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Noise Reduction in Qubit Readout with a Two-Mode Squeezed Interferometer
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Fault-tolerant quantum information processing with flawed qubits and gates requires highly efficient,
quantum nondemolition qubit readout. In superconducting circuits, qubit readout using coherent light
with fidelity above 99% has been achieved by using quantum limited parametric amplifiers such as the
Josephson parametric converter (JPC). However, further improvement of such measurement faces many
challenges, including the vacuum fluctuation of the coherent light that limits measurement fidelity. In this
work we demonstrate dispersive qubit readout with a two-mode squeezed light interferometer formed
by two JPCs. The first JPC generates two-mode squeezed vacuum at its output, which is coherently
recombined by the second JPC after one branch is phase shifted and displaced by its interaction with
the qubit-cavity system on that arm of the interferometer. We observe a 31% improvement in the power
signal-to-noise ratio (SNR) of projective readout after replacing vacuum fluctuation in the readout cavity
with two-mode squeezed vacuum containing on average one photon. This demonstrates a more efficient
way of improving SNR than by increasing readout power. Furthermore, we investigate the quantum prop-
erties of the two-mode squeezed light in the system through weak measurement. Surprisingly, we find
that tuning the interferometer to be less projective increases the measurement efficiency relative to the
optimum setting for projective measurement. These enhancements may enable remote entanglement with

lower efficiency components in a system with qubits in both arms of the interferometer.

DOI: 10.1103/PhysRevApplied.18.064092

I. INTRODUCTION

For quantum computing, an essential requirement for
all tasks including qubit state preparation, gate calibration
and error detection for quantum error correction (QEC)
is the ability to perform fast single-shot qubit measure-
ment with high fidelity. Furthermore, for error correction
and state preparation, the measurement should also be
quantum nondemolition (QND)—the qubit state should
not suffer additional back action or randomization during
the measurement process [1]. In superconducting circuits,
these requirements are fulfilled by the dispersive readout
method. In this method, a pulse of coherent microwave
light is sent into a cavity that is dispersively coupled to
a qubit inside it [2,3]. The pulse experiences a qubit-state-
dependent phase and/or amplitude shift that entangles the
state of the pulse with the qubit. The state of the qubit
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is determined by measuring the pulse at room tempera-
ture after the signal is amplified by a chain of low noise
amplifiers.

Fast high-fidelity single-shot dispersive readout has
been achieved in superconducting circuits thanks to the use
of Josephson-junction-based parametric amplifiers (JPAs)
as the first amplifier in the amplification chain [4—7]. These
amplifiers provide high gain while adding only the mini-
mum amount of noise to the signal required by quantum
mechanics. For a given pulse amplitude, the signal-to-
noise ratio (SNR) of the readout is thus fundamentally
limited by the quantum fluctuation of the measurement
light and the added noise of the JPA, which is half a photon
for phase-preserving amplification [8]. Consequently, large
SNR and high fidelity can be achieved in single-shot qubit
readout with pulses containing just a few microwave pho-
tons. In the meantime, the QND requirement is satisfied as
the readout photon number is much smaller than the criti-
cal photon number at which the dispersive coupling breaks
down [3].

Although state-of-the-art dispersive readout is suffi-
cient for small quantum circuits, the implementation of
large quantum circuits (such as a error corrected machine)
requires readout with higher fidelity as the probability of
measuring all qubits correctly in a circuit decreases expo-
nentially with the number of qubits. For example, in recent
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demonstrations of error suppression in QEC with qubit
encoding [9,10], readout error is the dominant error that
prevents these experiments from achieving break even.
Although break even has been achieved in QEC with
bosonic encoding [11,12], further improvements in read-
out are needed for performing tasks of practical importance
with these codes.

Readout error typically arises from two sources: qubit
decoherence (change of the qubit state) during the readout,
and the overlapping support of probability distributions of
measurement results corresponding to different qubit states
that causes state assignment error. Substantial reduction
of qubit decoherence error in readout now seems possible
thanks to recent progress in fabricating superconducting
qubits with near millisecond coherence times [13—15].
However, state assignment error in readout due to finite
SNR is independent of the qubit coherence time and thus
will be the dominant error source in circuits with these long
coherence time qubits.

It might seem straightforward to improve readout SNR
by increasing the readout power, but this can lead to
other unwanted effects that degrade the readout quality
and qubits’ coherence. One well-known yet poorly under-
stood effect is the reduction of qubit 7; with increasing
measurement strength, which leads to reduction in mea-
surement fidelity and QNDness [16]. In certain cases, such
an effect has been observed in readout with as few as 2.5
photons [17—19]. Recent works seem to indicate that this
effect is intrinsic to driven nonlinear multilevel systems
[20—27]. Although this effect might be alleviated with judi-
ciously chosen system parameters, there will always be a
fundamental limit on readout power.

In this work, we focus on improving SNR by circum-
venting the quantum mechanical limits on noise in qubit
readout with coherent light. One method to achieve this
is to use squeezed light to reduce noise inside the signal.
Single-mode squeezed light has long been used in quan-
tum metrology, in particular in interferometry of which
the most famous example is the gravitational wave detec-
tor, to achieve measurement precision beyond the standard
quantum limit set by the quantum fluctuations in coherent
states of light [1,28-32]. It is therefore natural to expect
that dispersive qubit readout could also be improved by
using single-mode squeezed light. However, dispersive
coupling will induce a qubit-state-dependent rotation of
the squeezing axis, therefore mixing amplified noise of the
antisqueezed quadrature into the squeezed quadrature of
the single-mode squeezed light [33]. Furthermore, optimal
dispersive readout typically requires large rotation. There-
fore, only modest SNR improvements have been achieved
in dispersive qubit readout with single-mode squeezed
light. To overcome this problem, a different readout mech-
anism, the so-called longitudinal readout, has been pro-
posed in which the qubit state information is mapped to
the cavity field displacement [34]. Despite recent progress

[35-37], implementation of this readout method remains a
challenging task.

Here we demonstrate inteferometric qubit readout based
on two-mode squeezed (TMS) light input states and phase-
preserving amplification [33]. This measurement scheme
is based on a Mach-Zehnder interferometer with active
nonlinear beam splitters, which is commonly known as
a SU(1,1) interferometer [38]. Two-mode squeezed light
naturally forms a pair of Gaussian, entangled states that
travel along two paths, and when recombined in a phase-
preserving amplifier, which in the quantum limit naturally
has two input and output ports [8,39], can achieve superior
readout SNR (and hence fidelity) by lowering the output
noise level through the destructive interference between
the two modes. In contrast to qubit readout with single-
mode squeezed light, this readout scheme is more broadly
compatible with the dispersive qubit-cavity coupling and
allows SNR improvement over a larger range of coupling
strengths.

In the experiment, we take advantage of the fact that
two-mode squeezing and phase-preserving amplification
are the same process, using two nominally identical,
single-ended Josephson parametric converters (JPCs) to
generate and process two-mode squeezed light in the inter-
ferometer [6,39,40]. The qubit-cavity system is embedded
in one arm of the interferometer, where it imbalances the
system by imparting a qubit-state-dependent phase shift
on light passing through that arm. To allow fair compar-
ison with standard coherent pulse readout, we perform
readout by a combination of TMS vacuum and a cavity dis-
placement drive that enters the system through the cavity’s
weakly coupled port, and so is subjected to no interference
effects. Thus, our overall readout scheme has fixed mea-
surement strength and gain (20 dB), and only the noise is
affected.

We reduce output noise power below the standard quan-
tum limit by 40% through the destructive interference
between the correlated TMS noise entering the JPC [8,41],
resulting in a 31% improvement in power SNR compared
to coherent light readout. Moreover, we explore the back
action and SNR of weak measurements [42] in our TMS
readout scheme. We find, to our surprise, that the observed
quantum efficiency of measurement (that is, the fraction
of qubit back action we can extract from the measurement
record) [42—46] varies inversely with noise in the interfer-
ometer, so that “noisier” measurements are more faithful.
While we lack a detailed theory to explain this effect, it has
important implications for future work on multiqubit quan-
tum measurements that play a central role in tasks such as
error correction and entanglement generation.

II. EXPERIMENT SETUP

In our experiment the two-mode squeezed light is gen-
erated, analyzed, and amplified with JPCs (Fig. 1). A JPC
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FIG. 1.

Schematic of the experiment setup. Two nominally identical JPCs, entangler and analyzer, are connected by their signal

(Sig) and idler (Idl) ports respectively with circulators and superconducting cables to form an interferometer. The unused ports on the
circulators are terminated in cold 50 2 loads that provide quantum vacuum noise to the entangler, and a dump for the unused signal
on the lower arm of the interferometer. The upper arm of the interferometer is interrupted by a 3D transmon qubit-cavity system. The
qubit measurement pulse is sent into the cavity via its weakly coupled port without going through both arms of the interferometer,
which enables the switching between the two-mode squeezed light readout and coherent light readout in situ by turning on and off the
pump of the entangler JPC. The signal is subsequently further amplified by a cryogenic HEMT and demodulated and recorded at room

temperature.

is a nondegenerate phase-preserving amplifier based on
the three-wave mixing process in a ring of four nominally
identical Josephson junctions, known as a Josephson ring
modulator (JRM). The JPC’s Hamiltonian can be written
as [6,39]:

H . .
IPC waa'a + wpb'h + w.cle + 23 (a'bfe + abeh,

(1)

where a, b, and ¢ are the annihilation operators of the
three modes of the JPC that are refereed to as the “sig-
nal,” “idler,” and “common” mode, respectively, and g3 is
the three-wave coupling strength. Phase-preserving ampli-
fication is achieved by applying a strong microwave drive
to the common mode at frequency w, ~ w, + w,. When
wy, is far detuned from w,, the pump is “stiff”” in the sense
that ¢ can be replaced by its average value (c)e', where
(c) and ¢, are the pump amplitude and phase, respec-
tively. This reduces the three-wave mixing term to an
effective two-wave coupling term between the signal and
idler modes: g3(c)(e®?a’bt + e ®rab). As an amplifier,
this device amplifies signals in reflection with an amplitude
gain of /G, and in transmission with frequency conversion
and an amplitude gain of e /G — 1.

The time evolution operator arising from phase-
preserving gain is the so-called two-mode squeezing oper-
ator at a certain time [47]: S = exp(re v ab + re®ra’b"),
where re' is the complex squeezing parameter with r =
cosh™' VG [48,49]. Thus, the JPC, or any other nonde-
generate phase-preserving amplifier, can also serve as a

generator of two-mode squeezed light with both spectral
and spacial nondegeneracies [40,50].

In our experiment, we form an active interferometer
with two nominally identical JPCs, the “entangler” and
“analyzer,” by directionally connecting their signal and
idler ports [40] (Fig. 1). Uncorrelated vacuum noise enters
the interferometer via the inputs of the entangler JPC,
which transforms them into highly correlated, two-mode
squeezed vacuum traveling along the two arms of the inter-
ferometer. These two paths recombine and interfere with
each other in the analyzer JPC, generating outputs con-
trolled by the gains and relative pump phase of the two
JPCs. If both JPCs’ pumps are applied with zero relative
pump phase, the signal is simplify amplified twice, while
a 180° relative pump phase will cause the analyzer JPC to
deamplify the output of the entangler JPC. In the absence
of loss and added noise, the output of the interferome-
ter will return to uncorrelated vacuum if the gains of the
two JPCs are matched and their pump phases are different
by 180°.

We use the interferometer to read out a qubit by inter-
rupting the upper arm with a microwave cavity, which
in turn is dispersively coupled to a transmon qubit, as
shown in Fig. 1. To achieve a superior SNR compared
to qubit readout with coherent state input and phase-
preserving amplification (CS + PP), the dispersive phase
shift due to interaction with the qubit-cavity system must
be either close to 0 or w, which correspond to the qubit-
cavity dispersive shift y being much smaller or larger
than the cavity linewidth « [33]. In our experiment, we
design the quit-cavity system to have x /k = 0.19, which
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satisfies this requirement while also being favorable for
fast readout (see Appendix A2 for all the parameters of
the experiment).

As we will discuss later, the noise produced by the
interferometer when operated with no cavity displacement
drive can itself carry qubit information for many combi-
nations of entangler and analyzer gain and relative phase.
However, high SNR readout requires a coherent drive to be
applied to the cavity. The original theory proposal called
for displacing the input to the upper arm of the entan-
gler [33]; however, in this scenario the signal is both
amplified and partially transmitted down both arms of the
interferometer, so that there is interference in both the
output signal and noise. This greatly complicates fair com-
parison with CS + PP readout, and so in our experiment
we drive our readout through a second, weakly coupled
port in the microwave cavity. The readout signal thus
does not experience any form of interference, and expe-
riences the same gain (from the analyzer only) in both our
TMS and CS + PP readout. In this case, we squeeze only
on the noise, with a degradation (enhancement) of SNR
corresponding to a larger (smaller) output noise.

II1. RESULTS

A. Generation and characterization of two-mode
squeezed light

As a first step towards qubit readout with two-mode
squeezed light, we demonstrate the generation and detec-
tion of such a nonclassical state [40]. As in previous
demonstrations, the two-mode squeezed light is generated
by displacing the two-mode squeezed vacuum produced by
the entangler with a coherent drive applied to the weak port
of the qubit-cavity system on the upper arm of the interfer-
ometer. Detection of the two-mode squeezed light is done
by recording the output voltage from the signal port of the
analyzer at room temperature as a function of the entangler
pump conditions. As discussed earlier, only the noise of the
output signal is expected to vary with the entangler pump,
while the average amplitude should remain constant.

Figure 2(a) shows the variance (o2) of the output voltage
signal, which is proportional to the noise power, normal-
ized to that of unsqueezed inputs (coherent state readout;
ols) for entangler gain Gr between 0.7 and 4.5 dB and
relative pump phase between 0° and 360°. The analyzer
is operated with the pump condition that generates 20-dB
gain when the entangler is off. This analyzer gain is cho-
sen such that the noise power of its output signal is much
stronger than those of the following amplifiers. The qubit
is always prepared in the ground state (|g)); therefore, it
only contributes a constant phase shift to the total relative
phase between the two arms of the interferometer.

As expected, the noise power of the output signal oscil-
lates with relative pump phase and goes below that of
the amplified coherent state noise power (indicated by the
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FIG. 2. Noise reduction in two-mode squeezed light. (a) Nor-
malized output noise power of two-mode squeezed light as a
function of relative pump phase A¢ for different entangler gains.
The black dashed line represents the output noise level of the
coherent vacuum (CS) input as a reference, while the other col-
ors represent different entangler gains. Colored lines are fits to
the data by our mode [Eq. (A22)] with analyzer gain as the fit-
ting parameter. (b) Calculated optimal noise reduction without
(dashed line) and with photon loss (solid line) for an analyzer
gain of 19.4 dB. The shaded region represents results for an ana-
lyzer gain of 19.4 &+ 0.3 dB. The colored dots represent optimal
noise reductions extracted from (a).

dashed line) when the two pumps are out of phase. This
oscillatory behavior, in particular the reduction of it by as
much as 40% or 2.2 dB compared to that of the coherent
state, is a direct manifestation of the entanglement between
photons in the two arms of the interferometer. It is worth
mentioning that the average amplitude of the output signal,
as shown in Fig. 11(a) in Appendix A 4d, also oscillates
with the relative pump phase by +5% rather than remain-
ing constant. However, this phenomenon is independent
of two-mode squeezing. It is due to analyzer gain varia-
tion caused by interference between its pump tone and the
entangler pump leakage. This effect is analyzed in detail in
Appendix A 3.
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We fit these data with a model based on Ref. [40], which
takes into account photon loss and noise added by later
amplifiers, with analyzer gain being the only fitting param-
eter. These fits are shown in Fig. 2(a) as curves with the
same color as their respective data set. For entangler gain
below 3.5 dB, this model accurately captures the noise per-
formance. At higher entangler gain, gain compression and
other higher-order effects in the analyzer become impor-
tant, causing deviation between the data and this model
(see Fig. 11 in Appendix A 4 d). Measured optimal noise
reduction (02, /0ls) as a function of entangler gain is
shown in Fig. 2(b) (colored dots). It agrees well with the
model prediction with an analyzer gain of 19.4 £ 0.3 dB
(filled region). Without photon loss and noise from ampli-
fiers after the analyzer, an optimal noise reduction by 90%
could be achieved with an entangler gain of 4 dB and ana-
lyzer gain of 19.4 dB [Fig. 2(b), dashed line]. Although
the achievable noise reduction is limited to 40%, it can
translate into sizable SNR improvement and interesting
measurement back action in qubit readout, as we show in
the rest of the paper.

B. Qubit readout with two-mode squeezed vacuum

In order to utilize the two-mode squeezed light for qubit
readout, we first study the effect of the dispersive qubit-
cavity phase shift on the output noise of the interferometer.
We repeat the measurements in Fig. 2 with Gg = 2.0 dB
with the qubit now being prepared in either the ground
(lg)) or excited (|e)) state, and show the results in Fig. 3(a).
The oscillations of output noise with relative pump phase
for the qubits in the ground and excited states are very
similar, with a relative phase shift of 40° that is due to
the qubit-state-dependent dispersive phase shift on pho-
tons traveling on the upper arm of the interferometer. For a
given relative pump phase, this extra phase shift creates a
qubit-state-dependent output noise power. This means that,
except for the two relative phases (A¢ = 190° and 330°)
where the output noise is identical for both qubit states, the
output noise of the interferometer can measure or dephase
the qubit state without explicitly displacing the cavity field,
which is in sharp contrast with dispersive readout with
CS + PP.

To demonstrate this dispersive qubit readout with only
two-mode squeezed vacuum in the interferometer, we
modify our measurement protocol by changing the initial
state of the qubit to (|g) +ile))/ V2, and adding a strong
measurement after recording the noise output voltage to
determine the state of the qubit after its interaction with
the two-mode squeezed vacuum. As in Refs. [42,51], we
construct a histogram where each pixel contains the aver-
age of all final measurement results of the z component of
the qubit state Bloch vector conditioned on receiving a par-
ticular voltage (/,,, Q) in the measurement of the output
noise.
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FIG. 3. Qubit readout with two-mode squeezed vacuum. (a)
Normalized standard deviation of output noise voltage for two-
mode squeezed vacuum input on the analyzer as a function of
the relative pump phase and qubit state. The black dotted line
shows the standard deviation when the input of the analyzer is
the coherent (unsqueezed) vacuum. Blue and red curves represent
results for two-mode squeezed vacuum noise recorded when the
qubit is in the |g) and |e) states, respectively. (b) Conditional
tomography data for the z component of the qubit Bloch vector
after we record the output noise for 660 ns at different relative
pump phases. The qubit is prepared in state (|g) + ile))/ /2. The
entangler gain is Gy = 2.0 dB and the analyzer gain is G4 = 20
dB.

In Fig. 3(b), we show the conditional z-axis tomography
results at four different relative pump phases: A¢ = 120°
and 250°, at which the difference between the output noise
power for the qubits in the ground and excited states is
the largest, and A¢ = 190° and 330°, at which the output
noise powers for the qubits in the ground and excited states
are the same. At A¢ = 120°, we clearly see a “bullseye”
pattern, with the qubit found to be in |e) if the recorded
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noise voltage is large, and in |g) if the recorded noise volt-
age is small. A similar result is also seen at A¢ = 250°,
with the correspondence between the noise voltage and
qubit states reversed.

These results show that two-mode squeezed vacuum in
our interferometer, unlike unsqueezed vacuum, can entan-
gle with the qubit state. An observer with a power meter
could perform a readout of the qubit simply by measur-
ing how much noise the circuit emits. This on average
works poorly, as the two Gaussian distributions for the
qubit states share a center, and so common outcomes near
the origin poorly distinguish the qubit states (hence the
pale central colors in the bullseyes). However, for out-
comes far from the center, the contrast between the two
distributions grows exponentially; for these outcomes, the
qubit state is certain. The overall scheme closely resem-
bles optical-frequency single-photon detection, in which
a “click” outcome gives a definite result, while no click
is ambiguous. This also implies that powering the entan-
gler and analyzer will generate continuous qubit dephasing
at these bias points. In contrast, at A¢ = 190° and 330°
where the output noise levels are the same for different
qubit states, similar to unsqueezed vacuum, no informa-
tion about the qubit can be inferred from the system’s noise
output.

C. Qubit readout with two-mode squeezed light

We next show that the SNR of such measurements
can be improved by using a fixed measurement tone and
replacing the unsqueezed noise in the interferometer with
two-mode squeezed fluctuations. The power SNR in our
experiment is defined as

_ U107+ (-0

SNR
o +o?

; @

where (75, 0¢'9) is the center of the measurement result
distribution when the qubit is in the |g) (|e)) state and o)
are the corresponding standard deviations.

To determine the SNR, we prepare qubits in the ground
and excited states separately, and then perform readout
by sending a coherent probe signal through the cavity
from its weak port. Given that the coupling strength of
the strong port is much greater than that of the weak port
(Oweak >> Ostrong)» quantum fluctuation of the cavity field
will be set by either two-mode squeezed vacuum (entan-
gler on) or vacuum (entangler off) entering from the strong
port. With this setup, it is straightforward to obtain a fair
comparison with standard CS + PP readout as there is ide-
ally no interference in the average amplitude of the readout
signals, and so any change in SNR will be solely due to
changing the quantum noise in the interferometer.

In this experiment, the cavity drive strength is the same
as that used in Fig. 2, which populates the cavity with

2.1 photons in steady state and gives a SNR of 0.9 in
CS + PP readout. With this cavity drive strength, entan-
gler gain as large as 3.5 dB can be used without causing
significant analyzer gain compression [see Fig. 8(b) in
Appendix A 3]. This allows us to perform qubit readout
with the maximum amount of noise suppression achiev-
able in our system (Fig. 2). It also allows us to characterize
the measurement efficiency of these readout schemes with
the weak measurement protocol under the same conditions,
which will be discussed in the next section.

Figure 4(a) shows the SNR of two-mode squeezed light
readout as a function of the relative pump phase (A¢) for
different entangler gains. The data are normalized to the
average SNR of CS + PP readout (Gg = 0 dB) with the
same cavity drive strength. Improvement in the SNR, as

(a) 1.4

Normalized SNR
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FIG. 4. SNR of qubit readout with two-mode squeezed light.
(a) Normalized SNR of qubit readout with two-mode squeezed
light for different entangler gains as a function of the relative
pump phase. The colored symbols represent experiment data.
The colored lines represent fitting to the data with our model
[Eq. (A24)]. (b) Calculated optimal normalized SNR without
(dashed line) and with (solid line) photon loss for an analyzer
gain of 19.8 dB. The shaded region represents calculation results
for analyzer gain between 19.5 dB (lower boundary) and 20.2 dB
(upper boundary). Colored dots are optimal normalized SNRs
extracted from the data set shown in (a) with the same color.
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large as 31%, is observed for relative pump phases in the
range of 140° to 240°. Outside this range, readout with
two-mode squeezed light has a lower SNR than with coher-
ent light due to one or both of the two-qubit states having
a substantially higher noise than coherent light readout.
These data are accurately reproduced (color curves) by a
fit to our model with the analyzer gain as a fit parame-
ter (Appendix A 4), with analyzer gain between 19.5 and
20.2 dB for Gg < 3.5 dB, and 17.9 dB for Gz = 4.5 dB,
which accounts for analyzer gain compression under this
entangler gain.

Optimal SNRs extracted from Fig. 4(a) are shown in
Fig. 4(b) with respect to entangler gain. The dependence
of optimal SNR on entangler gain is captured by our
mode with an analyzer gain of 19.8 &+ 0.3 dB (shaded area)
except for Gg = 4.5 dB at which analyzer gain is reduced
to 17.9 dB due to gain compression. As shown by both
the data and theory, the optimal SNR improvement first
increases to a maximum value of 31% for entangler gain
between 2.0 and 3.0 dB, then decreases at higher entangler
gain. This behavior results from the competition between
better noise reduction at optimal pump phase—170° for
lg) and 210° for |e)—and faster noise rise away from it as
entangler gain increases [Fig. 2(a)]. As shown in Fig. 4(a),
optimal SNR is achieved with a relative pump phase of
190°, at which the total noise power for the qubits in states
|g) and |e) is minimized. At low entangler gain (Gg < 2
dB), the total noise power at this relative pump phase
decreases with increasing entangler gain, leading to an
increasing SNR. However, as noise reduction at the opti-
mal pump phase saturates at higher entangler gain, noise
power at this relative pump phase would only increase,
resulting in a decreasing SNR.

In the ideal case without photon loss and added noise
from following amplifiers on the output line, the SNR of
our system can be improved by as much as 190% with
an entangler gain of 3 dB, as shown in Fig. 4(b) (dashed
line). However, photon loss inside the interferometer limits
the achievable SNR improvement to 72%, and noise added
by following amplifiers on the output line further reduces
it to 31%. Photon loss inside our system has been mini-
mized by using components with the lowest loss that are
commercially available, such as superconducting coaxial
cables, and is on par with state of the art [40]. On the other
hand, effects of photon loss and added noise on the out-
put line can be alleviated by operating the analyzer with
higher gain. For example, by operating the analyzer with
30-dB gain, instead of 20-dB gain, such effects would be
reduced by a factor of 10, resulting in a SNR improvement
of 43% instead of 31% with an entangler gain of 3 dB.
Such an operation would require improvements to the ana-
lyzer compression power and bandwidth by factors of 10
and 3.2, respectively, which can be achieved by reducing
the nonlinearity of the JPC and by increasing its coupling
to the environment [7].

D. Quantum efficiency of a TMS light measurement

Another important figure-of-merit of a quantum mea-
surement is its efficiency, which determines the fraction of
information of the system being measured that is obtained
by the observer, rather than lost to all other potential
observers [3,42,45,52]. Readout fidelity scales exponen-
tially with quantum efficiency, and thus it plays a vital
role in experiments that require fast and high-fidelity mea-
surements, such as feedback control in quantum error
correction [53].

In our experiment, the quantum efficiency n of our qubit
measurement is determined by analyzing its back action
on the qubit with a weak measurement protocol estab-
lished in Ref. [42]. This protocol provides a self-calibrated
way of determining the overall efficiency of a measure-
ment system. As there is no well-established theory for
weak measurement back action with our TMS interfer-
ometer, we focus our study on two special cases where
it most closely resembles the coherent light measurement;
the “TMS high” and “TMS low” cases shown in Fig. 3(a)
where the output noise power is independent of the qubit
state, and the interferometer’s output resembles CS + PP
readout with unusual noise values.

In Fig. 5 we summarize the results of the back-action
experiments with coherent light and two-mode squeezed
light (Gg = 0.5 dB). Figure 5(a) shows the conditional
x and y components of the qubit state Bloch vector for
measurement results that have zero in-phase component
(I = 0) of coherent light readout. In CS + PP readout, the
x and y components of the qubit receive a purely quan-
tum stochastic back action due to knowledge gained by
the experimenter from the O component of the readout
pulse. This effect can also be present in readout with coher-
ent states plus phase-sensitive amplification (CS + PS). In
CS + PS readout, the choice of amplified quadrature can
shift from granting the observer only /-quadrature infor-
mation (which we would usually call an optimal readout
quadrature), and correspondingly maximal z back action
and no effect on the qubit’s x and y components. By rotat-
ing the phase of the amplifier by 90°, we can reverse the
situation, and produce only stochastic phase back action
[45,54]. For CS + PP readout, these two back actions
are equal in amplitude, as the amplifier favors neither
quadrature. The amplitude and frequency of the x- and y-
component oscillation, on the other hand, are determined
by both the measurement strength and the efficiency of the
measurement system. Therefore, by fitting this set of data,
we can obtain the self-calibrated measurement strength and
the overall efficiency of the measurement setup (see the
Appendix for the detailed procedure). From the data shown
in Fig. 5(a), we obtain an overall efficiency of n = 0.46 for
the coherent light readout method that sets the base line of
our system. By accounting for the known loss in coherence
due to qubit 75, we can also calculate a corrected efficiency
of neor = 0.52.

064092-7



G. LIU et al.

PHYS. REV. APPLIED 18, 064092 (2022)

4x10%

(a) CS+PP (b) TMS high

n=0.58

(c) TMS low n=029

Counts

Jrveee 12x104

Qm/o

FIG. 5.

Quantum efficiency obtained by analyzing the back action of weak measurements. Tomography data for the x and y (blue

stars and red dots) components of the qubit Bloch vector after we apply a weak measurement (see the Appendix for details) are plotted
against the left axis. The counts observed for each x and y tomography data point are shown with black down-pointing triangles and
green up-pointing triangles, plotted against the right axis. The data are recorded for coherent light as well as two-mode squeezed light
at relative pump phase points such that the ground and excited state qubits have the same noise level. Data are then fitted to the theory
model for coherent light [42]. The measurement strength is adjusted such that all the measurements have the same SNR. The efficiency
value obtained for each point is shown as well. The 7 is the quantum efficiency extracted from the fitting model. A surprisingly low
quantum efficiency is observed when the system has low output noise level.

Figures 5(b) and 5(c) show the results of applying the
same protocol for two-mode squeezed light readout at
the “TMS high” and “TMS low” matched noise points,
respectively. We have adjusted the drive amplitudes to
match all three measurement conditions’ SNR (and cor-
respondingly their z-component back action; see Fig. 15 in
Appendix A 5). However, the data clearly show that both
the oscillation frequency and amplitude of the x and y com-
ponents are very different from the CS + PP case, which
indicates that the back-action strength and quantum effi-
ciency are very different. From the same fits, we obtain a
quantum efficiency of 0.58 at the “TMS high” point, and
0.29 at the “TMS low” point.

The difference in the measurement efficiency with TMS
light seems to be similar to the qubit readout with single-
mode squeezed light and a phase-sensitive amplifier. For
example, in Ref. [35], a similar reduction in quantum
efficiency was observed when noise in the information-
carrying quadrature is squeezed, which was explained as a
consequence of an effective reduction in the quantum effi-
ciency of the output chain following the quantum limited
phase-sensitive amplifier; when quantum noise in the sig-
nal is reduced, the relative contribution of the fixed amount
of noise added by the output chain is increased; thus,
the quantum efficiency of the output chain is effectively
reduced, and so is the overall quantum efficiency. How-
ever, this possible cause can be ruled out in our experiment.
As shown in Fig. 16 in Appendix A 6, even if we vary the
relative noise contributed by the analyzer and the output
chain, the known changes in output noise cannot simulta-
neously explain the results at “TMS high” and “TMS low”
points. The disagreement between our data and the theo-
retical estimation suggests that an intuitive explanation is
not sufficient. The full quantum explanation of the problem

remains an interesting question in quantum measurement
theory to be addressed in future work.

IV. CONCLUSIONS AND OUTLOOK

In this work, we demonstrate a scheme for dispersive,
interferometric readout of a superconducting qubit with
two-mode squeezed light and phase-preserving amplifica-
tion. In this readout scheme, we can increase the SNR
of projective readout by suppressing the noise output of
our amplifier below the usual Cave’s limit for a phase-
preserving amplifier fed with unsqueezed vacuum [§]. In
our experiment, despite photon loss, we achieve a 31%
improvement in the power SNR compared to standard
coherent light plus phase-preserving amplification readout.
With straightforward improvement in JPC compression
power and bandwidth [7], we expect the SNR of our read-
out method to surpass the state of art of standard coherent
light readout in next generation experiments. For multi-
plexed readout in large-scale superconducting circuits, our
readout scheme can be implemented with a broadband two-
mode squeezed light source such as traveling-wave para-
metric amplifiers [55,56] and impedance-matched broad-
band cavity-based JPAs [57,58].

A still more interesting result emerges as we investigate
the quantum readout efficiency of our TMS interferometer
using weak measurements at points where the noise output
is the same for both qubit states. These data show that there
are important effects on the ratio between z back action and
the concomitant qubit phase back action of this measure-
ment process relative to other known readout schemes. It
appears that the increase in the SNR at the “TMS low”
match point comes at the cost of reducing the trackability
of phase back action. Conversely, at the “TMS high” match
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point this phase trackability is enhanced. Although we rule
out post-interferometer noise as the source of this effect,
more theoretical work is needed to understand the role of
inefficiencies inside the interferometer due to imperfect
squeezing or amplification and losses in the interferome-
ter arms. This limitation notwithstanding, the fact that the
“TMS high” match point gives desirable quantum prop-
erties at a point that deliberately degrades the SNR and
fidelity of the projective measurement should encourage
exploration of measurement methods that are not just the
quantum analogs of good classical measurement schemes.

Finally, while tracking a single qubit’s phase dur-
ing measurement is not of direct value for single-
qubit measurements in quantum computing, measurement-
based entanglement is a vital component of many error-
correction schemes in quantum information, and in these
schemes [51,59,60], maintaining or tracking two-qubit
phase coherence during a high-fidelity measurement is
vital. Our current experiment can be readily extended to
two-qubit entanglement [59] by adding a second qubit on
the lower arm, and we expect the ability to rebalance mea-
surement strength and phase trackability in sifu to give
crucial tolerance for losses and inefficiencies that currently
limit these experiments.
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APPENDIX

1. Cryogenic microwave setup

The experiment is cooled down to around 20 mK
on the base stage of a dilution refrigerator. The cryo-
genic microwave setup is shown in Fig. 6. Fridge input
lines carrying signals from room temperature to the sys-
tem are attenuated and filtered with homemade lossy
Eccosorb filters. Room-temperature electronics, which
include microwave generators, 1Q mixers, and an arbi-
trary waveform generator, are used to produce microwave
pulses to drive the qubit and cavity. Both the qubit and
cavity drives are sent into the system through the qubit-
cavity input line, which connects to the weak port of the

cavity. The JPCs are pumped with the Keysight microwave
generator. The output signal from the TMS interferometer
is amplified by a chain of low noise cryogenic and room-
temperature amplifiers before been down-converted, digi-
tized, and demodulated with a room-temperature reference

copy.

2. Sample parameters

The cavity in our experiment is a three-dimensional
(3D) aluminum coaxial post cavity with a resonance fre-
quency of w./2w = 7.447 GHz, coupling quality factors
of Osirong = 752 on the strong port and Qyear ~ 1000000
on the weak port. Therefore, the cavity linewidth seen from
the strong port is «/2m = 9.9 MHz. The superconduct-
ing qubit is a 3D transmon qubit made by utilizing the
commonly used Dolan bridge technique with a ground to
excited state transition frequency of w,. /2w = 4.102 GHz,
anharmonicity « = 180 MHz, and a qubit-cavity disper-
sive coupling strength of x /27 = 1.8 MHz. This qubit has
a Ty of 18.2 us, and a Thg of 4.4 ws (Trg is 4.6 ws). The
cavity is placed in an aluminum shield that is inside a p-
metal cryoperm shield. The whole system is wrapped in
mylar.

3. Pump leakage cancelation and characterization

Because of the design of our JPC, the applied pump tone
preferentially leaves from the signal and idler ports. Sim-
ilarly, a pump tone can enter a JPC through its signal and
idler ports (though in practice we apply pump tones only
to the designated pump port). Thus, in our experiment, a
fraction of the pump signal of each JPC always leaks into
the other JPC through the arms of the interferometer. As
both JPCs are biased such that their mode frequencies are
matched, this pump leakage could severely affect its oper-
ation. Thanks to the directionality of the signal flow in the
interferometer imposed by the circulators, pump leakage
from analyzer JPC to entangler JPC is attenuated by —40 to
—50 dB by the two circulators and can be safely neglected.

On the other hand, pump leakage from entangler JPC
only experiences minimal attenuation on its path to ana-
lyzer JPC. Furthermore, analyzer JPC is operated with high
gain (20 dB), which makes it extremely sensitive to pump
power variations; to the first order of pump power, a rela-
tive pump power variation of Ap leads to a gain variation
of VG(G + 1)2Ap, namely a 1% variation of the pump
power at G = 100 (20 dB) translates into a gain varia-
tion of AG = 10 (0.4 dB). For example, with Gp = 4 dB
and G4 = 13 dB at the interested frequency when they are
turned on separately, we observe that G4 varies between
6 and 31 dB depending on the relative pump phase when
both amplifiers are on, which corresponds to a £50% vari-
ation of the pump power in analyzer JPC. Therefore, to
ensure proper operation of the interferometer, it is crucial
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to minimize the pump power variation in the analyzer
caused by entangler pump leakage.

To minimize the unwanted effect of entangler pump
leakage, we deliver the pump signals to the JPCs through
a circuit shown in Fig. 7, similar to that used in Ref. [40].
In this circuit, the entangler pump is split and fed to two
IQ mixers that provide both JPC pumps. The analyzer’s
pump signal is a combination of the desired analyzer pump
and a phase and amplitude shifted copy of the entangler
pump that cancels its leakage in the analyzer JPC. Experi-
mentally, we minimize the leakage by varying the analyzer
pump phase and identifying the correction factor where
analyzer gain is insensitive to the presence or absence of
the entangler pump. Another way of eliminating the pump
leakage to the analyzer could be to add low-pass filters
on both arms of the interferometer. However, this would
introduce additional loss to the interferometer and degrade

50 Q

Wiring diagram of the cryogenic microwave measurement setup.

its performance. Therefore, we choose the active method
described here. Furthermore, to prove that this effect is
due entirely to pump leakage, and not two-mode squeez-
ing effects in the interferometer, we verify the presence
of pump leakage and our cancelation scheme with the up-
stream, entangler JPC tuned far away in frequency with
flux.

To quantify the amount of residual pump leakage in
the analyzer, we operate the analyzer at the 20-dB gain
pump condition and measure the output signal strengths
when a coherent drive is applied to the cavity weak port
while sweeping the relative pump phase and entangler
gain. Figure 8(a) shows the output signal strength normal-
ized to that when the entangler is off for the qubit in |g).
The oscillation of the output signal strength with relative
pump phase manifests the interference between the resid-
ual entangler pump leakage and the analyzer pump. In this
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FIG. 7. Wiring diagram of the room-temperature setup for
canceling the pump leakage. The output of a single generator
(Keysight N583B) is split and fed to two IQ mixers that con-
trol the two JPC pumps. The signal applied to analyzer JPC is
the sum of the desired pump and a correction designed to cancel
leakage due to the entangler JPC pump. The use of a single gen-
erator has the additional benefit of stabilizing the relative phase
of the two pumps, as a drift in phase of the generator affects both
pumps equally.

case, the total time-averaged pump power in the analyzer
can be written as

P = Py(1 + € cos(Ap + ¢o) + €2), (A1)
where Py is the pump power of the analyzer pump, € is
the relative amplitude of the residual pump leakage, A¢
is the relative pump phase, and ¢y is the constant phase
shift between the pump leakage and the analyzer pump.
The term €2 can be neglected in our analysis since € ~
0.01. Consequently, the gain of the analyzer, to first-order
dependence of the pump power, can be written as

G™S = G+ /G4(V/ Gy + 1)2e cos(Ad + dy), (A2)

where G4 is the gain of the analyzer without entangler
pump leakage. The normalized output signal strength is

B

pTVS Gy + VGi(V G4+ 1)2e cos(Ag + ¢o)
Des G$®
(A3)
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FIG. 8. Normalized signal strength of qubit readout with

coherent light and displaced two-mode squeezed vacuum for the
qubit in |g). (a) Average output voltage of a displaced two-mode
squeezed vacuum state normalized to that of a coherent light state
versus relative pump phase for different entangler gains. Data are
represented by colored symbols and the corresponding theoret-
ical fittings are represented by solid lines of the same color. (b)
Analyzer gain (G,), gain variation (A G,), and relative amplitude
of the entangler pump leakage (¢) versus entangler gain from fit-
ting data in (a) with Eq. (A3). Color of the symbols represents
entangler gain.

where G{® = 20 dB is the analyzer gain when the entan-
gler is off. By fitting data shown in Fig. 8(a) with Eq. (A3),
we can get G4 and € for given entangler gain. In Fig. 8(a)
the fitting to the data of a given entangler gain is shown
by solid lines of the same color. Figure 8(b) shows fit-
ting results of G4, €, and maximum gain variation AG4 =
€x/G (/G4 + 1)? with respect to the relative pump phase
for all the different entangler gains.

The fitting gives an analyzer gain of G4 = 19.7 dB with
the entangler on with gain Gg < 3 dB. The small reduction
(0.3 dB) of the analyzer gain with the entangler on is a
result of imperfect cancelation of the pump leakage. For
entangler gain G > 3 dB, the analyzer gain decreases as a
consequence of gain compression caused by increasing the
power of the displaced TMS light. The residual entangler
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pump power leakage also increases with the entangler gain
from 0.01 to 0.03 of the analyzer pump power, which is
40 to 13 times smaller than that without the cancelation
circuit.

4. Noise and SNR of qubit readout with the TMS
interferometer

The generation and detection of TMS vacuum with
two nondegenerate phase-preserving Josephson paramet-
ric amplifiers similar to JPC have been demonstrated in
Ref. [40]. Here, we first summarize the relevant results
from this work and then develop the theory for predicting
the SNR improvement achievable in our experiment.

a. Gain of the TMS interferometer

The input and output of the two modes, a and b or signal
and idler, of a phase-preserving amplifier (e.g., a JPC) is
related by the scattering relations of the amplifier:

— Q) ¢ — . i o i
Aot = S'ainS = coshraj, + €'¥ sinhrb; ,

bl = Sh! § = e sinhray, + coshrb] .

out —

(A4)
(A5)

Here cosh 7 = +/G and sinhr = /G — 1 are the amplitude
gains in reflection and in transmission, and ¢ is the phase
of the pump tone. When two identical JPCs are respec-
tively connected with their two ports, it is straightforward
to calculate the scattering parameters for the combined sys-
tem using the equations above twice. For example, the
output field operator of the signal port of the second JPC,
the “analyzer,” is

aqout = SaaaE,in + S:bb;ff,in (A6)

with

Saa = coshrg coshry + €9 sinh rg sinh 7y, (A7)

Sup = e 9E (coshr, sinhrg 4+ e *2? sinh r4 cosh rg),
(A8)

where ¢z, ¢4 are the pump phases of the two amplifiers,
and A¢ = ¢4 — ¢g is the relative pump phase between
them. Here S, and S,; represent the amplitude gains of the
input signals to the signal and idler ports of the first JPC,
respectively. It is straightforward to see that the amplitudes
of S,, and S,;, will both vary with the relative pump phase
A¢. When two JPCs have a matched gain (rg =ry =7r)
and a relative pump phase of 7, the total gain of the sys-
tem will become cosh? r — sinh® » = 1, indicating that the
output signal power will be the same as the input sig-
nal. In the ideal case, when there is no loss and no added
noise inside the interferometer, the output noise will just be
the uncorrelated vacuum noise present at the input of the
interferometer.

In practice, there is always photon loss inside amplifiers
and along the paths between the two amplifiers. Without
distinguishing these different loss mechanisms, we model
photon loss in our TMS interferometer with beam split-
ters that partially transmit the incoming signal and couple
uncorrelated noise from background thermal baths into the
interferometer [40].

Figure 9(a) shows a schematic of our model of the
interferometer. In order to accurately capture the effect of
photon loss inside the TMS interferometer on qubit read-
out with TMS light, we use two beam splitters—before
and after the qubit-cavity system—to model loss in the
upper arm. Because of the symmetry of the upper arm
with respect to the qubit-cavity system, the two beam split-
ters are identical. The power transmission coefficient of
the beam splitters on the upper arm is 1, and that of the
beam splitter on the lower arm is 7,. The qubit-cavity
system is modeled as a phase shifter that adds a qubit-state-
dependent phase shift 6, on the upper arm, where 6, = 6
for the qubit in |g) and —0 for the qubit in |e). The output
at the signal port of the analyzer now becomes

aqout = SaaaE,in + Szbbz,in + Maqsam + M:bbjh (A9)
(@) Output
B 0 g
Pump Pump
—{ G, D] b4 G, P 4| e

|
. B N8 Ha

(b) Beam splitter:
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FIG. 9. Two-mode squeezed light interferometer with beam
splitters representing loss in the signal pathway. (a) Entangler
and analyzer JPCs are represented by squares with their gain
and pump phase, respectively. Square with symbol 6, represents
the qubit-cavity system that introduces an extra qubit-state-
dependent phase shift of 6, to light propagating on the upper
arm of the interferometer. (b) Photon loss is modeled by a beam
splitter with power transmission coefficient 7. It transforms the
signal mode operators a and bath mode operator ay, of the
same frequency into ,/na + /1 — nay, and /1 — na + /nay, in

transmission, respectively.

064092-12



NOISE REDUCTION IN QUBIT READOUT...

PHYS. REV. APPLIED 18, 064092 (2022)

with

Ry (e’wq _A¢)na coshr, coshrg

+ /15 sinhr4 sinh rE) , (A10)

Sap = €94 (efi(o"fA‘p) N, coshry sinhrg
+ /1y sinh 7 coshrg), (A11)
M, =+ nae’p‘f)mcosh r4, (A12)
My, = e %1,/1 — , sinhry. (A13)

Comparing to Eq. (A6), the two extra terms in Eq. (A9)
represent the contribution of noise to the output signal.
Comparing Egs. (A7)+A8) with Egs. (A10)+(All), we
see that the loss in the interferometer indeed leads to a
reduction in the gain of the input signal.

The qubit-cavity system, on the other hand, introduces
a qubit-state-dependent phase shift between the two arms
through which the qubit state information is encoded in
the gain of the interferometer. If the qubit measurement
signal enters the interferometer from the input port, the
entangler [33], then both its average amplitude and fluctua-
tion measured at the output of the analyzer would carry the
qubit state information. However, this way of measuring
the qubit state with TMS light has the drawback that the
average amplitude of the signal is also reduced when the
noise is reduced. This effectively reduces the SNR of the
signal at room temperature since a fixed amount of noise
will be added to it by the low noise amplifiers (LNAs) on
the output line. In our experiment, the qubit measurement
signal entering from the weak port of the cavity will only
interact with the analyzer; therefore, the average amplitude
of the output signal will be independent of the qubit state.
Instead, the fluctuation or noise of the output signal will
carry the qubit state information.

b. Noise of the TMS interferometer

In experiment, we measure both the in-phase (/) and
quadrature (Q) components of the output signal, which are
related to the field operators by

a+a ,aT—
, =1
2

I= (A14)

The noise power of the output signal is proportional to the
variance of the signal o2, which is given by

2

o =0} + 0} (A15)
with
of = (I%) = (1)
= 1({@*) — (a)* + (@) — (a)?)
+1ata) —(a)ia)) + 1, (A16)

o = (%) — (0)*
= —1((d®) = (a)* + (@) — (d")?)
+ 1(a'a) — (@")a) + 1. (A17)

Under the condition that both the input fields of the entan-
gler and the bath modes are in vacuum states, for the output
of the signal mode of the analyzer, we have

2 2

1,7 1
O .0ut> 90,0ut = §<aA,outaA,0ut) + 4 (AIS)

From Eq. (A9), we get
ad a = *ql bg; *al b
tout@d.out] = (\ A1 ag i + 2DEin + a3ay + 4D
X (cxlaE,in + o bgm + azay + cxjfbjh>>

= |y |? <bE,inbE,in> + g <bthb‘Th>

i6g—=A¢) N, coshry sinh rg

= |e
+ /1, sinh 74 cosh rel> + (1 — np) sinh? r4

= (nﬁ cosh? 4 + Np sinh? 74) sinh? rg

+ '7”*2/% sinh 2r,; sinh 2 cos (6, — Ag)
+ sinh? r4. (A19)

Therefore,

sinh? r
2

2 2 2 2 12
O/ out> O,0out = (M cosh” ry + n, sinh” r4)

+ ”“ﬁ sinh 2r,; sinh 27 cos (6, — Ag)

cosh 2ry4
4

In the special case of rz = 0, namely the entangler is off,
the output noise photon number is cosh2r,/2, which is
the output noise of a quantum limited phase-preserving
amplifier with vacuum noise input on its signal and idler
port.

Equation (A20) gives the output noise photon number
at the signal port of the analyzer. It is related to the noise
photon number measured at room temperature by

(A20)

02 = Gou (0_02ut + Nout)’ (Azl)

where G,y is the total gain of the output line, Ny is
the added noise photon number referred back to the input
of the HEMT. Therefore, the ratio of TMS light noise
output and coherent light noise output measured at room
temperature is

o2 o2 « + Nout
— = h‘;’ N (A22)
0&s cosh2r4/2 + Nyyt
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c. SNR of qubit readout with the TMS interferometer
As defined in Eq. (2), the SNR of qubit readout is

I — I + (08 — 09)?

SNR =
Ug? + o}

; (A23)

where the signal strength is given by the separation
between the distributions of measurement results corre-
sponding to qubits in |g) and |e). For a given qubit-cavity
system, this separation is proportional to the strength of the
measurement pulse and total amount of amplification. In
our experiment, the strength of the measurement pulses are
the same for TMS light and coherent light readout, and the
total gain of the LNAs following the analyzer is constant;
therefore, the ratio between the SNR of TMS light readout
and coherent light readout recorded at room temperature is

SNR
SNRcs

2 2 TMS
ofs + o, GA

2 2 cS °
Ocsg T 0Cse G,

(A24)

where analyzer gain variation due to residual entangler
pump leakage has been taken into account.

d. Photon loss inside the TMS interferometer

Equations (A22) and (A24) give expressions for noise
and qubit readout SNR of TMS light normalized to that
of coherent light. In order to compare their predictions to
data, we need to know the following parameters: n,, 17,
and Nyy. In this section, we show how to determine these
parameters in our experiment.

First, the ratio 775771: is determined by measuring S,
[Eq. (A10)] with a vector network analyzer (VNA). In par-
ticular, S,, is measured under four different conditions.
(1) Both the entangler and analyzer are off; thus, S,, =
en,. (2) The entangler is on and the analyzer is off}
thus, S,, = e, coshrz. (3) The entangler is off and the
analyzer is on; thus, S,, = ¢%n, coshr,. (4) The entan-
gler and analyzer are both on; thus, S, takes the form in
Eq. (A10).

Although it seems straightforward to determine 7, by
measuring S,, with both the entangler and analyzer off,
the measurement result recorded at room temperature is
GgysSaa Tather than S,,, where Gy is the total gain of
the system that is determined by the total attenuation on
the input line and total gain on the output line. To deter-
mine Ggy, separate measurements are needed. Therefore,
a measurement under condition (1) alone cannot determine
the value of n,. However, it can be used to normalize the
measurement results under conditions (2) and (3) to obtain
the entangler gain (cosh? r,) and analyzer gain (cosh® r4),
respectively. By combining these results with the measure-
ment under condition (4), we can determine 127.

We measured S,, for a range of entangler gains Gz =
cosh? 7z and pump phase differences A¢ while keeping the

analyzer gain to G, = cosh® 74 = 10 dB and the qubit in
state |g). We perform this characterization measurement
with relatively small analyzer gain (10 dB) to minimize
the effect of gain variation due to entangler pump leakage,
and unwanted higher-order effects in the analyzer.

As examples, Fig. 10 shows data for Gz = 0.67 and 9.15
dB. By fitting these data with Eq. (A10), we can extract the
ratio of the transmission coefficient of the upper and lower
arms, 175 /np, which is found to be 0.8. This imbalance in
transmission between the two arms is mostly due to the
insertion loss of the extra circulator and cables on the upper
arm that connects to the qubit-cavity system. Typical inser-
tion loss of this circulator (Qunistar 4 to 8 GHz cryogenic
circulator) is 0.2 to 0.5 dB per pass, which would give 0.4
to 1.0 dB (0.1 to 0.2) of additional loss on the upper arm.
We estimate that extra cables in the upper arm contribute
to about 0.5 dB loss to the signal.

In order to determine the absolute values of 7, and
N, in principle we would need to know Ggy—the total
gain of the system—as discussed earlier. However, as the
power transmission coefficients also represent the quantum
efficiency of transmitting information with photons along
these signal pathways, we can deduce their values from the
quantum efficiency of the system.

In this case, we determine the quantum efficiency n of
the part of system between the qubit-cavity and room-
temperature electronics by performing weak measure-
ments on the qubit with coherent light. It is related to

Na by

11 = NaMout, (A25)
30
)
Z 20
C
T
O
2 10X/ G
= 9 15 dB
—d= (.67 dB
0 L
0 360 720
A¢ (deg)

FIG. 10. Transmission measurement of the S parameter S,, of
the TMS interferometer as a function of the relative pump phase.
The gain of the analyzer JPC, Gy, is fixed to be 10 dB during
the measurement (to avoid gain saturation for large entangler
gain settings), as shown by the black dashed line. The blue tri-
angle and red star traces correspond to the different gains of the
entangler JPC.
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where 7,y is the quantum efficiency of the output line,
which is dominated by the quantum efficiency of HEMT.
From the weak measurement (next section), we find that
n = 0.52 (0.46 without correction of the qubit 7, effect).

The quantum efficiency of the output line is directly
related to the added noise photon number of the output line
Nout by

02

_ A26
o? + Nout ( )

Nout =
where o2 is the output noise photon number of the ana-
lyzer. The added noise photon number of the output line
is determined from the noise visibility ratio (NVR) of the
system, which is defined as

o’ + Nout

NVR = ——,
1/2 +Nout

(A27)
the ratio between the output noise power with the analyzer
on and that with the analyzer off while only vacuum noise
is present at its input.

In our experiment, the NVR is measured to be 7 dB
when the analyzer gain is 20 dB. Under the assumption that
the analyzer is quantum limited, we get Ny = 24.8, which
corresponds to a noise temperature of 8.9 K at 7.5 GHz that
is typical for such a system. From Eq. (A26), we then get
Nout = 0.8. Combining these results with Eq. (A25), we get
nq = 0.65. From n2/n;, = 0.8, we get n, = 0.53.

With all these parameters determined, we can now
directly calculate the normalized output noise and qubit
readout SNR and compare them with experimental data.
However, as mentioned earlier that analyzer gain varies
slightly with the relative pump phase due to entangler
pump leakage, we instead use Eqs. (A22) and (A24) to fit
the normalized output noise and qubit readout SNR with
the analyzer gain as the only fitting parameter, respectively.
The fitting curves are shown in Figs. 2(a) and 4(a) with
colors corresponding to their respective data sets. Opti-
mal noise suppression and the SNR extracted from the data
(color dots) and calculated from Eqgs. (A22) and (A24) are
shown in Figs. 2(b) and 4(b), respectively. Analyzer gain
obtained from these fittings is compared to that obtained
from the pump leakage fitting in Fig. 11. Except at Gp =
4.5 dB, analyzer gain values from the noise fitting and
SNR fitting agrees reasonably well with each other, and are
both within the range of gain variation caused by entan-
gler pump leakage. Both fittings give average analyzer
gains over the full range of relative pump phases that are
expected to be different from the gain with the entangler off
(black dots). In addition, analyzer gain obtained from fit-
ting the SNR data is an average of the values for qubits in
|g) and |e) that are slight different from each other. There-
fore, analyzer gain from noise fitting shows better overall
agreement with the experiment value than that from SNR
fitting.

1 il
- _
204 t 1
) e~ - ¢
194 L 1 | T e
)
¢ from noise fitting
18 from SNR fitting
-9- expt. value l
1 2 3 4
Ge (dB)
FIG. 11. Fitting value of the analyzer gain (G,). Analyzer

gains (G4) obtained from fitting the TMS noise data [Fig. 2(a)]
and the SNR data [Fig. 4(a)] are shown with blue diamonds and
orange squares, respectively. Black dots represent the analyzer
gain determined from Fig. 8(a). Error bar for each data point is
given by AG, in Fig. 8(b).

5. Back action of the weak measurement

In this section we give a brief introduction of the weak
measurement protocol that we use to calibrate the quantum
efficiency of our measurement. A quantum measurement
will perturb the state of the qubit. This perturbation is
known as the back action of the measurement. For a mea-
surement performed with ideal quantum hardware, the
qubit will still be in pure state after the measurement, as
the evolution of the state can be perfectly tracked from the
measurement record. In the usual coherent light measure-
ment scheme, in order to measure a qubit in state [{) =
¢ 1) + c.|e), we send a coherent light probe signal to the
qubit-cavity system. After the probe signal traverses the
cavity, the coherent light and the qubit form a new entan-
gled state together: |W) = c,|g) |ozg) + ¢ le) |a.). Here
|ag7e) is the transmitted coherent state when the qubit is
the ground or excited state, respectively. This new entan-
gled state will serve as the pointer state of the system and
will be sent through a quantum limited amplifier (e.g., a
JPC) so the signal can be received and processed at room
temperature.

The effect of the back action of a phase-preserving
measurement can be understood as follows: each shot of
outcome will contain the measurements of both quadra-
ture of the output mode, which we denote as (/,,, O,,). This
I-Q pair will be used to determine the state of the qubit
after the measurement and, as has been pointed out in Refs
[42,45], it contains all the information to track the state
evolution of the qubit (provided the measurement is loss-
less). That is, we can reconstruct the Bloch vector for the
qubit after the measurement given the measurement result
(L, Om). However, in an actual experiment, there will also
be losses. Therefore, we introduce the concept of mea-
surement efficiency 1 = (02;,)/ (07 + 02) as a way to
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measure how much quantum information is collected by
the observer. Here oyyjs is the fundamental quantum noise
from Heisenberg’s uncertainty principle and o,qq is the
noise added by the amplification chain in the measurement
setup. As an example, for a qubit that is initially pre-
pared in state |[+y) = (|g) + |e))/~/2, the final qubit Bloch
vector (x7,yr,zr) is a function of measurement outcome
(L, On) (for simplicity, we neglect the qubit decoherence
and the all losses before the quantum limited amplifier).
Hatridge et al. [42] found that

Imjm . mjm _mjm 1 -
Xp (L, Om) = Sech< > )sm[Q — + 0 > ( ”)}
’ o o o n

}, (A28)

Imlm Qmim Qmim 1— Ui
Yr (I Qm) = SeCh< o2 )COS[ o2 + o2 ( n )j|
= B
X exp { - %(%) }, (A29)
Ll
2 (I O) = tanh(?), (A30)

where I, Qm and o are the center and standard deviation
of 2D Gaussian distribution corresponding to the coher-
ent measurement pulse. The above results indicate that by
observing the measurement back action we can obtain the
measurement efficiency as a parameter to assess the quality
of the measurement apparatus.

We use the pulse sequence shown in Fig. 12 to obtain the
measurement back action. We first use a strong projective
measurement and record the data from which we postse-
lect to pick out the runs with the qubit found in the ground
state. Next, we rotate the qubit into the |+y) state with
a /2 pulse. Then, we deliberately apply a measurement
with a strength weaker than the projective measurement,
and record the result. Finally, we do full tomography on
the qubit state to determine its Bloch components with
another projective measurement. To get the back-action
result for a certain weak measurement outcome (1, On,),
the Bloch components of the qubit ((x)., (v)., (z).) are cal-
culated from the tomography result conditioned on record-
ing the specific weak measurement result in a finely binned
histogram.

A theoretical result is shown in Fig. 13. When the mea-
surement strength is weak, the ground and excited state
distributions largely overlap with each other. Their sep-
aration increases as the measurement strength (or SNR)
increases. For the strong measurement case, by definition,
the two distributions are well separated. The conditional
tomography data (X)., (¥)., and (Z). versus measurement
outcome (/,,/0, O, /0) is also shown in the figure. When

Measurement
with a weak
strength

Tomography
R, (m/2)

Ry(-m/2)
‘ 1d

State preparation

|
Ry (1/2)
4
Qubit )

{

Cavity

FIG. 12. Pulse sequence for quantifying measurement back
action. This pulse sequence comprises three stages of qubit and
cavity manipulation. The first stage is state preparation, during
which the qubit is first projected to state |g) by a strong mea-
surement (blue box) and postselected, and then rotated to state
(lg) —i—ile))/ﬁ by a R,(w/2) pulse (red Gaussian). The sec-
ond stage is a weak measurement, during which the qubit state
is measured by a weak measurement pulse (thin blue box) and an
outcome (7, Q,,) is recorded. In the third and final stage a qubit
state tomography is performed by a combination of qubit rotation
pulses (red Gaussian) R(7/2), R,(—m/2), or Id (no pulse) and
a strong measurement (blue box) pulse. Note that a similar pulse
sequence is used to record the back action of the noise measure-
ments; see Fig. 3. The only difference in the noise measurement
is replacing the middle weak measurement with a record of noise
of the system. That is, we apply no cavity drives, but only digitize
the output noise of the system.

the measure strength is weak, the qubit state receives mini-
mal perturbation from the measurement, with the outcomes
corresponding most probably to Bloch vectors along the
+y direction. In practice, any outcome is possible, but
outcomes that are very improbable require too many mea-
surements to be practically observed, and so we truncate
the theory and set all points to gray, which are more than
20 away from the centers of the two Gaussian blobs. We
can also see the gradients in (X). along the Q,, axis and
(Z). along the I, axis, indicating the back action of the
measurement. In an actual experiment, after getting these
back-action data with this weak measurement protocol, by
fitting the x- and y-conditional tomography data for out-
comes where the z component is zero (where 7,, = 0 in
the theory plot), we can extract the measurement efficiency
as a single fit parameter by comparing the frequency of
oscillation (which we can extract from the histogram) to
the amplitude of oscillations using the theory expression
above.

When the measurement is strong, the qubit is then pro-
jected along the +z direction for positive 7, values and —z
direction for negative 7, values. The oscillations in (X),
and (Y). (where the z back action is weak) are still visi-
ble very near /,, = 0 but are both very improbable (hence
nearly being pinched off by our chosen cutoff in the graphs)
and very quickly varying, which will be almost impossible
to detect in a practical lossy environment with a reasonable
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FIG. 13. Theory result for the measurement back action. Theory results for the back action of a “weak” (In/o = 1.0) and “strong”
(I,,/o = 3.0) measurement. The three histograms show (X')., (¥)., and (Z). versus the associated (1,,/o, O,,/0) bin.

number of repetitions of the protocol. Note that we have set
a relatively “weak” projective measurement to make this
effect more visible.

Figure 14(a) shows the data of the qubit state tomogra-
phy for weak measurements with coherent light (top row).
This result is similar to what we get from the theoretical
model in Fig. 13(b) but with less contrast, which is due
to the finite measurement efficiency of the system. Data
shown in Fig. 5 are line cuts of the x and y tomography data
along 1,, = 0, where there is no z back action. Oscillation
in {x). and (). shows the stochastic phase back action. By
fitting the back-action data of a weak measurement to the
theory model given in Eqgs. (A28), (A29), and (A30), we
obtain the overall efficiency for the measurement reported
in the paper by comparing the frequency and amplitude of
the oscillations.

For TMS light high- and low-matched readout, we can
use this protocol to probe the measurement back action.
While we lack a full theory for this back action, we are
encouraged by the overall outcomes resemblance to “CS
+ PP with altered noise.” Indeed, in Figs. 14(b) and 14(c)
we see a close resemblance of the data to CS + PP readout.
The strength of the cavity drive is varied such that the sep-
aration of the two states in the histograms is the same, so
that 1,, /o match. This should result in a z back action that
is indistinguishable for all three case. As shown in Fig. 15
in which we plot a line cut of (z). through Q,, = —4, this
is indeed the case. Given that the data do not vary with
O, we could also have averaged all data along Q,, to
achieve a similar result. However, the x and y back actions,
although similar in form, show very different apparent
strengths and efficiencies, as discussed in the main
text.

6. Noise visibility ratio and quantum efficiency

In this section, we show that the observed large changes
in quantum efficiency of the three readout methods cannot
be explained by changes in the ratio of the output noise
of the TMS interferometer and the classical noise from the
output chain.

The overall quantum efficiency of the system extracted
from the weak measurement protocol can be expressed as

1 = NAmp Mout, (A31)

where namp is the efficiency of the system before HEMT
(qubit-cavity system and JPC and TMS interferometer)
and noy is the efficiency of the output chain after the
analyzer JPC that is dominated by the efficiency of the
HEMT amplifier. The efficiency of the output chain can
be expressed as

N, Amp

v (A32)
NAmp + Nout

Nout =

where N, is the output noise power of the analyzer JPC
and N, is the added noise power of the output chain
referred back to the input of the HEMT. An easily mea-
surable quantity in the lab that is closely related to 7oy 1S
the NVR,

N, N,
NVR = _vAmp + Nou (A33)
out
It is easy to see that
=1 ! (A34)
Nout = NVR .
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FIG. 14. Experimental data for back action of the weak measurement. Results are shown for the back action of the weak measure-
ment for coherent light (a) and two-mode squeezed light at high (b) and low (c) noise level match points. In all three cases, the strength
of the weak measurement is 1,,/o = 0.66. The leftmost column shows the 2D histograms of scaled measurement outcomes recorded
during the weak measurements. The right three columns are the conditional tomography data for the (x), (), and (z) components
versus the associated (,,/o, Q,,/0) bin. The value in each bin is the average of all tomography data associated with that (Z,,, O,,)

value.

In our experiment, the NVR is typically 7 dB when the
analyzer JPC is operated at 20-dB gain. Therefore, for
coherent light readout, given n = 0.46 extracted from the
weak measurement, we have namp = 0.58 for our system.
Now consider the case of TMS light. Even though we
do not measure the NVR directly, we can calculate it based
on the NVR of coherent light and the noise suppression or
enhancement shown in Fig. 3. The NVRs for TMS at the
high (H) and low (L) match points can be expressed as

NH/L N HJ/LN 2
NVRZE =1+ A}Ms =1+ f(—ams) . (A35)
out out \ OCS

which is larger (smaller) at the high (low) match point than
that of coherent light. Consequently, the efficiency of the
output chain (7,,) will also be larger (smaller) than that of
the coherent light readout.

If we assume that the quantum efficiency of the TMS
interferometer is the same as that in the coherent light
case, namely, namp = 0.58, and a typical coherent light

NVR, 7 dB, then, given the (o}, )/ocs = 1.21 and
(U%MSL) /ocs = 0.86, we can calculate the overall quantum
efficiency of the system at the high and low ¢ match points.

1.0
& 0.0F
-o- CS+PP
-+ TMS High
—— TMS Low
—10 1 1 1
—4.0 0.0 4.0
Ln/o

FIG. 15. Experimental data for z-axis back action of the weak
measurement. Tomography data for the z component of the qubit
Bloch vector along Q,, = —4 of the 2D histograms shown in
Fig. 14. Different colors indicate the cases CS + PP, “TMS high”
match, and “TMS low” match.
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FIG. 16. Calculated overall efficiency of our measurement
system for two-mode squeezed light as a function of the NVR for
different analyzer JPC/TMS interferometer efficiencies. Overall
efficiency of the system versus NVRs at “TMS low” and “TMS
high” match points for different amplifier efficiencies namp =
0.35 (blue dash line), 0.45 (green dotted line), and 0.55 (red line).
The black dashed lines show the values of the efficiency obtained
from the weak measurement protocol.

We get 7 = 0.48 < nlf =058 and n* = 042 > nf =
0.29.

More generally, in Fig. 16 we plot the overall efficiency
as a function of the NVR for different values of namp. It
clearly shows that the measured efficiency at “TMS low”
and “TML high” match points requires, in addition to
changes in the NVR, the analyzer JPC/TMS interferometer
to have different quantum efficiencies, which itself requires
further study.
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