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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 (umux). This pmux 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 1.6 u@o/\/}ﬂ with the KITWPA off, to
0.77 u®o/v/Hz with the KITWPA on. When statically biasing the ymux to the maximally flux-sensitive point,
the flux noise drops from 0.45 u®,/+/Hz to 0.2 udy/v/Hz. We validate this new readout scheme by coupling a
transition-edge sensor microcalorimeter to the umux and detecting background radiation. The combination
of pmux 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 (pmux) 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 background!. It is also being used to read out
TES microcalorimeter arrays for x-ray and gamma-ray
spectroscopr’S.

A pmux 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 typ-
ically made large enough to ensure that the TES cur-
rent noise dominates over the noise of the readout chain.
For pulsed TES signals, this large inductive coupling re-
sults in a high flux slew rate at the SQUIDs, requiring a
wide resonator bandwidth to track (see the supplemen-
tary material). 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 pmux readout techniques
substantially degrade the performance of MMCs”. The
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use of a near-quantum-limited microwave amplifier could
mitigate this problem and advance the use of multiplexed
MMC arrays.

Traditionally, the first amplifier in the pmux readout
chain is a high electron-mobility transistor (HEMT) am-
plifier, placed at 4 kelvin?310:11, The HEMT offers sev-
eral key features that make it compatible with pmux
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 mechanics'2.

In this letter, we use a kinetic-inductance traveling-
wave parametric amplifier'®1® (KITWPA) as the first
amplifier in the readout chain of a pmux. The KITWPA
gain, bandwidth and power handling are also compati-
ble with pmux readout, and its wideband noise has been
shown to be close to the quantum limit!617. Tt 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 pmux, whose resonance is modulated at 3 MHz,
is, on average, 0.77u®/vHz. When the KITWPA
is turned off, the flux noise obtained with the HEMT
as the first amplifier is more than doubled, reaching
1.6 u®y/ VHz, a typical noise level for traditional pmux
readout chains!!'®. When the resonator is biased at its
maximum flux-sensitive point, the open-loop flux noise
drops from 0.45 u®q/vHz (with the KITWPA off) to
0.2 u®,/vHz (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 pmux 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 pmux is terminated by an rf-SQUID,
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whose loop is coupled to a flux-bias line used to modulate
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
6 in this frame, and in turn, it determines the noise on
the phase of 6 (see Fig. 1c). This phase noise, multiplied
by ®¢ /2, gives the flux noise.

FIG. 1. Schematic of a pmux readout circuit, showing how
amplifier noise translates to flux noise. In traditional pmux
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 60(t), the phase of the flux-ramp response.
This noise impacts how well one can detect a phase shift d,
on 6(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 Ty, the (input-referred) noise power spectral
density Sy along the I and Q quadratures of the tone
is Sy = kpTsys, where kp is the Boltzmann constant.
Normalizing by the tone’s power P, it translates into a

spectral density on the rotation angle of the tone, 6, such
that Sp = 4kpTyys /P, Assuming a sinusoidal variation
of # with the flux @, 6(®) = Acos(2n®/Py), with A the
variation amplitude and ®g the magnetic flux quantum,
the maximum slope is then max{df/d®} = 2rA/®,. At
this maximum flux-sensitive point, the noise power spec-
tral density on the flux is S = Sp®3/(2mA)2. Therefore,
the flux noise \/§ at the maximum flux-sensitive point,
sometimes called the open-loop flux noise, is:

S 1 kBTsys
Ve =3\ TR @

For typical wmux operation, A ~ 1; thus, with a sys-
tem noise temperature Ty,s = 4K, representative of a
HEMT, and a probe tone power P, = —75dBm, we ob-
tain v/Sp = 0.42 u®q/v/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 Tyys knowing \/Q,
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 photon'?, Sy = hw,
where A is the reduced Planck constant and w is the
angular frequency of the photon. Thus, at the SQL,

\/giQL = 1/(Ar)y/lw/P,. For w = 21 x 4.5GHz

and with P, = —75dBm (and A = 1) it means that

N;QL =0.1 u%/@. 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 pmux are always
modulated with a fast ramp of current?’, 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 y/S¢ 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 d; is com-
parable to its bandwidth B and when the modulation of
0 is sinusoidal, the flux power spectral density integrated
over the full 27 modulation of 6 increases®® by a factor of
~ 2. (ii) Usually, the beginning of each ramp of current
has a transient, which affects the modulation of 6. The
transient is eliminated by discarding the first ®( of the
ramp response. Thus, if the ramp is swept over n®g, the
noise increases by a factor 1/ = n/(n —1). The general
expression of the tone’s demodulated flux noise is thus:

\/%: \/2/0( kBTsys (2)

TA P,

For example, with A =1, a = 2/3, P, = —75dBm, and
at the SQL where kpTyys = hw, with w = 27 x 4.5 GHz,
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we would predict SiQL =0.17pPy/vHz.
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FIG. 2. Readout of a single resonator within the pmux, 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 3®o, at a frequency
fr = 1MHz (for 60 samples per ramp, 20 samples per ®o).
The tone’s power is P, ~ —75dBm, and the tone’s frequency
is fr = 4.383 GHz, to be compared to the resonator’s maximal
resonance fo = 4.392 GHz and peak-to-peak frequency shift
05 = 15MHz. (c) For each sample within the ramp (excluding
the 20 first samples corresponding to the first ®;) we measure
a mean value and standard deviation for 6, 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 0 for each ramp segment, we Fourier
transform this phase vector (and divide by 27) 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 pmux, using a KITWPA as our first amplifier,
placed at millikelvin temperatures. Figure 2 shows the
results of a single resonator readout within the pmux,
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 3®( per ramp so that the resonance is modu-
lated at f,, = 3MHz. 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 setup (see
the supplementary material), 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 res-
onator is constantly driven out of equilibrium, and above
the optimal probe tone power, P, ~ —75dBm, the res-
onator bifurcates. Qualitatively, 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. Quantitatively, Figure 2c shows (6)
and oy, respectively the mean value and standard devia-
tion of @ over one ramp period (discarding the transient-
contaminated first ®o) when the KITWPA is off and on.
Clearly, turning on the KITWPA reduces gy. It trans-
lates into a lower flux noise (see the supplementary ma-
terial), v/Sg (Fig. 2d), which drops from 1.6 u®y/+/Hz to
0.77 u®o/v/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 pmux readout
chain, with the HEMT as the first amplifier, because our
chain contains extra microwave components. These com-
ponents insert loss, and therefore increase the flux noise
(see the supplementary material). Nonetheless, even with
these components the flux noise with the KITWPA off
remains low compared to standard values'™'®. Further-
more, we used off-the-shelf microwave components to
build the readout chain. These could be made more effi-
cient, for example by integrating them on-chip, together
with the KITWPA.
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FIG. 3. Open-loop flux noise measurement. (a) The flux
modulation curve of the resonator shows that d; = 15 MHz,
while the bandwidth of the resonator is B = 4.6 MHz. We set
the tone’s frequency f; at max{df/d®} (dashed line), where
ft = 4.384 GHz. (b) We measure the flux noise at this partic-
ular flux bias point (see the supplementary material), when
the KITWPA is off (gray line) and on (blue line). In compar-
ison, the flux noise of an amplification chain operating at the
SQL is indicated by the dashed red line.

How close are we to the SQL? We cannot directly
derive Tyys from Eq.2, because in our case 67y > B,
see Fig. 3a. It degrades v/Sgp compared to the situation
where dy = B, because when sweeping the ramp the tone
then spends more time away from resonance, in the flux-
insensitive region. Instead, to estimate Ty, we measure
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the open-loop flux noise at max{df/d®} (see the sup-
plementary material), for the two situations, KITWPA
off and on, see Fig.3b. At 3MHz, equal to the mod-

ulation frequency f,, previously used, \/§ drops from
0.45 u®o/v/Hz to 0.2 udy/+vHz. Indeed, the open-loop
flux noise is degraded by more than 1/2/a (with a = 2/3)
to yield the demodulated flux noise previously obtained.
Using Eq. 1, \/§ corresponds to a system noise temper-
ature Tyys = 4.6 K and Tiys = 0.9 K, respectively (taking
A =1, and P, = —75dBm). In comparison, at the SQL,
TS = 0.2K (at 4.5 GHz), therefore 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 \/§ suggests two ways
V/Sg could be further reduced: (i) a resonator for which

d¢ = B should, in principle, yield v/Sg = \/Z/a\/g,
so with @ = 2/3, v/Sg could be as low as 0.35 u®q/v/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 d; > B becomes benefi-
cial; in principle, this technique allows for a lower de-
modulated flux noise than the one obtained with a fixed-
frequency tone?!.

To demonstrate that this amplification chain can truly
be used for sensor readout, we connected another pmux
channel to a TES (sece the supplementary material).
‘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 radiation, 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 sit-
uations, KITWPA off and on. In fact, the coupling to
the TES within this pmux has been engineered to over-
whelm higher readout noises than those obtained when
using the KITWPA. With a redesign of the umux, where
both the coupling and the resonator bandwidth could be
reduced with no penalty on the readout sensitivity, one
would truly benefit from the near-quantum-limited na-
ture of the readout chain.

Continuously acquiring the tone’s excursion in the
quadrature frame over several hours, we record the events
for which ®/®, significantly deviates from zero. These
events correspond to cosmic rays and other background
radiation hitting the TES (see the supplementary mate-
rial). In Fig. 4b, we have overlapped the 226 events where
® /P < 2, detected over 3.5 hours with the KITWPA on
(events with ®/®, > 2 are present but excluded from
the plot because the TES begins to saturate). This ex-
periment shows both the successful operation of a TES
in combination with a pmux and a KITWPA, and an im-
provement in the flux noise of the readout chain by use
of the KITWPA.

In conclusion, we have demonstrated an unprecedented
microwave SQUID multiplexing readout sensitivity, using
a near-quantum-limited KITWPA as our first amplifier.
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FIG. 4. Response of a resonator within the pmux, connected
to a TES. (a) When the TES is biased between its normal
and superconducting branches, the flux noise v/Sg 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 umux (see the supplementary ma-
terial). (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 readout chain records the pulses
without distortion even where the derivative of the flux signal
is largest.

Modulating a pmux resonance at 3 MHz with a ramp, we
showed that the flux noise of a demodulated tone is, on
average, \/Sg = 0.77 u®y/vHz, and it could be signif-
icantly lowered with straightforward improvements. In
the context of pmux readout, the true system noise tem-
perature must be calculated from the knowledge of the
flux noise and the probe tone power. Here, our open-loop
flux noise of 0.2 u®/v/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 umux multiplexing factor
for TES microcalorimeter readout, as well as enable the
useful application of umux to MMCs.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the
bandwidth utilization with the flux ramp modulation, as
well as details on the experimental setup, the flux noise
measurement and processing, and on the KITWPA gain
profile.
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