for TES microcalorimeter readout, as well as enable the
useful application of µmux to MMCs.
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Supplementary information: Improved microwave SQUID multiplexer readout using a
kinetic-inductance traveling-wave parametric amplifier

I. BANDWIDTH UTILIZATION WITH FLUX RAMP MODULATION

In flux-ramp modulated SQUID readout, the flux ramp rate sets the effective sampling rate of the SQUIDS1, which
must be high enough that the maximum flux excursion between samples is less than Φ0/2. The full width at half
maximum B of each resonator is then sized to contain the flux ramp signal, i.e. we must have

B >
4n

Φ0
Min

∣∣∣∣dITES

dt

∣∣∣∣
max

, (S1)

where n is the number of SQUID oscillations per ramp, Min is the input mutual inductance between the detector and
the SQUID and ITES is the detector current. Reducing the flux noise allows us to reduce Min and therefore to reduce
B.

II. EXPERIMENTAL SETUP

Figure S1 presents a schematic of the experimental setup. At millikelvin temperatures, the input of the chain (left
side) consists of a directional coupler (DC) from which we can send a vector network analyzer (VNA) tone, along with
the µmux interrogating tone. A dc-block follows, preventing the dc current used to bias the KITWPA from leaking
back toward the directional coupler and dissipating in the 50 Ω load attached to it. The µmux is then connected,
followed by a low-pass filter (LPF) which provides 40 dB rejection at the KITWPA pump frequency, preventing the
strong KITWPA pump tone (Pt ' −30 dBm) from perturbing the µmux resonators. In fact, even though this tone is
detuned from the µmux resonances (fp = 8.941 GHz), we have seen that it can affect the µmux if not properly filtered.
Next, the circulator provides additional isolation, and we use its third port to send the KITWPA dc current bias,
while the following DC delivers the KITWPA pump. After the KITWPA, a bias tee separates the dc bias current
from the rf signal. The rf signal is then directed onto an isolator and a LPF, in order to filter out the KITWPA pump
tone, which, reflected off the LPF dissipates into the isolator. The rf signal is then routed into a HEMT at 4 K, and
further amplification stages at room temperature.

All the connecting cables going in and out of the fridge are microwave coaxial cables, even those carrying a dc
signal. In fact, we have found that they provide a better isolation against radio frequency noise than twisted pair
cables. For the flux ramp line, the 20 dB attenuator at 4 K is equivalent to a 500 Ohm series resistor, which we use to
convert the voltage excitation into a current excitation. The TES bias source is grounded to the fridge ground, but
it is not connected to the electronic rack’s ground. Again, the cables delivering the TES bias are microwave coaxial
cables. Finally, the KITWPA dc bias source is fully floating. Care was taken not to connect the ground of the room
temperature electronics to the fridge’s ground through all these cables (which would create ground loops). That is
why most of the microwave cables going into the fridge contain a dc block before entering the fridge. Those that don’t
are either fully floating, or connected to floating electronics equipment.

At room temperature, two microwave generators are used: one for the KITWPA pump and one for the µmux probe
tone. This second generator also serves as the local oscillator (LO) for the in-phase/quadrature (IQ) demodulator.
The IQ demodulator demands a fixed input power for its LO, therefore we placed a variable attenuator on the probe
tone’s path. The VNA allows us to measure the KITWPA gain, and an arbitrary waveform generator (AWG) is used
to generate the flux ramp. Its second channel serves as a clock for the analog to digital converter (ADC) so that the
ADC can digitize at a specific rate (chosen to have an integer number of samples per flux ramp). The output trigger
of the AWG is connected to the input trigger of the ADC, so that the digitizing starts at the beginning of a ramp. At
the output, the amplification chain is routed to the rf-port of the IQ demodulator, and the I and Q channels are then
routed (after further base-band amplification) to channels A and B of the ADC. Finally, all the microwave generators,
VNA and AWG are synchronized with a 10 MHz clock.

Figure S1a shows a close-up picture of the µmux in its packaging, with some of its resonators connected to a few
TESs, via series inductances and shunt resistances. Obviously, this packaging is not optimized, involving long wire-
bonds in between components. The input of the microwave coplanar waveguide (CPW) readout line can be seen on
the left. Figure S1b presents the full µmux and TES packaging. The flux ramp and TES biases are fed through the
in-line connectors at the bottom (and through microwave coaxial cables beforehand).
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(a)
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FIG. S2. Photograph of the µmux and TES packaging. (a) Some resonators within the µmux are connected to a few TES via
series inductances, and shunt resistances. (b) A 1× 2” box contains both the µmux and the TES.

III. FLUX NOISE MEASUREMENT, BACKGROUND RADIATION MEASUREMENT AND PROCESSING

Here we detail how, from the digitized I and Q outputs, we obtain the flux noise presented in Fig. 2. We send a flux
ramp with frequency fr = 1 MHz, that sweeps 3Φ0 per ramp (therefore the modulation frequency of the resonator’s
resonance is fm = 3 MHz). We then digitize 0.1 s of data from the I and Q channels, at 60 MS/s, which means that
we obtain two arrays of 6× 106 voltages. It also means that we have 60 samples per ramp, or 20 samples per Φ0. We
perform this acquisition twice: when the KITWPA is off (pump tone off), and when it is on.

The processing of this data consists of several steps. First, we translate all the coordinates in the IQ rotating frame,
such that the center of the frame corresponds to the center of the semi-circle trajectory described by the points. In
practice, we fit all the points to a circle, and find its center. When centered, a histogram of the points positions is
given by Fig. 2a (Fig. 2b), when the KITWPA is off (on).

Second, we unwrap the angle θ of these points so that θ continuously varies between −π and π as a function of
time. We then extract the phase α(t) from θ(t), excluding the first 20 values of θ(t) that correspond to the first Φ0,
usingS1:

α = arctan

(∑
θ(t) sin(ωmt)∑
θ(t) cos(ωmt)

)
, (S2)

where ωm = 2πfm. The vector of phases α(t) runs from t = 0 s to t = 0.3 s, with a step size of δt = 1/fr.
We can now calculate the power spectral density (psd) of α(t) to get Sα, in units of rad2/Hz. The maximum

frequency of this psd is half the ramp frequency, and we chose a bin size of 100 Hz. Finally, the flux noise is given by√
SΦ/Φ0 =

√
Sα/(2π).

When running the experiment continuously to detect background radiation, we set the fridge temperature to 90 mK
(stable within ±15µK). We then continuously perform the acquisition and processing, and only keep the data from
the I and Q channels if a significant peak in α(t) is detected. The procedure to look for such a peak consists of
calculating the moving standard deviation σα of α(t) (with a 5 ms window), and look for peaks in σα that are greater
than 0.03 radians (a value that gives good compromise between detecting too many false positives and discarding too
many low energy background radiation events).

IV. OPEN-LOOP FLUX NOISE MEASUREMENT AND PROCESSING

The open-loop flux noise is acquired with the same experimental setup. However, instead of using the AWG to
generate a voltage ramp, we use it as dc voltage source (which translates into a dc current, due to the 20 dB attenuator
at 4 K). We then digitize the I and Q outputs for 221 static flux biases along one full Φ0 (equivalent to 1.2 mA; we
use coarse current steps of 25 µA in the flux-insensitive region, close to the maximum resonator frequency, and fine
current steps of 5 µA in the flux-sensitive region). For each flux biasing point, and for the two configurations KITWPA
off/on, we record data over 0.01 s, with a sampling rate of 20 MS/s, therefore we have two arrays of 2× 105 voltages
per bias point, per KITWPA configuration.

The processing steps are as follows. First, we translate the coordinates in the IQ rotating frame, as in the case of
the demodulated flux noise. For each flux bias, we find the average coordinate (two voltages) in the IQ frame, and
then fit all the averages to a circle to find its center.
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Second, we calculate the voltage psd SV (Φ) (in V 2/Hz) for each flux bias, along the direction tangential to the
circle (the unit vector in the tangential direction is the normalized gradient of the averaged points coordinates).

Finally, we calculate the open-loop flux noise, as:√
S̃Φ =

√
SV (ΦM )

|max{dV/dΦ}|
, (S3)

where ΦM is the flux bias for which |dV/dΦ| = |max{dV/dΦ}|.

V. KITWPA GAIN PROFILE

Figure S3a shows the wideband KITWPA gain profile, obtained with the VNA (pump on/off ratio), at which the
KITWPA was operated during the various experiments. We chose to run the KITWPA at a relatively modest gain,
to ensure its performance as a function of time be very stable.

Figure S3b shows the KITWPA gain, when zoomed in around the tuning range of the resonator that we used in the
demodulated flux noise measurement. The feature at 4.392 GHz comes from the presence of the resonance (the VNA
tone passes through the µmux, see fig. S1). Over the whole resonator’s tuning range, the KITWPA gain is on average
11.6 dB, with 2.5 dB of peak-to-peak gain ripples. Interestingly, because of the nature of the flux-ramp modulation
scheme, the µmux readout is somewhat insensitive to gain ripples: it may distort θ(t) into a non perfect sinusoidal
signal, but we only care about the phase of that signal. So as long as the gain ripples are stable as function of time,
they don’t affect the periodicity of θ(t), therefore they don’t affect the determination of α(t).

(a) (b)

FIG. S3. Gain of the KITWPA (ratio pump on/off). (a) The wideband gain profile as a function of frequency. (b) Zoom in on
the gain around the tuning range of the resonator used in the flux noise measurements.

[S1]Mates, J. A. B., Irwin, K. D., Vale, L. R., Hilton, G. C., Gao, J. and Lehnert, K. W., ”Flux-Ramp Modulation for SQUID
Multiplexing”, Journal of Low Temperature Physics 167, 707-712 (2012)
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