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Qubit-specific measurement in a superconducting quantum processor requires physical interconnects
that traverse 4 orders of magnitude in temperature from 293 K to 10 mK. Although the quantum proces-
sor can be thermalized and shielded from electromagnetic noise, the interconnects themselves introduce
an unavoidable remote heat bath that causes decoherence of quantum states. In the present work, we
report quantitative and device-independent measurements of the power radiated to the quantum processor
from its control lines. Our results have been obtained using a calibrated bolometer that operates within a
millikelvin environment with time-resolved measurement capability. In the limit of zero applied power,
the noise power emitted to the quantum processor is equivalent to that of a blackbody with temperature
63–71 mK for the prototypical drive lines in the study. Experimentally, we increase the applied power
of a simulated control signal to map out the resulting temperature rise and thermal time constant of five
prototypical drive-line varieties. We input the data to an open quantum system model to demonstrate the
trade-off between dissipated signal power, transmon-qubit lifetime, pure dephasing, gate fidelity, and the
implied decoherence rates due to self-heating during microwave operations. Beyond explaining dephas-
ing rates observed in the literature, our work sets the stage for accurate noise modeling in novel quantum
computer interfacing methods due to our device-agnostic approach.
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I. INTRODUCTION

Continuous operation of a quantum computer contained
within a dilution refrigerator requires proper cooling of
its individual building blocks, including coaxial cabling,
microwave attenuators, filters, amplifiers, and the super-
conducting quantum chip at millikelvin temperatures [1,2],
often operating in the circuit quantum electrodynamics
band of 5–15 GHz [3]. To facilitate microwave control
by coupling to the qubit or dispersive readout through a
resonator mediating interaction with the qubit, intercon-
nects such as coaxial lines are needed between room-
temperature electronics and the chip at the coldest stage
and, unavoidably, these carry broadband thermal noise that
locally heats up the circuit element to which it is coupled.
At elevated temperatures of the resonator, the coherence
of the quantum state of the qubit is subjected to delete-
rious pure dephasing [4,5], which lowers the coherence
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time T∗
2 of the qubit below its theoretical bound of 2 times

the energy relaxation time T1—which, in turn, has some
sensitivity to heat coupled to the qubit itself [6,7]. As a
remedy, the input lines are attenuated in stages all the way
down to the millikelvin stage both for gradual dissipation
of microwave signals in individual components and reduc-
tion of noise emitted into the device [2]. Conversely, the
weak readout signals return on low-loss output lines and
are amplified with quantum limited amplifiers and postam-
plifiers that cause unwanted back-action noise [6] on the
qubit, mitigated with microwave isolators and filters [8].
Despite all the counter-measures, typical T∗

2 times fall short
of the relaxation-limited upper bound [9–16], calling for
further improvements in signal conditioning [17,18], while
qubit lifetimes already begin to reach the 1-ms barrier
[13,19–21].

To understand the connection between dephasing times
and the temperature of the photonic bath of the drive line, it
is instructive to consider the residual photon number in the
readout resonator of the qubit. The photon-shot noise in the
drive line at angular frequency ω and equivalent blackbody
temperature Tbb follows the Bose-Einstein statistics [2]:

nBE(Tbb, ω) =
[

exp
(

�ω

kBTbb

)
− 1

]−1

, (1)
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where kB is the Boltzmann constant and � is the reduced
Planck constant. For example, at a typical resonator fre-
quency of 6 GHz, the difference between an attenuator
emitting noise at 30 mK and 40 mK translates to a ten-
fold increase in the photon number from 7 × 10−5 to
7 × 10−4. If we then assume that the readout resonator
thermalizes with the photon bath of the drive line and
recall that the pure dephasing rate is directly proportional
to the photon number in the readout resonator [22–24], we
find that it is similarly increased tenfold. Yet, such low
temperatures are difficult to achieve in practice, with typ-
ical drive-line temperatures falling between 35 and 140
mK [11–13,17,18,25–30], where large differences are only
partially explained by different drive-line configurations.

As a key limiting factor, the attenuators in the drive
line are most often constructed from a network of thin-
film resistors with a volume-dependent heat capacity C,
where electrons stay hot due to a poor coupling with the
phonon bath [17,31]. The weak electron-phonon coupling
is often a bottleneck for thermal conductance G, leading
to latency times τ = C/G. This has not been extensively
characterized for drive lines yet, while recognizing a recent
effort in Ref. [30] that used a transmonlike thermal detec-
tor to capture slow latencies between tens of minutes and
up to hours. We speculate that faster noise processes set
the physical maximum depth for any quantum algorithm
implemented with microwave gate pulses applied through
the drive line. Self-heating in the attenuators would even-
tually result in optimized gate fidelities dropping below
99%, which is currently understood as uncorrectable with
surface codes [32]. Crucially, attenuator overheating is a
threat to the present race to scale up quantum comput-
ers with denser wiring technologies [33–35] increasing
the temptation for excessive miniaturization of thin-film
electron volumes, even though cryogenic signal generation
technologies [36] and alternative wiring solutions such as
photonic links are on the horizon [37,38].

Presently, there is a distinct lack of systematic experi-
mental studies in both drive-line thermodynamics and stan-
dardized methodology to access elementary system param-
eters. In contrast to previous quantum thermodynamics
experiments in mesoscale systems [39–41], we study rela-
tively large objects: the microwave attenuator in the drive
line, in particular. Furthermore, we do this in a noninvasive
fashion by detecting the emitted blackbody radiation in the
coaxial line, using a time-resolving power detector. While
there exists a handful of other cryogenic power sensors that
appear promising for this type of measurement [30,42],
we employ a coaxially coupled ultrasensitive nanobolome-
ter, previously introduced in Refs. [43–46]. The reported
noise-equivalent powers below 60 zW/

√
Hz and detector

response times reaching 20 µs demonstrate the potential
for our experiments.

A critical and difficult part of cryogenic power sens-
ing is calibration at the reference plane of the quantum

device. In Ref. [45], the detector was traceable to the
Systeme International (SI) voltage standard owing to cali-
bration through dc substitution: measuring the dissipated
dc power in on-chip resistors and equating the detec-
tor response to an equivalent ac power drive resulted in
accurate estimates of the line attenuation in a wide fre-
quency band between 50 MHz and 7 GHz. Here, we do
not include on-chip dc heaters and instead demonstrate
a detector-independent calibration method using a known
external rf power source, which we realize with a coaxi-
ally coupled cryogenic blackbody radiation source that we
have previously introduced in Ref. [47]. In brief, the wide-
band variable-temperature 50-� noise source is equipped
with a heater and a ruthenium oxide thermometer cali-
brated against a magnetic field fluctuation thermometer
with traceability to primary standards [48,49]. In previ-
ous work, such a noise source has been employed as a
hot-cold load [50] cascaded with cryogenic amplifiers and
a spectrum analyzer at room temperature; by studying
the amplified noise, the noise temperature of the cas-
cade could be determined. Here, we use this method in
reverse by investigating the attenuated noise using our in
situ detector as the spectrum analyzer, with the end goal
of revealing residual excess noise from overheated elec-
trons. This present work studies the qubit-thermalization
problem in the context of blackbody radiation injected
through the drive line but, more broadly, the problem
applies to other noise baths, including nonequilibrium
quasiparticles [51,52], that in turn could be generated
by ionizing [53] or infrared radiation that is nonther-
mal [54]. The hierarchy of importance for each of these
mechanisms depends on the quantum processor implemen-
tation [55]. However, in contrast to the other dephasing
mechanisms, the experimentalist has a greater degree of
control over drive-line thermalization than the other deco-
herence effects by selection of the signal-conditioning
methods [2].

This paper is organized as follows. First in Sec. II, we
develop new methodology for calibrating microwave pow-
ers around a femtowatt using the blackbody noise source.
Using the same calibration, we heat up the drive line with
a microwave tone in the rejection band of the detection cir-
cuit and observe the noise temperature dependence against
the applied power. Switching to a lock-in measurement,
we pulse the detuned rf drive revealing thermal latencies.
Second in Sec. III, we apply our method systematically
around 6 GHz to five typical qubit drive lines and retrieve
the attenuation coefficients, noise temperatures with either
zero or varying rf drive, and the thermodynamical quan-
tities τ , C, and G. Third in Sec. IV, we interpret our
results using an open quantum system approach, convert-
ing the obtained temperatures to corresponding T1 and T∗

2
times for typical qubit parameters, and we estimate the
fidelity of some single- and two-qubit operations. Finally,
we summarize our conclusions in Sec. V.
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II. EXPERIMENTAL METHODS

The power detector is a nanobolometer that can detect
the radiated microwave power from a coaxially coupled
signal source at millikelvin temperatures. In Fig. 1, we dis-
play a schematic of the detection-and-calibration configu-
ration along with the observed response of the detector. In
Secs. II A and II B, we will first discuss the detector, its cal-
ibration, and operation for sensing of constant microwave
drive either single-frequency tones or wide-band noise.
Second, we will discuss the time-resolving mode to the
application of pulsed microwave signals and explain how
we extend our calibration to such measurements captured
in Fig. 2.

A. Detector in steady-state operation

1. Operating principle

The bolometer in Fig. 1(a), illustrated inside the dashed
area and shown in the optical micrograph, is a thermal
detector that has been lithographically fabricated on a sili-
con microchip and installed at the millikelvin temperature

stage of a cryogenic system. We couple coaxially to its
two distinct ports for microwave signals: (1) a “heater
input” port for the unknown incoming microwave sig-
nals to be absorbed and analyzed by the bolometer and
(2) a resonant circuit “probe” port where we readout the
corresponding response of the detector in an rf reflection
measurement. The two ports are thermally coupled through
a gold-palladium nanowire but are electrically decoupled
by capacitors C1, C2, and Cg . The high sensitivity and
low noise-equivalent power (NEP) of the bolometer stem
from the fact that the absorber is comprised of a nanowire
element that minimizes the thermal conductance to the
environment. The input port (1) of the bolometer termi-
nates on chip in a nominally impedance-matched resistive
section of the normal-metal nanowire to absorb incom-
ing microwave heater power. The absorbed microwave
power increases the electron temperature throughout the
nanowire and manifests itself as an increase in the Joseph-
son inductance in the series of superconducting–normal-
metal–superconducting (SNS) junctions on the “probe”
section of the nanowire indicated as “X” in Fig. 1(a). The
resonant circuit coupled to port (2) is defined by the SNS

(a)

(b)

(c)

(d)



FIG. 1. The detection principle and calibration. (a) The detector is shown in the optical micrograph and depicted schematically
inside the dashed area: on the heater port (orange), heat is absorbed to the 50-� nanowire, altering the SNS inductance and therefore
the resonance frequency of the readout tank circuit (gray). Readout is performed in reflection with the aid of a directional coupler. On
the heater side, coaxial switches toggle between drive lines A–E and a calibration source: a variable-temperature blackbody source.
Band-pass filtering is utilized to select a suitable noise bandwidth and an isolator mitigates detector back action. (b),(c) The real and
imaginary parts of the resonance line shape, normalized with the blue-detuned magnitude and phase. The gray traces correspond to
zero applied heater power, whereas yellow and blue correspond to a drive-line input and the closest calibration power, respectively.
(d) Fitting calibrated rf powers to a set of generator powers yields the attenuation factor (slope) and effective drive-line temperature
(offset). Here, the horizontal axis is normalized with the attenuation. The inset shows an enlargement at low powers, revealing nonzero
vertical offset.
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(a) (b)

(c)

at

at

FIG. 2. The time-domain analysis of the drive lines. (a) Read-
out is performed at a single probe frequency using a lock-in
amplifier. The rf drive at 5.8 GHz is modulated with a 3-dB step
reduction in power for 830 ms every 8 s. This corresponds to a
sharp increase in the readout signal. (b) A calibration curve is
obtained as a straight-line fit to repeated experiments at differ-
ent powers. (c) Use of the same modulation pattern at 0.8 GHz
with several orders of magnitude higher power leads to a delayed
thermal response of the drive line.

junction in parallel with the on-chip capacitors, which has
a resonance frequency around 600 MHz that is sensitive to
the electron temperature, thus making the device a viable
detector via reflectometry.

2. Calibration

Incoming signals are coaxially coupled to the detector
input port through microwave switches, followed by an
isolator that mitigates detector back action [6], a band-pass
filter centered at 6.0 GHz that limits the bandwidth for the
heating signals to B1 = 1500 MHz [see Fig. 1(a)], and an
infrared filter. Switching enables selection of five different
drive lines, A–E, that are described later, in Sec. III, or a
calibration reference source. We use a coaxial blackbody
noise source from Ref. [47] mounted on the cold plate
[Fig. 1(a), bottom left]; the impedance of the emitter is
50 � and its thermodynamic temperature Tbath as mea-
sured by a calibrated ruthenium oxide thermometer is
varied between 0.12 and 1.5 K. Specifically, the calibra-
tion source emits quantum and classical noise, which is
combined with a band-pass filter [Fig. 1(a)] to select a part
of the blackbody spectrum around a center frequency of
f = 5.8 GHz and with a bandwidth of B2 = 250 MHz: the
total noise power after the filter is approximately Ncal ≈
�ωB2nBE(Tbath, ω), where nBE is given by Eq. (1). It is

important to note that drive lines A–E are used to inject
active rf heating to the detector but, since they consist of
cascaded attenuators, also emit a compound passive back-
ground noise power Nbb ≈ �ωB1nBE(Tbb, ω), where Tbb is
the background temperature. In practice, we integrate nBE
over precharacterized transfer functions of the band-pass
filters to account for the frequency dependence in Eq. (1)
as well as any nonidealities in the transmission of the
filters. The calibration relies on finding the Tbath that cor-
responds to a total power from a given input sources A–E.
The dynamic range of the calibration is improved with the
selection of overlapping bandwidths for which B1 > B2,
which means that noise powers Nbb between 110 aW and
55 fW or, equivalently, temperatures Tbb between 72 and
400 mK, can be directly calibrated. Note that even in the
limit of zero applied rf power, the temperature Tbb tends to
a lower limit, labeled below as T0, which will always be
higher than the temperature of the base temperature stage
of the refrigerator due to the cascaded nature of the system
[see Sec. III A]. Conveniently, the strength of our method-
ology is that the total noise radiated into the sample space
is precisely what we measure.

For the steady-state measurements, we define the
response of the detector as a frequency sweep of the
reflected microwave signal, which in practice we mea-
sure using a vector network analyzer (VNA, Keysight
N5232B). In Figs. 1(b) and 1(c), we demonstrate the
behavior of the bolometer resonance by plotting the real
and imaginary parts of the reflected power around a probe
frequency of 635 MHz. During heating with either a
single-frequency rf drive (yellow) or the wide-band noise
source (blue), the resonance frequency of the readout cir-
cuit is lowered with respect to no heating applied (gray),
which is observable as a minute change in the reflected
microwave probe signal. We quantify the equivalence of
traces with a least-squares difference of the S-parameter
traces as described in Appendix A. Note that the traces
(yellow and blue) are nearly equal, which we observe
as an overlap across all frequencies, i.e., the correspond-
ing power from the drive line is calibrated. For equal
responses, the following power balance holds at the cali-
bration plane [see Fig. 1(a)]:

Ncal = Pgen

L
+ N0, (2)

where Pgen is the applied microwave power from a gener-
ator at room temperature (Rohde & Schwarz SGS100A),
which is measured with a room-temperature power sen-
sor (Keysight U2002A), N0 = Nbb(T0) is the background
noise in the zero-power limit, and L = L(fgen) the line
attenuation at the applied frequency fgen in the filter pass
band. As described below, the application is then to per-
form sweeps of noise-source temperature and generator
power, allowing us to fit the unknown parameters N0
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and L improving upon the single-point calibrations and
even allowing noise calibration slightly below the dynamic
range.

3. Measurement algorithm

We perform the power calibration method in two dis-
tinct ways. One way is to apply an rf power within the
filter bandwidth around 6 GHz. Then, by taking a num-
ber of point-value pairs for equal responses (Pgen, Ncal), we
fit Eq. (2) as demonstrated in Fig. 1(d), where the error
bars are combined statistical errors from the least-squares
minimization of the calibration and the uncertainty of the
room-temperature power sensor (for further details, see
Appendix A). In this way, we obtain the attenuation L of
the line and the intrinsic noise N0, indicated by the nonzero
offset in the inset and inverting the noise, we obtain the cor-
responding temperature T0. Alternatively, we use a strong
out-of-band tone at 800 MHz, which only serves to heat
up the drive line and the last attenuator in particular.
To evaluate the dissipated power, we modify the losses
L measured around 6 GHz to account for the frequency
dependence in conductor losses [50] present in the coaxial
cables (more details are given in Appendix A. The heater
tone itself is rejected by the band-pass filter (rejection at
0.8 GHz >80 dB) and only noise emitted by the heated
attenuator reaches the detector. In this case, if the noise
powers are within the dynamic range of the noise source,
the equivalent blackbody temperatures for the drive line
are directly given by comparisons to the calibration set,
yielding Tbb > T0.

To translate the above to a recipe for steady-state
measurements, we will consider the following practical
measurement sequence. First, we toggle the microwave
switches to the noise source and perform a temperature
sweep to calibrate the detector. Before starting a measure-
ment after a switching event, an idle time of 2 h is always
adhered to. Second, for each of the drive lines A–E, we
perform a power sweep at 5.8 GHz, an arbitrarily cho-
sen frequency within the pass band, followed by a power
sweep at another arbitrary in-band frequency of 6.0 GHz,
and we only toggle to the next line after data for both fre-
quencies have been collected. Third, another noise-source
sweep is performed and added to the calibration set, also
helping to verify that no significant drifting has occurred
during sweeping. Finally, we cycle through each drive line
again, performing high-power sweeps at 0.8 GHz using the
previously obtained calibration set for this data.

B. Dynamics

We turn to time-domain analysis of our drive lines under
varying drive, which requires single-frequency readout of
the detector. We now operate the VNA as a signal gen-
erator and inject power into the system at a single probe
frequency while preserving the probe power level and

hence the operating point of the detector. In addition, we
redirect the output signal from our detector to a lock-in
amplifier instead of the VNA to better take advantage of
the innately fast response time of the detector. In Fig. 2,
we demonstrate usage of the detector in the time-resolving
operating mode.

To calibrate measurements for a given drive line stud-
ied with single-frequency readout, we establish a link to
the noise-source calibration of Sec. I by performing a ref-
erence measurement at 5.8 GHz. We apply a sequence
depicted in Fig. 2(a): the applied generator power Pgen is
kept at a steady level and then the power is stepped to a
3-dB lower value within a few nanoseconds, kept there
for approximately 830 ms, and then near-instantaneously
increased back to the steady-state level. Repeating this
modulation pattern yields an ensemble-averaged signal
that is rotated to a single quadrature and low-pass filtered,
and a clear readout signal with a sharp response �V is
thus obtained. Light thresholding is also applied in post-
processing to remove low-frequency interference with the
readout signal, which we attribute to insufficient filtering
below the inverse of the detector response time [43]. From
a similar measurement with more averaging, we separately
determine the response time of the detector and find it to
be approximately 40 µs for our chosen operating point,
which sets the resolution of the dynamics that we may
detect. The use of the difference in the digitizer voltage
as the readout signal rather than the absolute signal level is
designed to mitigate drifts that accumulate over long mea-
surements. Repeating the sequence at many drive powers
produces curves like the one shown in Fig. 2(b): the yellow
points indicate the recorded responses against the change
in rf power at the calibration plane (x axis) derived from
the attenuation determined in Sec. I. We observe the linear
dependence of the response against the power and perform
a linear fit, in blue, giving us a method for calibrating small
changes in unknown powers in subsequent measurements.

Now, the same pulse sequence is applied at a detuned
frequency of 0.8 GHz, which exhibits a distinct heating
response as shown in Fig. 2(c). We plot the data in blue and
fit a single exponential, in yellow, separately to the rising
and falling edges. Note the (4–5)-ms rise and decay time,
which are approximately 2 orders of magnitude slower
than the response time of the detector itself, which is strong
direct evidence of attenuator heating. The dissipated power
for the shown example trace is estimated to be approxi-
mately 0.5 nW. Such a measurement is repeated at many
drive powers between hundreds of picowatts to tens of
nanowatts. The single-time-constant approximation works
well for small deviations in power as shown, while admit-
ting that some evidence of a second much slower time
constant is found at higher powers (not shown). For the
purposes of this study, we only consider the faster time
constant: the average of the rise and fall times is taken to
be the representative time constant τ for a drive power.
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From the reference measurement of the corresponding
drive line (line D as the example here), the obtained
response �V can be traced back to the noise-source cali-
bration, yielding a corresponding change in noise power.
We use such data to extend the temperature calibration
below the dynamic range of the noise source, as we detail
in Appendix A.

These measurements are, in practice, performed in the
same cool-down, albeit separately, from the steady-state
measurements, repeating a simple sequence for each of
drive lines A–E: the reference and detuned measurements
are performed in succession before moving the switch to
the next position. The data obtained in this way are com-
bined with steady-state data to obtain Tbb as a function
of Pd. We use such data to calculate the thermal con-
ductance G = dPd/dTbb. To take the derivative of noisy
measurement data, we perform linear fits locally around
each temperature point, including nine points for each fit,
which effectively applies a moving-average operation to
the data. The calculated thermal conductances and the fit-
ted time constants are further used to estimate the thermal
heat capacity, with C = τG.

III. RESULTS

A. Drive-line configurations

We apply the detection mechanism and calibration
schemes described in Sec. II to the problem of analyz-
ing the noise power emitted from cryogenic wiring sets
into the sample space. The interconnects are comprised
of coaxial semirigid silver-plated cupronickel alloys with
an outer cable diameter of 0.86 mm and SMA coaxial
connectors [56]. Each cable spans two stages in the sys-
tem, where the connection between two cables is made
with a bulkhead connector, and on some stages the resis-
tive microwave attenuators are installed. All attenuators
placed inside the refrigerator include a nickel-chrome (Ni-
Cr) thin-film resistor network as the attenuating element
and may include other metals for heat-sinking purposes.

In addition, we always include 2 m of room-temperature
coaxial cabling to interface with measurement electron-
ics and short interconnects at 10 mK to reach the detector
circuit of Fig. 1(a).

The drive-line configurations under study include typ-
ical attenuation schemes as described in Table I. Before
entering the cryostat, lines A and E include room-
temperature attenuation to maintain a comparable range of
microwave powers at the quantum device without impact-
ing the noise going into the system, which is well con-
ditioned to 300 K. Inside the cryostat, the attenuation
schemes are nominally identical between cryogenic stages
at 300 and 1 K. However, for the two coldest stages of the
system, at 0.1 and 0.01 K, we design an experiment with
various microwave attenuators to detect resulting drive-
line noise power variations with the calibrated detector.
The three bottom rows of Table I summarize the exper-
imental variations implemented, where the four different
variables describe the attenuator construction, including
(1) the casing material, (2) the interface style, (3) the sub-
strate material, and (4) the attenuation value. The casing
material has been selected to be either stainless steel (S)
or C101 copper alloy (Cu). The interface style has been
selected as either insertable (INS), with both a jack and
a plug interface, or bulkhead (BH) with two jack inter-
faces. The substrate material is either amorphous alumina
(AlOx) or crystalline sapphire (SAPH). The attenuation
values for the experimental variations at the cold-plate and
mixing-chamber (MXC) stages are chosen as either 20-dB
or 30-dB reduction in power. Lines B–E share the same
low-pass (LP) and infrared (IR) filtering at the coldest
stage.

To set expectations for measurements, we note that
lines A, B, and E in particular have gradual changes
introduced between them and measurements should be
directly comparable. Lines C and D may show much bet-
ter noise characteristics, given their potentially superior
material choices. We estimate the compound drive-line
temperatures T0 that could theoretically be obtained in

TABLE I. A summary of the attenuator variations.

Cryo Line index

stage (K) A B C D E

300 S-INS, 10 dBa – – – S-INS, 10 dBa

38 S-INS-AlOx, 1 dB S-INS-AlOx, 1 dB S-INS-AlOx, 1 dB S-INS-AlOx, 1 dB S-INS-AlOx, 1 dB
3.0 S-INS-AlOx, 20 dB S-INS-AlOx, 20 dB S-INS-AlOx, 20 dB S-INS-AlOx, 20 dB S-INS-AlOx, 20 dB
1.0 S-INS-AlOx, 0 dB S-INS-AlOx, 0 dB S-INS-AlOx, 0 dB S-INS-AlOx, 0 dB S-INS-AlOx, 0 dB

experimental variations
0.1 S-INS-AlOx, 20 dB S-INS-AlOx, 30 dB Cu-BH-AlOx, 30 dB Cu-INS-SAPH, 30 dB S-INS-AlOx, 20 dB
0.01 S-INS-AlOx, 20 dB S-INS-AlOx, 20 dB Cu-BH-AlOx, 20 dB Cu-BH-SAPH, 20 dB S-INS-AlOx, 20 dB

– LP + IR filteringb LP + IR filteringb LP + IR filteringb LP + IR filteringb

aRoom-temperature attenuator outside the refrigerator.
bLow-pass filter (Mini-Circuits ZLSS-8G-S+) and infrared filter (Bluefors).
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the limit of no active rf power injected into the line
in the unlikely scenario that the attenuators would fully
thermalize to the stages on which they are mounted. In
principle, cascaded attenuation thermalizes the line accord-
ing to

ni = ni-1(ω)

Li
+ Li − 1

Li
nBE(Ti, ω), (3)

where for the ith stage, the Li are the attenuation values
in linear units, ni is the photon number, and Ti is the tem-
perature of the stage [2]. Based on the fixed attenuation
values and the listed stage temperatures [Table I], using
this model we estimate the theoretical lower limits for
drive-line temperatures at 6 GHz to be 48 mK for lines
A and E and 40 mK for B–D, respectively.

B. Zero-power limit

We now perform a Y-factor measurement (see
Sec. II A 2) of the drive lines, applying a heater tone
between 0.1 and 1.8 fW at the calibration plane. In Fig. 3,
we show results of two characterizations at 5.8 GHz (yel-
low) and 6.0 GHz (blue), both frequencies within the
detector bandwidth. Figures 3(a) and 3(b) correspond to
the attenuation L and residual background noise N0 of
Eq. (2), respectively.

The attenuation in Fig. 3(a) is approximately 80 dB
for all lines, which is consistent with 61 or 71 dB of
fixed attenuation in the dilution refrigerator, 10 or 0 dB
at room temperature, and an expected contribution from
cable losses. We observe a maximal difference of 1 dB

(a)

(b)

FIG. 3. Results from the Y-factor analysis of drive lines A–E
at 5.8 and 6.0 GHz: in both panels, the error bars correspond
to two-standard-deviation fitting error. (a) The line attenuation.
(b) The residual background thermal-noise temperature.

in attenuation between lines B and E: the specifications
for the attenuators allow variation up to ±0.5 dB for the
20-dB insertable variant and ±0.75 dB for any other kind
with 20 dB or more attenuation. Some variation may also
be attributed to difference in cable lengths in particular,
since we are including 2 m of room-temperature cabling
in each line. For the lossy coaxial lines used between tem-
perature stages (8 dB/m at 300 K and 6 GHz), we estimate
that a difference of at least 12 cm would be needed to sum
up to 1 dB. In reality, the difference in cable lengths is
at most a few centimeters. On the other hand, the differ-
ence between the results at 5.8 and 6.0 GHz is consistently
0.6–0.8 dB, which gives further confidence in our method.
The observed increase in losses from 5.8 GHz to 6.0 GHz
consists of frequency-dependent effects, including 0.2 dB
from increased conductor loss, 0.1 dB from low-pass fil-
tering in the case of B–E, and a measured 0.4 dB from
variation in reflection from the detector. We argue that
while there is always loss due to the imperfect match to
50 �, amounting to approximately 0.5 dB as estimated
in Ref. [45], its effect on systematic error in T0 will be
minimized and calibrated out due to (1) the integrating
nature of the detector (2) the presence of similar aver-
age loss independent of which filter path is chosen. The
frequency-dependent cable losses and calibration errors
due to the detector mismatch are discussed in more detail
in Appendix A 2.

Taking the average of the blue and yellow points for a
given drive line in Fig. 3(b), the noise temperatures vary
between 63 and 71 mK, corresponding to a 70% increase
in thermal photons at 6 GHz. We see a maximum of
2 mK of variation between any pair of results, which can
be explained by means of measurement uncertainty. Cru-
cially, the integrated noise should not and does not change
when the applied rf frequency changes, since the noise
bandwidth is kept the same, which highlights the robust-
ness of the calibration method. The lowest temperature is
obtained with insertable stainless steel attenuators that are
low-pass filtered (line E), although the difference to lines A
and C is barely beyond the measurement uncertainty. Fur-
thermore, at these low noise temperatures we do not see a
statistically significant benefit (line A versus line E) from
filtering, which is reasonable considering that the filter cut-
off at 7.5 GHz is much above our measurement bandwidth.
A more noticeable difference of only a few millikelvin
can be seen to the hotter line B and the hottest line D,
where the latter includes low-pass-filtered attenuators with
a sapphire substrate. In theory, sapphire should provide the
coldest environment, typically assuming a thermal conduc-
tivity at least an order of magnitude higher [57] than that
of alumina, which suggests that something else is limiting
thermalization.

Based on these data alone, it is difficult to recommend
a particular material or filtering choice. As we will see
in Sec. III C, more insight can be gained by applying
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higher powers or utilizing the time-resolving mode. In
fact, based on these results, none of the lines seem par-
ticularly well thermalized, in contrast to Eq. (3): we see
photon numbers between 5 and 20 times as high as the
predicted numbers. In particular, for lines B–D we note
that the 30-dB attenuators at the cold plate do not bring
any benefit given the low powers, where dissipation should
not be an issue. We also acknowledge that the goal has
not been to reach the coldest possible temperatures but to
test a common drive-line configuration. Improvements are
clearly possible with a different distribution of the atten-
uation [30] or more filtering [13]. Additionally, note that
here we have assumed an idealized blackbody spectrum
as per Eq. (1) and we have focused only on a narrow
band of that spectrum, whereas, in reality, filtering the
drive line should make the spectrum nonthermal. In the
context of qubit readout, further damping occurs in the
less-than-unity coupling to the readout resonator, which is
also verified using an open quantum system approach later,

in Sec. IV. Overall, the results that we obtain are in agree-
ment with dephasing rates and corresponding temperatures
reported in the literature [11–13,17,20,58].

C. High-power thermodynamics

We now explore the physical limits of the drive lines by
dissipating nanowatts of rf power in the rejection band of
the detection circuit at 0.8 GHz, which leads to measurable
noise emission within the measurement bandwidth around
6 GHz. As described in Sec. II, the measurements include
steady-state drive with VNA readout and square-pulse
modulated drive to create small 3-dB deviations around
a steady power, requiring readout with a lock-in ampli-
fier. The dissipated powers Pd in the last 20-dB attenuator
of each drive line are estimated from the attenuation fac-
tors determined in Sec. II, taking the frequency-dependent
cable losses into account (see details in Appendix A). The
high-power steady-state measurements remain within the

(a) (b)

(c) (d)

FIG. 4. Drive lines A–E during high-power rf drive at a detuned frequency of 0.8 GHz. (a) The equivalent blackbody temperature
versus the power dissipated in the last attenuator. (b) The time constant for 3-dB power excursions from steady state. (c) The ther-
mal heat capacity. (d) The thermal conductance. In (a), (c), and (d), the data for A–E are a combination of high-power steady-state
measurements with direct calibration using the noise-source and low-power pulsed measurements with extended calibration below
{0.2, 0.2, 0.2, 0.2, 0.4} nW, respectively (for details, see Sec. II). The fitting error in the noise temperatures is of the order of marker
size, in time constants 10% on average, and for most thermal conductance points below 20%, leading to below 30% error in thermal
capacity. From attenuator specifications, the powers in lines A, B, and E have additional systematic uncertainty of ± 0.5 dB, and
± 0.75 dB for lines C and D.
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TABLE II. Selected drive-line parameters for lines A–E evalu-
ated at Tbb = 100 mK and power laws fitted at Tbb > 100 mK.

Line
index C (pJ/K) G (nW/K) τ (ms) C ∝ Tx G ∝ Tx

A 480 40 12 1.7 3.0
B 290 27 11 2.5 3.2
C 76 21 3.6 3.5 4.4
D 180 56 3.2 3.1 4.0
E 770 92 8.4 2.0 3.3

dynamic range of the noise source and therefore allow
direct calibration of the blackbody temperature Tbb and
below approximately 80 mK we extend this calibration
to the time-domain data. The most important application
of the time-domain measurement is to reveal the thermal
time constants, capacity, and conductance. The combined
measurement results are shown in Fig. 4 and key metrics
are displayed in Table II.

In Fig. 4(a), we display the equivalent blackbody tem-
peratures of the drive lines as a function of the power
dissipated in the last 20-dB attenuator. We see that all
attenuators are limited to temperatures between 62 and
73 mK at the lowest powers applied, which are in accor-
dance with the Y-factor analysis of Sec. II. The corre-
sponding noise powers are within −8% to +40% of those
displayed in Sec. II, indicating that lines A and B, in par-
ticular, have not been measured at low enough powers to
completely remove the effect of active heating. At higher
powers, the differences between the lines become more
apparent, with the temperatures ranging from 160 mK to
200 mK at 20 nW. The coldest line at all powers is line E,
as has also been found before.

As another important metric, we observe the time con-
stants as a function of the dissipated power in Fig. 4(b).
Across all powers, it is immediately obvious that there is
almost an order-of-magnitude decrease in time constants
comparing the insertable attenuator geometries to bulk-
heads, assuming that the last attenuator is the defining
factor. For instance, the fastest to thermalize are lines C
and D, which reach approximately 2 ms at 1 nW, and the
slowest is line A, reaching 12 ms at the same power.

We may now calculate the heat capacities, shown in
Fig. 4(c). The results range from tens of pJ/K to a few nJ/K
at the lowest temperatures obtained, which implies signif-
icant variations in thin-film volumes. Our first observation
is that the lines containing BH-type attenuators, lines C
and D, have the lowest heat capacities across all mea-
sured temperatures, up to an order of magnitude smaller
than the INS attenuators, which indicates smaller thin-film
volumes inside the more compact casing. Despite some
scatter in the data, we fit power laws of the form C ∝ Tx

to the data above 100 mK and obtain exponents between
1.7 and 3.5. Although only indicative, all the numbers are
above 1, which directly violates the free-electron model of

Ce = γ T that would be the expected behavior in metals at
low temperatures [57]. The detector senses electron tem-
peratures via photonic radiation and therefore we do not
expect to sense phonon terms of ∝ T3 in the heat capacity.
Remarkably, the lowest number corresponds to the unfil-
tered line A, suggesting that absorption is taking place in
the filters in case of the other lines that share the same
physical filter components. We have not detected any of
this with the Y-factor analysis and it only becomes evi-
dent at higher powers. We also note that the superlinear
behavior could be attributed to errors in the estimation
of the dissipated power or, more likely, noise emitted by
the cold-plate attenuators, for which we do not presently
correct.

Finally, in Fig. 4(d), we show the thermal conductance
as a function of the temperature. We observe a strong tem-
perature dependence across all drive lines A–E. Expressed
by a power law above 100 mK, the powers vary between
3.0 and 4.4, which is a narrower spectrum in contrast to
that seen on the heat capacities. As expected, the values
are mostly in agreement with the clean electron-phonon
coupling of G ∝ T4 [31], confirming that it is the domi-
nant mechanism for heat conduction at high temperatures.
At low temperatures, the power laws are not well defined
due to discontinuities in the data.

To summarize the above, all of the attenuators reach
similar levels of noise in the low-power limit but the effec-
tive dynamic range is where the largest differences are
seen. Better power handling has been demonstrated else-
where by adding large volumes of copper heat sinks on
top of the resistor thin films [58]. The use of sapphire as a
substrate instead of alumina should bring additional ben-
efits, even though we did not find strong evidence here,
in particular, due to the perceived large variance in thin-
film volumes. In future measurements, control experiments
with more comparable volumes should be performed. In
addition, to improve the accuracy of the measured heat
capacity of the attenuator at the MXC stage, the follow-
ing procedure could be implemented. First, remove the
attenuator at the MXC stage and repeat the power detec-
tion measurements. Second, compare the Tbb of the system
before and after removal of the attenuator to determine
the thermodynamic temperature of the removed attenuator.
Finally, use the thermodynamic temperature of the attenu-
ator at the MXC stage as the input to the heat capacity
calculation above.

IV. DISCUSSION

In the following, we present theoretical estimations on
how the blackbody temperatures of Fig. 4(a) would influ-
ence the dynamics of a transmon qubit under realistic
operational conditions. In principle, to fully account for
the dynamics of the line, one should consider the thermal
transients induced in the line during a microwave control
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pulse [see the rising side of Fig. 2(c)] characterized by a
thermal latency time constant τ , with the power depen-
dence captured in Fig. 4(b). However, we are able to
simplify the analysis to a steady-state scenario based on
a quick calculation as we now describe. Assume that the
drive line is at its base temperature T0 [Fig. 3(a)] and,
for qubit operations, a rather long 1-µs square pulse is
applied at a voltage level corresponding to Pd = 20 nW:
the maximal power during measurements and in the cal-
culations below. Across all drive lines A–E, we take the
highest measured temperature from Fig. 4(a) and at that
temperature we extrapolate the lowest time constant from
Fig. 4(b), both of which occur for line C, making it the
worst-case example. At the maximal steady-state temper-
ature of 200 mK, we find τ ≈ 1.5 ms, yielding only a
negligible increase of 0.09 mK during the qubit pulse.
From now on, we do not need to model the temperature
rise during individual pulses but, rather, we apply individ-
ual pulses, starting from a steady-state temperature that has
resulted from an average power drive [see Fig. 4(a)] prior
to the pulse that we study. We consider two specific line
configurations, labeled C and E, corresponding to the cases
in which the lines heat up the most and the least, respec-
tively. This section is divided into two subsections, the
first of which includes a model of the qubit-drive-line sys-
tem, while the second includes projections on the impact
of drive-line heating on coherence and gate fidelities.

A. Model

The circuit that we consider consists of a fixed-
frequency transmon qubit that is coupled capacitively to
a readout resonator and a direct X -Y line. The interac-
tion between the qubit and the resonator is dispersive and
modeled by the Jaynes-Cummings Hamiltonian [5]. More-
over, the resonator is capacitively coupled to its own drive
line. The impact of the noise injected by the X -Y line
can be quantified using an open quantum system approach
that models the drive line as a bosonic bath coupled to
the σy Pauli operator. Under these assumptions, the X -Y
line induces relaxation and decoherence described by the
following relaxation time [7]:

T1,xy = C�(ω2
q + ω2

co)

ZC2
xyω

2
qω

2
co coth

(
�ωq

2kBTxy

) . (4)

In Eq. (4), ωco is a cutoff frequency, ωq is the qubit tran-
sition frequency, ωr is the resonator frequency, Z is the
impedance of the drive line, Cxy is the X -Y line coupling
capacitance to the qubit, Cq is the qubit capacitance, C� =
Cxy + Cq is the total capacitance to ground, and Txy = Tbb
is the drive-line temperature with the link to Pd, the power
dissipated in the last attenuator, given by Fig. 4(a). As for
the type of noise coming from the resonator drive line, this

is also assumed to be thermal and it induces pure dephas-
ing [5] on the qubit, quantified by a pure dephasing time
Tφ . The values that we use for all our calculations are Z =
50 �, ωq = 2π × 6.043 GHz, Cq = 0.468 pF, ωr = 2π ×
4.781 GHz, χ = 2π × 9.59 MHz, κ = 2π × 88 kHz, T1,int
= 300 µs, ωco = 2π × THz, g = 2π × 110 MHz, and,
unless mentioned otherwise, Cxy = 117 aF. Here, we
include an internal relaxation time T1,int, motivated by
recent experiments [14–16], with the total T1 then deter-
mined by the two rates, i.e., T−1

1 = T−1
1,xy + T−1

1,int. In prin-
ciple, the calculations in Sec. IV B could also be per-
formed using higher T1,int with the same Lindblad-based
approach, provided that the Born-Markov approximation
is still valid. At the power levels measured in Fig. 4(a),
the ratio T1,xy/T1,int would range between 0.3 and 0.5.
Additionally, κ is the resonator line width and χ is the
dispersive shift, needed to estimate the dephasing time Tφ

[18,59], giving the decoherence time T∗
2 = 1/[(2T1)

−1 +
T−1

φ ].
Since we are considering a direct X -Y line, the pulse

duration needed to fully excite the qubit with a π pulse
[2,4] reads

τp = 3

√
2�π(LMXC − 1)

Pd

C�

Cxy
, (5)

where LMXC = 100 is the last-stage attenuation connect-
ing the dissipated power to the drive power at the sample
input. Applying Eq. (5), we obtain a realistic [60,61] pulse
duration of 22 ns at the maximal power of Pd = 20 nW.
The coupling value Cxy above has been selected because
it maximizes T∗

2/τp when the resonator drive line is cooled
down to 20 mK. Additional details on qubit control and
coupling optimization are given in Appendix B.

B. Coherence and fidelity calculations

We investigate the power dependence of the qubit time
constants when driving separately either through the X -Y
line or the resonator drive line. The results are displayed
in Fig. 5. In Figs. 5(a) and 5(b), we show the depen-
dence of T1 and T∗

2 on the power dissipated in the X -Y
drive line, using the parameters listed in Sec. IV A. We
stress that no power is sent through the resonator drive
line, the temperature of which is set to its baseline value
of 65 mK, resulting in a constant Tφ over the whole range
of dissipated powers. We observe a decreasing trend T1
with increasing dissipated power. Line E shows satura-
tion to about 182 µs below 0.1 nW, which is attributed
to the limit set by T1,int. The decoherence T∗

2 shows a
very weak dependence on the dissipated power and it is
instead mostly dominated by the constant pure dephasing
rate resulting from the 65-mK noise injected by the res-
onator line. By increasing T1,int, higher saturation values
for both T1 and T∗

2 will be observed. However, longitudinal
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(a)

(b)

(c)

FIG. 5. (a) The longitudinal relaxation time T1 for drive-line
configurations C and E, as functions of the dissipated power at
optimal drive-line coupling to the qubit. The temperature of the
resonator drive line is assumed stationary and is set at 65 mK.
(b) The transverse relaxation time T∗

2 for lines C and E, calculated
using the same parameters as in (a). (c) The dephasing time Tφ as
a function of the power dissipated in the resonator line for lines
C and E.

relaxation will become increasingly dominated by the X -Y
control noise, making the effect more apparent. In contrast,
in Fig. 5(c), the dephasing time Tφ is a lot more sensitive
to stronger power levels that in this case are dissipated in
the resonator drive line. We observe an order-of-magnitude
drop in the dephasing time from the lowest applied pow-
ers to the highest at 20 nW. The investigated range of
powers can be compared to the critical photon number
ncrit = |ωr − ωq|2/(4g2) [4], which sets the upper bound
for the validity of the dispersive approximation. In prac-
tice, the photon number ncrit also acts as a rough guide for
the optimal readout power, although recent studies [62,63]
have shown that it does not necessarily set a strict upper
limit. For our chosen parameters, the critical photon num-
ber translates to a Pd below 3 fW [64], which is low enough
to suggest headroom to increase the coupling κ by a few
orders of magnitude without heating up the line. For the
remainder of this section, we shift our focus to qubit con-
trol operations. To estimate directly the ability to perform
gate operations using the control lines described above,
we consider the average gate-fidelity formula derived in
Ref. [65] for Lindblad master equations. In the model that
we consider here, this fidelity reads

FN = 1 − dNτ

2(d + 1)

(
1
T1

+ 1
Tφ

)
, (6)

where τ is a gate duration, N is the number of qubits
involved, and d = 2N . The above equation has been
derived for a local noise model acting linearly on each
qubit independently and thus is does not account for qubit-
qubit crosstalk noise. Nonetheless, it can provide a lower
bound on single- and two-qubit gate operations performed
at the power levels considered here. We first consider
single-qubit rotations (N = 1) and, consistently with our
previous findings, we assume a typical pulse duration τ =
22 ns, which corresponds to an optimized setup in which
Cxy ≈ 117 aF, at Pdiss = 20 nW (see Appendix B). Using
Eq. (6), we estimate the average fidelity of 99.97% for line
C and 99.98% for line E. In contrast, considering the same
operations at a much stronger coupling of Cxy = 4.6 fF,
requiring a low power of Pd = 0.1 nW, would lead to
stronger decoherence and lower average fidelities dipping
all the way down to 96.6%.

We extend the above to a circuit with two transmon
qubits. Each one is coupled to their own separate X -Y con-
trol lines and readout resonators. Moreover, the resonators
are coupled to their own control lines, which introduce
dephasing on the relevant qubit. Finally, we couple the
two qubits dispersively using a circuit element, e.g., a res-
onator. We consider the cross-resonance (CR) gate [66,67]
which, being an all-microwave two-qubit gate, is appli-
cable to this type of circuit. The gate is implemented by
driving the control qubit at the resonance frequency of
the target qubit. Because of the qubit-qubit coupling, Rabi
oscillations will be induced on the target qubit with a
period that depends on the state of the control qubit. Using
the simplified model in Ref. [4], we can estimate a typi-
cal CR pulse duration using the circuit outlined above. If
we assume a typical qubit-qubit detuning � = 0.3 GHz, a
qubit-qubit coupling J = 0.01 GHz � �, Cxy = 117 aF,
and Pdiss = 20 nW, we obtain a CR duration τCR ≈ 450 ns,
consistent with values recorded in the literature [4]. This
time, we set N = 2 in Eq. (6) resulting in a modified pref-
actor of 4/5. As mentioned above, we neglect qubit-qubit
crosstalk, and therefore obtain an upper bound to the actual
fidelity value. Using the above parameters, we estimate
these bounds at 98.64% and 99.29% for lines C and E,
respectively.

In our analysis above, we observe that the elevated line
temperatures do not appear to impact gate fidelities of
operations as much as the X -Y coupling strength, which
instead leads to a more dramatic performance deteriora-
tion. However, we note that dephasing noise stemming
from the resonator line is the main limiting factor. Thus,
efforts should be directed at improving thermalization and
signal conditioning in this line specifically. All in all, the
calculations here prove that both lines are suitable for typ-
ical single- and two-qubit gate operations, as long as the
X -Y coupling capacitance is not too large. Ideally, one
should have 10−4 ≤ Cxy/C� ≤ 10−3 (for further details on
coupling optimization, see Appendix B).
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V. CONCLUSIONS

In conclusion, our measurements of drive-line tempera-
tures explain typical dephasing rates from the literature that
are higher than predicted from a simple cascaded atten-
uator model. At a high microwave power, the standard
insertable attenuators have achieved lower temperatures
than bulkhead geometries at equivalent power, which has
been supplemented with direct evidence of the thermal
latencies and derived heat capacities of the former surpass-
ing those of the latter by almost an order of magnitude. The
results underline the importance of maximizing thin-film
volumes and introducing heat sinks in resistive attenuators
for improving their power handling. We have performed
a theoretical analysis of a realistic qubit-resonator system
and drawn the following conclusions: (1) at typical power
levels, the single- and two-qubit gate durations are such
that thermal latencies are not a primary concern and (2)
for qubits with a state-of-art quality factor, the average
fidelities can be reasonably high if an optimized trade-off
between power levels and qubit-line coupling is imple-
mented. Our experimental results have been achieved with
a new cryogenic rf power-calibration method using a coax-
ially coupled temperature-variable blackbody radiation
source in conjunction with an in situ power detector main-
taining traceability to primary standards. The nanobolome-
ter that we have chosen as the detector has the advantage
of a high dynamic range and a wide bandwidth, and can be
used in a time-resolving mode. Overall, our methodology
enables direct studies in noise dynamics of amplifier back
action or emerging technologies including flexible wiring,
photonic links, or cryo-CMOS electronics.
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APPENDIX A: CALIBRATION DETAILS

1. Procedure

The steady-state measurements rely on generating a cal-
ibration set. As explained in Sec. II A, we sweep Tbath and
map out the detector response. For a power Pgen, as mea-
sured by a room-temperature power sensor, applied to the
drive line, we find the equivalent response from the cali-
bration set by following a very similar logic to “Method
1” of Ref. [45] but instead of a known dc power dissipated
on chip, we have a known rf noise power. In essence, we

compute residuals of the form

∑
fp

{Re[�S21(fp)]}2 + {Im[�S21(fp)]}2, (A1)

where fp is a probe frequency point and �S21 = Sgen
21 −

Scal
21 , with the S parameters referring to the responses of

the applied power and those of the calibration set, respec-
tively. A parabola is fitted around the minimum of the
function, yielding a calibrated noise power Ncal. Using
the statistical uncertainties of the polynomial coefficients,
the two-standard-deviation statistical error, labeled as EN,
in the calibrated noise power is calculated. The uncertainty
in power Pgen is EP = 0.04 × Pgen according to the data
sheet of the room-temperature sensor [68].

In the steady-state measurements around 6 GHz, repeat-
ing the calibration procedure above for a number of Pgen
allows fitting point-value pairs (Pgen, Ncal) to Eq. (2) using

a weighted linear fit with weights 1/

√
E2

P + E2
N. This

results in the attenuation L and background noise power
N0 and two-standard-deviation errors for both quantities,
as seen in Fig. 3. The obtained losses include fixed atten-
uation as well as coaxial cable loss that depends primarily
on the frequency-dependent conductor losses [50]. For the
data of Fig. 4, the dissipated power Pd in the last stage has
therefore been evaluated using

Pd = PgenLMXC

L(fgen)

[
L(0)

L(fgen)

](
fstop
fgen

) 1
2 −1

, (A2)

where LMXC is the attenuation value at the last stage,
fstop = 800 MHz is the detuned drive frequency, and L(0)

is the known fixed attenuation. In particular, data measured
at fgen = 5.8 GHz are used to perform the cable-loss cor-
rection. On the other hand, calibrating the noise powers at
the detuned frequency is more complicated: when above
the dynamic range of the noise source (>80 mK), noise
powers are directly calibrated with the steady-state mea-
surements and the corresponding temperatures Tbb are also
above 80 mK. This constitutes the majority of the data
points in Fig. 4(a). The high-power nature of these mea-
surements makes the noise Nbb a function of power and
thus renders Eq. (2) useless. The calibration below the
dynamic range needs to performed in a different way. In
practice, we make use of the sensitive single-frequency
readout in the time-resolving mode and extend the calibra-
tion there.

In the time-resolving mode, we perform readout at a sin-
gle probe frequency, as we have described in Sec. II B.
A separate noise-source calibration is not performed here,
since we do not have a compatible normalization technique
to eliminate drift in the weak digitizer signals. We extend
the calibration from above to these measurements using the
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determined attenuation to precisely determine the power in
the reference measurement at 5.8 GHz.

The power sweeps performed during the reference mea-
surement yield calibration sets for time-domain signals as
shown in Fig. 2(b). The same pulse sequence is repeated
out of band at 800 MHz, giving the time-domain responses
�V of the drive line and the time constants for the cooling
and heating times τcooling and τheating with their average τ =
(τcooling + τheating)/2, plotted in Fig. 4(b). We estimate the
error in τ from the difference Eτ = (τcooling − τheating)/2.
The responses are calibrated against the reference, giving
corresponding changes in powers �Npulsed. The result of
the detuned measurements is a set of point-value triplets
(τ , �Pd, �Npulsed) that are used below.

For the noise Npulsed at a dissipated power Pd, the
following holds:

Npulsed(Pd) =
∫ Pd

ε

dNpulsed

dPd
dPd + Nε . (A3)

We may then interpolate dNpulsed/dPd over dissipated pow-
ers Pd and integrate, giving us the total emitted noise at a
power P = Pd minus a constant Nε that should reach N0 at
Pd → 0. As an estimate for Nε , we take the average differ-
ence of the first ten points of noise-source-calibrated Ncal
and interpolated Npulsed. In this way, we extend our calibra-
tion below the range Npulsed(Pd) versus Pd collected with
the direct noise-source calibration of Sec. II A 2. We pre-
fer to use the direct calibration when powers are in the
dynamic range of the noise source due to the relatively
large steps in power that are used to estimate the derivative
even though, in principle, single-frequency readout allows
better sensitivity.

2. Systematic errors in calibrated losses and powers

The systematic and random error sources in the above
calibration are discussed in Secs. III B and III C. We
demonstrate two key systematic error sources in Fig. 6.
For the losses L around the microwave frequency of 6
GHz in particular [Fig. 3(a)], a dominant systematic error
source can be ascribed to the variations in the reflection
magnitude of the detection circuit. To characterize this
error, we perform a supplementary measurement in another
cool-down and display the results in Fig. 6(a). In the yel-
low trace, a detector steady-state calibration (see above)
is performed at a fixed generator power and the genera-
tor frequency fgen is varied from 5 to 7 GHz. From the
obtained power-absorption data Ncal(fgen), the transmission
is calculated from Eq. (2) ignoring the negligible offset. For
reference, the data in the blue trace correspond to the band-
pass filter “1” [see Sec. II] measured with a VNA at room
temperature. In both cases, the obtained transmission mag-
nitudes 1/L, or, equivalently, |S21|, are normalized with
cable losses and fixed attenuation around the center of the
pass band: a linear fit to the transmission data in decibels

(a)

(b)

FIG. 6. Two sources of systematic error in loss and power
calibration. (a) Systematic error in calibration of losses due to
impedance mismatch in the detector circuit. The yellow line
shows the loss-normalized transmission of the drive line, as
observed with the detector at 10 mK. The black points indicate
uncorrected systematic error for data in Fig. 3(a). The blue line
shows the normalized transmission of the detector band-pass fil-
ter at room temperature, measured with a VNA. (b) The yellow
line shows the one-way transmission averaged from measure-
ments of 24 lines with S-Cu-Ni coaxial lines spanning cryogenic
stages between 300 K and 10 mK. The measurements have
been performed at base temperature, utilizing loop-back connec-
tions at the 10-mK stage. The black vertical lines indicate the
microwave frequencies 0.8 GHz, 5.8 GHz, and 6.0 GHz chosen
for measurements in the main text, with respective loss values of
2.62 dB, 7.47 dB, and 7.61 dB.

versus the square root of the frequency. In particular, the
black points in the figure correspond to data of Fig. 3 and
their difference of 0.4 dB explains a large part of the dif-
ference between the fitted loss values L, and in principle
the error could be corrected. We expect that for broad-
band sources, such as the thermal noise that we measure
in the main text, this error should be smaller due to the
integration across the filter bandwidths that the detector
performs.

The drive-line losses that determine the dissipated pow-
ers around the detuned frequency of 800 MHz [Fig. 4]
cannot be directly measured in our measurement setup
within a single cool-down. Although the fixed attenua-
tion does not have innate frequency dependence, the cable
losses have a dependence as shown in Fig. 6(b) and in
agreement with Eq. (A2). The one-way losses are esti-
mated from looped-back line measurement statistics col-
lected from cool-downs in the same dilution refrigerator
that we have used for the experiments here. The lines have
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been unattenuated but otherwise nominally of the same
type (S-Cu-Ni, 0.86 mm) as those considered in the main
text, except that room-temperature cabling has not been
included. In our experiment here, the one-way losses of
the lines can be directly measured although only inside the
detector bandwidth, and therefore we rely on Eq. (A2) to
correct for the frequency dependence of the cable losses
at out-of-band frequencies, as part of the power cali-
bration described in Sec. A 1. Using detector-measured
loss values at 5.8 GHz to perform the loss conversion to
the 800-MHz cable-loss equivalent, we note that the loss
values in decibels are reduced by a factor of 3. Together
with the small mismatch error at 5.8 GHz [Fig. 6(a)], which
could in principle also be corrected, and having performed
the loss correction, the dissipated power values of Fig. 4
have remaining uncharacterized error as per the attenuator
specifications (either 0.5 dB or 0.75 dB for the nominally
20 dB INS- and BH-type attenuators, respectively).

APPENDIX B: QUBIT CONTROL

We estimate the required pulse duration τp for a given
fixed coupling. Here, we consider a Gaussian pulse mod-
ulated by a sinusoidal driving at the resonant frequency of
the qubit ωq, implementing a standard π pulse. The voltage
wave traveling to the qubit down the drive line reads

V(t) = �0 e− t2

2σ2 sin(ωqt + φ0), (B1)

where �0 is the Rabi frequency, σ is the pulse full width
at half maximum, and φ0 is the initial voltage phase. The
Rabi frequency �0 is directly connected to the dissipated
power at the qubit via the following relation [4]:

�0 = Cxy

C�

√
Pd

(LMXC − 1)�
, (B2)

where LMXC = 100 accounts for dissipation at the last
attenuation stage. Thus, the dissipated powers are con-
verted to the actual powers delivered to the qubit. The
practical pulses that we consider are truncated to a pulse
duration of [2]:

τp ≡ 6σ = 6

√
π

2�2
0

. (B3)

We will now connect the pulse durations to the coupling
capacitance Cxy. Using Eq. (4) along with the results of
Fig. 4(a), we plot the qubit dynamical parameters in Fig. 7
as a function of the qubit-drive-line coupling for two dif-
ferent values of the resonator drive-line temperatures, set
at 20 mK and 65 mK and shown in Figs. 7(a) and 7(b),
respectively. In this example, the qubit is driven at the
maximum dissipated power measured in our experiment,

(a)

(b)

×104

×103

×103

×103

p
p

xy

xy

xy

xy

FIG. 7. The ratios between T∗
2 and the average pulse dura-

tion τ̄p plotted as a function of the capacitance coupling Cxy for
drive-line configurations C and E, with resonator drive-line tem-
peratures set at (a) 20 mK and (b) 65 mK, respectively. For both
lines, the power dissipated in the last attenuator is 20 nW. In the
inset, using the same parameters, the longitudinal and transverse
relaxation times, T1 and T∗

2 , are shown over a wider range of
coupling values.

about 20 nW, leading to the strongest heat-up. In the main
panels, we show the ratio of T∗

2 to τ̄p, demonstrating similar
behavior at both resonator line temperatures. Two obser-
vations can be made. First, even at maximum dissipated
power (i.e., maximum Txy), the average single-qubit pulse
duration is several order of magnitudes shorter than the
transverse relaxation time, as one should expect. Second,
we observe an optimal value for the qubit-drive-line cou-
pling that maximizes T∗

2 relative to τ̄p. The calculated peak
values for T∗

2/τp for both lines depend strongly on the tem-
perature of the resonator line, which ranges from about
4000 to 13 000. Similarly, the peak coupling values Cxy
roughly triple when going from 20 to 65 mK, switching
from 117 to 374 aF. In both panels, the insets show how the
longitudinal and transverse relaxation times decay as func-
tions of Cxy. Even though both T1 and T∗

2 are slightly larger
for line E than for line C, as one would expect, they vanish
very quickly as the qubit-drive-line coupling is increased.

The optimal coupling values observed in Fig. 7 orig-
inate from two competing effects. On the one hand, the
line-qubit coupling should be strong enough to allow for
state manipulation. On the other hand, however, it should
introduce the least thermal noise possible on the qubit. In
fact, the peak value can be calculated analytically, leading
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to the following equation:

C∗
xy =

√√√√ Cq(ω2
q + ω2

co)

Zω2
qω

2
co coth

(
�ωq

2kBTxy

) 2T1,int + Tφ

TφT1,int
, (B4)

which connects directly the optimal qubit-drive-line cou-
pling to the resonator temperature via the dephasing time
Tφ = �−1

φ calculated from standard models [18,59]. We
argue that one should not design the coupling to the qubit
based on the resonator line temperature, which may be
improved with further signal conditioning, whereas the
drive-line heating will always be present to some degree
if high powers and duty cycles are used. For this reason,
we choose the peak position from Fig. 7(a), evaluated at
C∗

xy ≈ 117 aF, for our calculations in the main text. We
acknowledge that the same applies to the selection of an
arbitrary T1,int, although we have included the limit in the
optimization of the coupling here.
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