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Deterministic quantum computation with one qubit (DQC1) is iconic in highlighting that exponential quan-
tum speedup may be achieved with negligible entanglement. Its discovery catalyzed heated study of general
quantum resources, and various conjectures regarding their role in DQC1’s performance advantage. Coherence
and discord are prominent candidates, respectively characterizing non-classicality within localized and corre-
lated systems. Here we realize DQC1 within a superconducting system, engineered such that the dynamics of
coherence and discord can be tracked throughout its execution. We experimentally confirm that DQC1 acts as a
resource converter, consuming coherence to generate discord during its operation. Our results highlight super-
conducting circuits as a promising platform for both realizing DQC1 and related algorithms, and experimentally
characterizing resource dynamics within quantum protocols.

Quantum technologies promise to deliver advantages in
wide range of information processing tasks from secure com-
munication [1, 2], solving classically intractable problems [3,
4] to the simulation of complex systems [5–7]. The histor-
ical view held that entanglement enabled this quantum ad-
vantage, a quantum resource that plays pivotal roles in many
quantum-enhanced protocols [8]. However, this picture is in-
complete. For example, universal quantum computation has
been shown to be achievable with little entanglement [9]. The
deterministic quantum computation with one qubit (DQC1)
model of computation provides another noteworthy counter-
point [10]. The protocol enables potential exponential quan-
tum speedup in evaluating the normalized trace of unitary
matrices [11, 12], and its outputs are hard to sample classi-
cally [13, 14], yet contains little or no entanglement. This
motivated a heated search for alternative explanations regard-
ing its source of quantum advantage [15], and catalyzed the
recognition that non-classicality comes in many forms.

Iconic among such developments was discord [16], captur-
ing a more robust form of correlations that can persist in envi-
ronments where entanglement vanishes. Quantum resources
were also proposed to describe non-classical properties to in-
dividual systems. This resulted in a framework for quantifying
non-classicality within coherent quantum superpositions [17]
that has since undergone extensive study [18–33]. Meanwhile,
different resources were shown to be convertible into each
other, a key example being the use of coherence as a resource
for generating quantum correlations [24–26, 34]. The manip-
ulation and interplay of these resources is considered a crucial
element for understanding the origin of the power of quantum
protocols. Indeed, current propositions of how DQC1 gains
its operation power include the build-up of discord [15] and,
more recently, the conversion of coherence to quantum corre-
lations [25].

Here we realize the DQC1 algorithm within a super-
conducting system with a circuit quantum electrodynamics

(QED) architecture [35–37], and monitor the interplay be-
tween coherence and discord in the DQC1 model. We im-
plement the algorithm by coherent control and quantum non-
demolition (QND) projective measurements on a single pure
superconducting qubit dispersively coupled to a harmonic os-
cillator that can potentially provide a maximally-mixed state
with arbitrary dimension. In particular, in our experiment the
maximally-mixed state with a dimension of eight is generated
with repeated application of Kraus rank-2 channels in an adap-
tive fashion [38] and we perform full joint state tomography
on the combined system to characterize the behavior of co-
herence and discord in the algorithm. Even in the presence
of experimental imperfections, we verify that, as theoretically
predicted in Ref. 25, the amount of discord generated during
the computation is upper bounded by the consumption of the
initial coherence of the system. Our work provides the first ex-
perimental characterization of resource conversion dynamics
within DQC1, and extends previous experimental realizations
of DQC1 in linear optics [39] and liquid-state nuclear mag-
netic resonance [40] to a new technological medium.

Coherence is taken to mean the superposition of states in
some basis set {|i〉} [17, 41, 42]. In this work, we focus on
one measure: the relative entropy of coherence [17],

C(ρ) = S(ρdiag)−S(ρ), (1)

where S(·) is the von Neumann entropy and ρdiag is the state
obtained by removing the off-diagonal elements of ρ in the
reference basis {|i〉}.

In a multipartite system, the quantumness of correlations
between subsystems A1, . . . ,An may be quantified with the
global quantum discord D(ρA1,...,An) [43]. This is defined as
the excess of coherence in the global state ρA1,...,An over the
local states ρA1 , . . . ,ρAn , minimized over all basis choices for
each subsystem (see [44] for details).

The DQC1 protocol is illustrated in Fig. 1. The quantum
circuit is fed with n + 1 qubits, consisting of one pure an-
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FIG. 1. DQC1 model. Initially the ancilla qubit is prepared in a
pure ground state and the register qubits are prepared in a maximally-
mixed state. Coherence in the quantum system is then prepared in the
ancilla qubit by a Hadamard gate and converted into discord by a con-
trolled operation Un. Measurements of 〈σx〉 and 〈σy〉 on the ancilla
qubit give the real and imaginary parts of Tr(Un)/2n respectively.

cilla qubit and n maximally-mixed register qubits. As noted
in Ref. 25, coherence-to-discord conversion takes place in this
algorithm. Specifically, coherence is initially generated in the
ancilla qubit by a Hadamard gate. Then a controlled-U gate is
performed to correlate the ancilla and the register qubits, and
thus create discord between the ancilla and register qubits at
the cost of the coherence in the ancilla qubit. Note that the
control basis of the gate is taken to be the reference basis for
which there is no coherence. This process is encapsulated in
the following inequality:

D(ρ̃AR)≤ ∆C(ρA), (2)

where ρ̃AR is the joint state of the n + 1 qubits after the
controlled-U gate, ∆C(ρA) =C(ρA)−C(ρ̃A) is the coherence
consumption during the controlled-U gate, with ρA and ρ̃A the
states of the ancilla qubit before and after the controlled-U
gate, respectively.

We realize the DQC1 algorithm using a superconducting
transmon qubit dispersively coupled to two waveguide cavity
resonators [36, 45–48], as shown in Fig. 2a. The transmon
qubit has an energy relaxation time T1 = 30 µs and a pure
dephasing time Tϕ = 120 µs. One of the cavities (storage
cavity) has a long photon lifetime of τs = 143 µs. The Fock
states in this storage cavity (composing the register qubits)
and the transmon qubit (as the ancilla) constitute the bipartite
parts of the DQC1 circuit [16]. The other short-lived cavity
with a photon lifetime τr = 44 ns is used to readout the ancilla
qubit. High fidelity and QND single-shot measurements of
the ancilla can be achieved with the help of a phase-sensitive
Josephson bifurcation amplifier [49–52]. Each readout mea-
surement throughout our experiment returns a digitized value
of the qubit state. The experimental apparatus and readout
properties are similar to earlier reports in Refs. 53 and 54.

The ancilla qubit and storage cavity are well described by
the dispersive Hamiltonian (omitting small high-order nonlin-
earities)

H/h̄ = ωsa†a+ωa|e〉〈e|−χa†a|e〉〈e| (3)

where a†(a) is the creation (annihilation) operator of the stor-
age cavity, |e〉 is the excited state of the ancilla qubit, and
χ/2π = 1.90 MHz is the dispersive interaction strength be-
tween the qubit and the storage cavity. This strong dispersive
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FIG. 2. Experimental quantum circuit to measure the conver-
sion between coherence and quantum correlations with a DQC1
model. (a) The whole process can be divided into three parts: state
preparation, DQC1 algorithm, and joint tomography measurement.
The maximally-mixed state (∑7

k=0 |k〉〈k|) of the initial registers is
deterministically generated through a quantum channel construction
based on QND measurements of the ancilla and adaptive control of
the ancilla-register system. The Rπ/2

y operation to create input co-

herence in the DQC1 algorithm and the following Rπ/2
x(y) operations

before M1 in the joint tomography are all generated by GRAPE to
compensate the extra phases corresponding to different register states
due to the dispersive interaction during these gates, such that the
gate operations are independent of the states of the register qubits.
The controlled-U gate is realized through an appropriate ancilla-
register interation time and is used to convert coherence to discord.
To characterize the ancilla-register system, joint tomography is per-
formed by correlating the ancilla tomography and subsequent register
Wigner tomography. In the joint tomography, the two π/2 rotations
Rπ/2

un,y before and after the controlled π phase gate Cπ are uncondi-
tional gates with a Gaussian envelope of σ = 5 ns. (b) Real part
of the reconstructed density matrix (truncated to maximum photon
number state Nmax = 9) of the initial register qubits with a fidelity of
0.977.

coupling gives rise to the ancilla-register entangling operation,
allowing for the controlled-U operation in the DQC1 algo-
rithm. The readout cavity has been neglected since it remains
in vacuum unless a measurement is performed.

Harmonic oscillators play important roles in quantum in-
formation processing [53, 55–58] largely due to their infinite
dimension and long coherence times. Here we take advantage
of these characteristics to use multiple excitations of a har-
monic cavity oscillator as register qubit states. In our experi-
ment, we choose the lowest eight Fock states {|0〉 , |1〉 , ..., |7〉}
in the cavity field whose computational space is equivalent to
that of three register qubits, namely {|000〉 , |001〉 , ..., |111〉}
respectively. This gives the DQC1 model in our experiment
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with n = 3 register qubits.
Our experimental sequence is depicted in Fig. 2a. The

whole process can be divided into three parts: state prepa-
ration, DQC1 algorithm, and joint tomography measurement.
The state preparation starts with a pure ancilla qubit ground
state |g〉〈g| by post-selection. The maximally-mixed state as
required by the DQC1 model is deterministically generated
through a quantum channel construction based on QND mea-
surements of the ancilla and adaptive control of the ancilla-
register system [38]. All the adaptive control pulses are nu-
merically calculated with the Gradient Ascent Pulse Engineer-
ing (GRAPE) method [59, 60] and the generated maximally-
mixed state has a fidelity of 0.977, whose reconstructed den-
sity matrix based on the measured Wigner function is shown
in Fig. 2b. The state fidelity is defined as F(ρexp,ρideal) =
tr
√√ρidealρexp

√ρideal. The protocol for the realization of the
maximally-mixed state is shown in [44]. Note that the reg-
ister qubits do not contribute any coherence to the combined
system.

In the following DQC1 algorithm, coherence preparation is
performed by an ancilla qubit operation Rπ/2

y corresponding to
a π/2 rotation around the y-axis on the Bloch sphere, having
the same action here as a Hadamard gate. Note that this Rπ/2

y

operation and the following Rπ/2
x(y) operations before M1 in the

joint tomography are also generated by GRAPE to compen-
sate the extra phases during these “Hadamard” gates, such that
the gate operations are independent of the states of the regis-
ter qubits (see [44]). Consequently, the system is prepared
in a product state ρAR = (|g〉+ |e〉)(〈g|+ 〈e|)⊗∑7

k=0 |k〉〈k|
(ignoring normalization). A conditional cavity phase shift
Cϕ = |g〉〈g| ⊗ 1 + |e〉〈e| ⊗ eiϕa†a is the mechanism of the
controlled-U gate, where ϕ = χt is acquired from the free
evolution of the dispersive Hamiltonian Eq. 3 for a time inter-
val t. As a result, the controlled-U gate can be described as
|g〉〈g|⊗1+ |e〉〈e|⊗U , where

U =




1 0 . . . 0
0 eiϕ . . . 0
...

...
. . .

...
0 0 . . . ei7ϕ


 (4)

in the computational Hilbert space. Note that in the Fock state
basis, the controlled-U is an incoherent operation. After the
controlled-U gate, the system evolves to ρ̃AR.

To observe the bipartite system, we finally perform a joint
measurement of the coupled ancilla-register system with two
sequential QND measurements of the ancilla qubit and the
register qubits, following a technique similar to that previ-
ously demonstrated in Ref. 61. As shown in Fig. 2b, the
ancilla qubit detections along one of the three basis vectors
X ,Y , and Z are first performed with or without an appropri-
ate pre-rotation Rπ/2

x(y) followed by a z−basis measurement M1.
These measurements alone can give a full tomography of the
ancilla. Then a Wigner tomography of the register qubit is
performed by measuring the cavity observable P(β ) which is
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FIG. 3. DQC1 algorithm output. The real and imaginary parts of
the normalized trace Tr(U)/8 are measured for different ϕ . All data
(points) are averaged with over 107 measurements and error bars cor-
respond to one standard deviation. The solid lines show theoretical
expectations. Crosses present the simulated results including all de-
coherence channels. Experiment results agree well with both theory
and simulation even with the presence of decoherence processes from
both ancilla and register qubits.

a combination of the cavity’s displacement operation D−β and
a parity measurement P of the cavity. The parity measurement
is realized in a Ramsey-type experiment of the ancilla qubit,
where a conditional cavity π phase shift Cπ is sandwiched in
between two unconditional qubit rotations Rπ/2

un,y (a Gaussian
envelope with σ = 5 ns) followed by another z−basis mea-
surement M2 [46, 47, 62, 63]. After the qubit tomography
measurement M1, the qubit is at a specific known state and
the correlation of M1 and M2 determines the parity of the reg-
ister. Multiplication of the ancilla qubit detection σi (in the
qubit Pauli set {I,X ,Y,Z}) and the register Wigner tomog-
raphy W (β ) = 2

π 〈P(β )〉 shot-by-shot gives the joint Wigner
function [61], defined as:

Wi(β ) =
2
π
〈σiP(β )〉 (5)

The joint Wigner functions are a complete representation
of the combined ancilla-register quantum system. From these
functions we reconstruct the combined ancilla-register den-
sity matrix ρ̃AR in a 16-dimensional Hilbert space by a least
squares regression using maximum likelihood estimation with
the only constraints that the reconstructed density matrix is
positive semi-definite with trace equal to one [61, 64]. Based
on the obtained density matrix ρ̃AR, we can derive the remain-
ing coherence C(ρ̃A) and the created discord D(ρ̃AR) [44],
where ρ̃A is the partial trace of ρ̃AR over the registers.

The initial coherence is generated by the ancilla qubit op-
eration Rπ/2

y and is first characterized to be C(ρA) = 0.894
by a qubit tomography immediately after this coherent oper-
ation, while the ancilla qubit state fidelity is 0.993 (see [44]).
The reduction is mainly due to a qubit decay process during
the tomography measurement and the imperfection of Rπ/2

y in
the presence of the maximally-mixed state. This initial coher-
ence built in the ancilla state is then to be consumed in or-
der to correlate the ancilla and the register qubits, and thus is
used as a reference for the coherence consumption. We next
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FIG. 4. The coherence consumption ∆C(ρA) and discord produc-
tion D(ρ̃AR) as a function of phase ϕ in the DQC1 model. (a)
Theoretical expectations are shown with solid lines. Dots give the ex-
perimental results. In the experiment, each point in the joint Wigner
functions has been averaged over 3000 single-shot joint ancilla and
register measurements, and the standard deviation in ∆C(ρA) and
D(ρ̃AR) are estimated by bootstrapping on the measured joint Wigner
functions [61]. Crosses present the simulated data including all deco-
herence channels with both the ancilla and register qubits. The mea-
sured ∆C(ρA) agrees fairly well with the theoretical one with a small
gap at the middle plateau. This gap comes from the imperfect gener-
ation and measurement of the initial coherence C(ρA) = 0.894 while
the ancilla state fidelity is 0.993 to the ideal state (|g〉+ |e〉)/

√
2 after

the Rπ/2
y operation. The measured D(ρ̃AR), in excellent agreement

with the theoretical expectation, captures all the important features
as in the theoretical curve and is unambiguously lower than ∆C(ρA)
as expected. (b) The fidelity of the measured ρ̃AR compared to the
ideal ones with an average of 0.96.

show the results after applying the controlled-U gate in the
DQC1 model. The normalized trace of U is encoded in the
ancilla qubit and can be recovered from the result of M1, as
shown in Fig. 3. Although there are decoherence processes
with both ancilla and register qubits, the experimental results
(dots) agree well with the exact theoretical expectation (lines)
and the numerical simulation (crosses) that involves all imper-
fection channels, suggesting the robustness of the protocol.

We finally show in Fig. 4 the coherence consumption
∆C(ρA) and discord production D(ρ̃AR) in the DQC1 model
as a function of phase ϕ in the controlled-U gate which
varies over the range 0 ≤ ϕ ≤ 2π . Theoretical expectations
of ∆C(ρA) and D(ρ̃AR) for an ideal system without any de-
coherence are shown as solid lines for comparison. Both
curves are symmetric around ϕ = π . At ϕ = π , the controlled-
U gate is expected to transform the qubit-register system
into a classically correlated state without any discord. At
ϕ = π/2,π,3π/2, after tracing out the register state the an-

cilla qubit is in a maximally-mixed state. In these cases, the
original coherence is completely consumed by the controlled-
U operation. The gap between the expected solid lines means
that, even theoretically, coherence can not be fully converted
to discord. The non-monotonic oscillations in the theoretical
curves are not fully understood yet and need further investiga-
tion.

The experimental results for both ∆C(ρA) and D(ρ̃AR) are
depicted as dots and are indeed quite symmetric around ϕ =
π , and capture all the important features in the theoretical
curves. The measured coherence consumption agrees fairly
well with theory. The small gap at the middle plateau comes
from the imperfect generation and measurement of the initial
coherence C(ρA) = 0.894. The measured produced discord
agrees extremely well with the theoretical expectation. All
measured D(ρ̃AR) are indeed significantly lower than the mea-
sured ∆C(ρA), successfully demonstrating Eq. 2. Figure 4b
shows the state fidelity of the ancilla-register system at each
ϕ based on the measured ρ̃AR. All fidelities are above 0.92,
demonstrating the good control of our system throughout the
process.

We note that in Eq. 3 the higher order corrections to the dis-
persive term, such as (χ ′/2)a†a†aa |e〉〈e| (χ ′ is typically more
than two orders of magnitude smaller than χ), have been ig-
nored because of their small contribution to ϕ compared to
the dispersive term in the small photon number limit. How-
ever, these higher order non-linear terms in principle allow
for generating arbitrary controlled-U by repeated applications
of appropriate cavity displacements followed by appropriate
waiting, provided the system has enough coherence [65–68].

In summary, we have experimentally demonstrated and
quantified quantum resource conversion in the DQC1 model.
We show that coherence is converted into the quantum dis-
cord that is considered as the resource in DQC1 [15]. The
produced discord is unambiguously demonstrated to be lower
than the coherence consumption. This experiment reveals the
potential of superconducting circuits as a versatile platform
for investigating and even deepening our understanding of re-
source dynamics in quantum information.

A natural extension of the present work is to chain mul-
tiple DQC1 circuits together. Provided the register qubits
are not reset between iterations, the resulting circuit enables
a variant of Shor’s algorithm [69, 70]. Here, each iteration
converts an additional bit of coherence into quantum correla-
tions, enabling study of resource conversion dynamics within
the iconic quantum factoring protocol. Our architecture is
also suitable for the “power of one pure qumode” protocol –
in which the control qubit in DQC1 is replaced with a con-
tinuous variable mode to form a hybrid model of compu-
tation that combines discrete and continuous variables [71].
Its realization could enable hybrid factoring algorithms, and
aid the study of how continuous and discrete notions of non-
classicality interact. Each of these developments would pro-
vide a promising experimental platform for studying quantum
resource dynamics within more complex settings.
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I. THEORETICAL PRELIMINARIES

Here we present theoretical preliminaries for calculations
of coherence consumption and discord production. Coherence
is taken here to mean the superposition of states in some pre-
ferred basis set {|i〉}. There is often a natural physical basis
to consider – here, it will be the energy basis of the super-
conducting qubit. The resource theory of coherence [1] pro-
vides criteria for determining valid measures of coherence.
One first defines the set of states with no coherence I , or
incoherent states, to be all states of the form σ = ∑i pi|i〉〈i|.
A good coherence measure must vanish exactly on this set.
Next, one defines incoherent operations to be those quantum
operations having a set of Kraus operators {Ki} with the prop-
erty KiI K†

i ∈I . This condition says that an incoherent op-
eration is never able to create coherence from an incoherent
state. The next criterion for a valid coherence measure is then
that it cannot increase under an incoherent operation. A num-
ber of interesting measures satisfying these criteria have been
found [2]. We use the relative entropy of coherence [1], de-
fined as

C(ρ) := min
σ∈I

S(ρ||σ) (S1)

= S(ρdiag)−S(ρ), (S2)

where S(ρ) = −Trρ logρ is the von Neumann entropy,
S(ρ||σ) =−S(ρ)−Trρ logσ is the relative entropy, and ρdiag

is the state obtained by removing the off-diagonal elements of
ρ in the reference basis {|i〉}.

Quantum discord has a number of characterizations, the
first historically being the gap between the total corre-
lations and the classical correlations accessible from lo-
cal measurements [3, 4]. In a system partitioned into
n subsystems {A1,A2, . . . ,An}, states with vanishing dis-
cord are called classically correlated. They take the form
∑k1...n

pk1...n |k1...n〉〈k1...n|, where {pk1...n} ≥ 0, ∑k1...n
pk1...n = 1

and {|k1...n〉} = |k1〉⊗ ...⊗ |kn〉 is an arbitrary product basis.
Classically correlated states are separable (not entangled), but
not every separable state is classically correlated. There are
many proposed measures of discord [5, 6]; we focus on one

∗ These two authors contributed equally to this work.
† mgu@quantumcomplexity.org
‡ luyansun@tsinghua.edu.cn

measure which treats all subsystems equally, named global
discord [7]. This is defined by

D(ρA1,...,An) = min
Φi

S(ρA1,...,An‖Φi(ρA1,...,An))

−∑
k

S(ρAk‖Φi
Ak
(ρAk))

(S3)

where Φi = ⊗n
j=1Φi

A j
, Φi

Ak
(ρAk) = ∑i |ik〉〈ik|ρAk |ik〉〈ik| is the

dephasing operation, and the minimization is over all dephas-
ing basis choices.

II. REALIZATION OF THE MAXIMALLY-MIXED STATE
OF THE REGISTER QUBITS

As pointed out by Lloyd and Viola [8], universal dynamical
control of a quantum system can be achieved if one can per-
form quantum non-demolition (QND) measurements of the
system and feedback the measurement results via coherent
control. Shen et al. [9] further prove that quantum channel
simulation of arbitrary dimension can be efficiently realized
with a single ancilla qubit and adaptive control in a binary-
tree configuration [10].

Here, we adopt such a method by repeatedly applying
Kraus rank-2 channels with real-time feedback control to gen-
erate the maximally-mixed state ∑7

k=0 |k〉〈k|. Figure S1 shows
the three-layer binary tree representation and the experimental
sequence of this protocol. All the adaptive control operations
are achieved through numerical optimization with the Gra-
dient Ascent Pulse Engineering (GRAPE) method [11, 12],
an optimization algorithm designed to numerically find pulses
that most accurately realize a unitary operation. The created
maximally-mixed state is characterized by the typical Wigner
tomography and the reconstructed density matrix is shown in
Fig. 2b of the main text with a high state fidelity of 0.977.

III. MANIPULATION OF THE ANCILLARY QUBIT
INDEPENDENT OF THE REGISTER STATE AND

CALIBRATION OF THE INPUT COHERENCE

In the DQC1 algorithm, initially the ancilla qubit is pre-
pared in a pure ground state and the register qubits are pre-
pared in a maximally-mixed state. Coherence in the quantum
system is prepared in the ancilla qubit by a Hadamard gate and
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FIG. S1. Preparation of the initial registers in the maximally-
mixed state. (a) Binary tree representation with a depth L = 3. M
represents the QND measurement of the ancilla qubit. States |ψ〉 and
adaptive controls G are presented in Table I. All the adaptive control
G’s are achieved through numerical optimization with the GRAPE
method. R represents a reset process of the ancilla qubit. By imple-
menting three layers of the adaptive operations, we can obtain the
maximally-mixed state ∑7

k=0 |k〉〈k|. (b) The experimental sequence
for preparing the initial register state and optical image of the device
with a transmon qubit, as the ancilla qubit, dispersively coupled to
two three-dimensional cavities. We first prepare the ancilla-register
system in |ψ00〉= (|g〉+ |e〉)/

√
2⊗|0〉 from |g〉⊗|0〉 through an un-

conditional qubit rotation Rπ/2
un,y (a Gaussian envelope with σ = 5 ns).

We then repeatedly measure the ancilla qubit (three layers) along the
z-axis. Based on the measurement results, proper unitary operations
Gi j are applied to change the system state to

∣∣ψi+1, j
〉
. If the ancilla

is measured in the excited state |e〉, a reset process “R” first flips the
qubit to the ground state |g〉 before the G gate. The reset gates af-
ter the first and the third measurements are unconditional π pulses
Rπ

un,x. The one after the second measurement is a numerically opti-
mized pulse Rπ

x with the GRAPE method, independent of the register
state.

then converted into discord by the following controlled opera-
tion. To have this algorithm work properly, it is critical that the
Hadamard gate on the ancilla qubit is independent of the reg-
ister state. As the registers are in the maximally-mixed state,
photon numbers in the storage cavity are variable. Therefore,
a conventional rotation pulse (with a Gaussian envelope) on
the ancilla qubit will no longer work because different pho-
ton numbers induce different phases on the ancilla qubit – as
the duration required to execute the pulse is non-negligible in
the context of the coupling strength between the ancilla and
the cavity mode. To mitigate these phase errors, we instead
use the GRAPE method to realize the Hadamard gate, which
does not depend on the number of photons in the cavity mode.
The following ancilla rotations (the operations before M1 in
the joint tomography process, Fig. 2a of the main text) also

need to be insensitive to the register state and are realized in
the same way.

Figure S2a shows the experimental circuit to calibrate the
input coherence, which also confirms the insensitivity of the
ancilla qubit rotations to the photon numbers in the storage
cavity. The experimental results for the generated (|g〉+
|e〉)/
√

2 when the registers are in the maximally-mixed state
are shown in Fig. S2b with a state fidelity of 0.993. The corre-
sponding density matrix contributes 0.894 of the relative en-
tropy of coherence based on Eq. 1 of the main text.

IV. CALIBRATION AND COMPENSATION OF THE
MEASUREMENT-INDUCED PHASES

Due to the coupling between the readout cavity and the stor-
age cavity, each measurement induces a phase to the regis-
ter state. To calibrate this measurement-induced phase, we
prepare the registers in (|0〉+ |1〉)/

√
2, (|0〉+ |2〉)/

√
2,...,

(|0〉+ |7〉)/
√

2 respectively, implement the measurement op-
erations repeatedly, and finally measure the probabilities
p(0 + N) of the registers along the corresponding basis of
(|0〉+ |1〉)/

√
2, (|0〉+ |2〉)/

√
2, ..., (|0〉+ |7〉)/

√
2 (Ramsey-

type experiments). The experimental results are shown in
Fig. S3. Fitting the curves with damped sinusoidal functions

TABLE I. The states |ψ〉 and the adaptive control pulses G in the
binary-tree realization of the maximally-mixed state. All G’s are
achieved through the GRAPE method. The states are not normal-
ized for simplicity.

ψ00 (|g〉+ |e〉)⊗|0〉
ψ10 |g〉⊗ (|0〉+ |7〉)+ |e〉⊗ (|2〉+ |5〉)
ψ11 |g〉⊗ (|1〉+ |6〉)+ |e〉(|3〉+ |4〉)
ψ20 |g〉⊗ |7〉+ |e〉⊗ |0〉
ψ21 |g〉⊗ |5〉+ |e〉⊗ |2〉
ψ22 |g〉⊗ |6〉+ |e〉⊗ |1〉
ψ23 |g〉⊗ |4〉+ |e〉⊗ |3〉
ψ30 |g〉⊗ |7〉
ψ31 |g〉⊗ |0〉
ψ32 |g〉⊗ |5〉
ψ33 |g〉⊗ |2〉
ψ34 |g〉⊗ |6〉
ψ35 |g〉⊗ |1〉
ψ36 |g〉⊗ |4〉
ψ37 |g〉⊗ |3〉
G00 |g〉⊗ |0〉 → |g〉⊗ (|0〉+ |7〉)+ |e〉⊗ (|2〉+ |5〉)
G01 |g〉⊗ |0〉 → |g〉⊗ (|1〉+ |6〉)+ |e〉⊗ (|3〉+ |4〉)
G10 |g〉⊗ (|0〉+ |7〉)→ |g〉⊗ |7〉+ |e〉⊗ |0〉
G11 |g〉⊗ (|2〉+ |5〉)→ |g〉⊗ |5〉+ |e〉⊗ |2〉
G12 |g〉⊗ (|1〉+ |6〉)→ |g〉⊗ |6〉+ |e〉⊗ |1〉
G13 |g〉⊗ (|3〉+ |4〉)→ |g〉⊗ |4〉+ |e〉⊗ |3〉
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FIG. S2. Input coherence calibration. (a) To calibrate the input
coherence, we first prepare the maximally-mixed state ∑7

k=0 |k〉〈k| in
the storage cavity (the register qubits), then rotate the ancilla qubit to
(|g〉+ |e〉)/

√
2 with a pulse numerically optimized with the GRAPE

method and independent of photon numbers in the cavity. Finally,
we measure the ancilla qubit along X , Y , and Z-axis through pre-
rotations Rπ/2

x(y) of the ancilla followed by a z-basis measurement.
These pre-rotations are also realized by the GRAPE methods and
insensitive to the state of the cavity. (b) The experimental density
matrix of the ancilla qubit after being prepared in (|g〉+ |e〉)/

√
2 for

the initial coherence. The state fidelity is 0.993 and its density ma-
trix contributes 0.894 of the relative entropy of coherence. The solid
boxes represent theoretical values.

TABLE II. The measurement-induced phase for each photon number
state in the cavity.

photon number state measurement-induced phase (rad)
|1〉 0.31
|2〉 0.65
|3〉 1.03
|4〉 1.43
|5〉 1.85
|6〉 2.30
|7〉 2.78

gives the induced phases by each measurement for different
photon number states (TABLE II). To generate the initial reg-
ister state accurately, we compensate these extra phases in-
duced by the measurement operation in the experiment when
optimizing the GRAPE pulses.
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2, ...,

(|0〉+ |7〉)/
√
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of the registers along the corresponding basis of (|0〉+ |1〉)/
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