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Quantum process tomography is a pivotal technique in fully characterizing quantum dynamics.
However, exponential scaling of the Hilbert space with the increasing system size extremely restrains
its experimental implementations. Here, we put forward a more efficient, flexible, and error-mitigated
method: variational entanglement-assisted quantum process tomography with arbitrary ancillary qubits.
Numerically, we simulate up to eight-qubit quantum processes and show that this tomography with m
ancillary qubits (0 ≤ m ≤ n) alleviates the exponential costs on state preparation (from 4n to 2n−m),
measurement settings (at least a 1 order of magnitude reduction), and data postprocessing (efficient and
robust parameter optimization). Experimentally, we first demonstrate our method on a silicon photonic chip
by rebuilding randomly generated one-qubit and two-qubit unitary quantum processes. Further using the
error mitigation method, two-qubit quantum processes can be rebuilt with average gate fidelity enhanced
from 92.38% to 95.56%. Our Letter provides an efficient and practical approach to process tomography on
the noisy quantum computing platforms.
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Introduction.—With the rapid development of quantum
computing devices in recent years, the quantum computing
systems scale to over fifty available qubits [1–3]. Hence,
efficient and practical quantum certification and bench-
marking appear to be increasingly essential in the noisy
intermediate-scale quantum (NISQ) era [4–7]. Various
protocols have been proposed, including direct fidelity
estimation [8], randomized benchmarking [9,10], and so
on; nevertheless, quantum process tomography (QPT) still
plays an indispensable role, since it is a comprehensive
characterization of quantum systems with full information.
However, standard QPT [11,12] is an inefficient and

resource-demanding procedure. Specifically, standard QPT
needs 4n input states and consequent quantum state
tomography (QST) for each state, and the total number
of quantum measurements scales as 42n for an n-qubit
quantum process [13]. Besides, solving the inverse problem
of state estimation involves huge computational costs
[14,15]. Such exponential expenditures on space, time,

and computation are tremendous for practical usages;
hence, it is physically feasible only up to three-qubit case
from the point of experiment [16–22]. Many proposals are
put forward to address these problems, including com-
pressed sensing tomography [19,23] and ansatz-based
tomography [24], but at the cost of stronger assumptions
(e.g., sparsity requirements, low-rank or specific tensor-
product structure) and hence not applicable to general
conditions. Entanglement-assisted process tomography
(EAPT) [25–27] uses the intrinsic relation between QST
and QPT based on Choi-Jamiolkowski isomorphism
[28,29] and imprints complete information about a quan-
tum process on its output state [30]. However, there still
needs to be a complete QST procedure on the output states
in the extended Hilbert space. And it introduces an ancillary
space as great as the system space and consumes double
amounts of qubits. Thus, the experimental realization is
realized on bulk optical platforms up to one-qubit cases
[25,31].
In this Letter, we put forward a more efficient, flexible,

and error-mitigated method: variational entanglement-
assisted process tomography (VEAPT) with arbitrary
ancillary qubits. The overall scheme is illustrated in
Fig. 1(a).
To enhance the efficiency, we first introduced the

variational quantum algorithm (VQA) [33–41] to alleviate
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the data postprocessing. Specifically, we transformed the
complicated QST procedure into a more efficient optimi-
zation problem of the parametrized circuit. Second, we
combined the EAPT approach to fully exploit the quantum
parallelism of entanglement and reduce the input states’
preparations.
In terms of the flexibility, we put forward the VEAPT

theory with arbitrary ancillary qubits. We proved that for an
n-qubit arbitrary unitary process, VEAPT with m ancillary
qubits (0 ≤ m ≤ n) needs 2n−m entangled states as inputs to
rebuild the quantum process.
The VEAPT method shows the inherent tolerance to

state preparation and measurement error and shot noise.
Besides, we further put forward an error mitigation
method [42,43] based on the simplified VEAPT struc-
ture with fixed and flexible input states and efficient
measurements.
Numerically, we conducted simulations based on the

variational quantum circuit simulator to eight-qubit quan-
tum processes and results present the alleviation of the
exponential costs on state preparation (from 4n to 2n−m),
measurement settings (at least 1 order of magnitude fewer
measurements), and data postprocessing.
Experimentally, we designed a silicon photonic chip

shown in Fig. 1(d) and demonstrated our method on one-
qubit and two-qubit randomly generated unitary quantum
processes. Results show good consistency with our theory
and present robustness in terms of shot noises and enhanced
performance with error mitigation method.

Efficient VEAPT with full ancillary qubits.—For an n-
qubit quantum process, the standard EAPT needs to
introduce n ancillary qubits and construct one 2n-qubit
maximally entangled state jΦþ

n;ni ¼ ð1= ffiffiffi
d

p ÞPd
j¼1 jji ⊗

jji as input, where d ¼ 2n. Then, based on Choi’s proof
in Ref. [28,29], we can obtain the Kraus operator-sum
representation of the process EðρÞ ¼ P

k ðAk ⊗ IancÞ×
ρðAk ⊗ IancÞ† once we have done the full QST on the
output EðρÞ, where ρ ¼ jΦþ

n;nihΦþ
n;nj, Ak are the Kraus

operators, and Ianc denotes no operation on the ancil-
lary space.
Furthermore, we introduced the VQA framework [44,45]

to the EAPT procedure following the two steps to further
enhance the performance of the data postprocessing.
First, we fixed the quantum process output state identical

to the input, therefore avoiding the QST procedure on the
output. It can be deduced from Choi’s conclusion that when
the output is the same as the input, the overall quantum
process is Isys ⊗ Ianc. It is also feasible to set the output
state as a known and fixed state ðRsys ⊗ IancÞjΦþ

n;ni. Here,
for simplicity, we chose the identical input and output
states. Second, we transformed the data postprocessing
structure into a variational framework. Specifically, we
introduced a parametrized controllable process Vðθ⃗Þ as the
variational target, which follows the unknown process U.
The variational process is to update the parameter list θ⃗ and
minimize the infidelity between the output state and the
input state based on the direct fidelity estimation method. It
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FIG. 1. (a) Structure of the VEAPT with arbitrary ancillary qubits. The scheme consists of the preparation of input entanglement
states, the evolution of the unknown channel and the controllable process, and the classical processing unit. The classical part is
composed of cost function evaluation, classical optimization, and parameter updating. (b) Structure of the VEAPT with full
ancillaries. It is a specialized version of VEAPT in that the Vðθ⃗Þ process can be transposed to the ancillary space by quantum
ricochet property when the ancillary qubits are full. (c) Scheme of the error mitigation method. The first stage is the aligning

operation by directly setting the circuit as I. The second stage is the normal VEAPT optimizing with target U and encoding Vðθ⃗Þ.
(d) Photonic chip structure and experimental realization. When the ancillary qubits are arbitrary, the laser is inputted at the first layer
of the beam splitter network (denoted as ①). When the ancillaries are full, it pumps in the second layer (denoted as ②). In the
encoding circuit part, we give an illustration of the VEAPT with full ancillaries [the dashed box denotes U and the dotted box
denotes VTðθ⃗Þ]. The red colored phase shifters are for one-qubit process encoding, while the blue colored ones are for the two-qubit
case. More details are provided in the Supplemental Material [32].
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is worth noting that under the maximally entangled states
jΦþ

n;ni, we could transpose the Vðθ⃗Þ circuit to the ancillary
space based on the quantum ricochet property as shown in
Fig. 1(b). Hence, the cost function is defined as

fðθ⃗Þ ¼ 1 − FðjΦþ
n;ni; ðVðθ⃗ÞU ⊗ IÞjΦþ

n;niÞ
¼ 1 − FðjΦþ

n;ni; ½U ⊗ VTðθ⃗Þ�jΦþ
n;niÞ; ð1Þ

where F denotes the fidelity measure. When the cost
function fðθ⃗Þ goes down to zero, we can arrive at
Vðθ⃗ÞU ¼ I. Therefore, the controllable parameters in the
Vðθ⃗Þ can be directly used to rebuild the quantum process U
without complicated data postprocessing.
In the variational optimizing procedure, our framework

accepts all efficient algorithms flexibly. In this Letter, we
take the typical iterative method for solving unconstrained
nonlinear problems—Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm [46–49]—and the gradient-based simul-
taneous perturbation stochastic approximation (SPSA) [50]
algorithm as examples. We numerically and experimentally
verified these two algorithms (more details provided in the
Supplemental Material [32]).
Flexible VEAPT with arbitrary ancillary qubits.—The

VEAPT method alleviates the state preparation and data
postprocessing burdens. However, it constrains the input as
a faithful state ρ by requiring the Schmidt number
SchðρÞ ¼ d2, thus demanding the ancillary space as great
as the system space [30]. Hence, it suffers from at least
double amounts of qubits, which is quite an overhead and
waste for quantum devices since the ancillary qubits
undergo no operations at all in the protocol. Therefore,
we take the more general and flexible ancillary conditions
into consideration as shown in Fig. 1(a). We proved that for
an n-qubit arbitrary unitary process, VEAPT with m
ancillary qubits (0 ≤ m ≤ n) needs to prepare 2n−m

entangled states as inputs to rebuild the quantum process.
Below we give theoretical explanations.
The VEAPT method fully exploits the most important

advantage of quantum computing: quantum parallelism. By
preparing a maximally entangled state jΦþ

n;ni, the informa-
tion of the system is completely imprinted in the quantum
entanglement. Actually, tracing out the ancillary space, the
remaining system state is in a superposition of all computa-
tional basis TrancðjΦþ

n;nihΦþ
n;njÞ¼ð1=2nÞP2n

i¼1 jiihij. Hence,
such a maximally entangled state can simultaneously
calculate the dynamics for all the basis.
Similarly, when the ancillary qubits m is less than the

system qubits n, there still exists partial maximally entan-
glement between the m ancillary and m system qubits,
which contain 2m basis components in an output state.
Under such case, it is natural to divide the total 2n basis
into 2n=2m ¼ 2n−m states. Each state couples the 2m

entangled terms jiisysjiianc with one of the remaining

2n−m basis jjisys to construct the superposition. Hence,
the 2n−m states are

jΦj
n;mi ¼ 1ffiffiffiffiffiffi

2m
p

X2m

i¼1

ðjiisys ⊗ jiiancÞ⊗ jjisys; j¼ 1…2n−m:

ð2Þ

It can be seen that when m ¼ n, the needed one input is the
jΦþ

n;ni in EAPT.
Combined with the variational framework, we can

give the following theoretical analysis. For VEAPT
with m ancillaries, the quantum process is extended to
U2n;2n ⊗ I2m;2m , and based on the above 2n−m input states,
we have that for j ¼ 1…2n−m,

X2m

i¼1

Ujiisysjjisys ⊗ Ijiianc ¼
X2m

i¼1

jiisysjjisys ⊗ jiianc: ð3Þ

By multiplying arbitrary basis hxyzj to Eq. (3), we obtain

X2m

i¼1

hxyjUjijihzjii ¼
X2m

i¼1

hxjiihyjjihzjii;

Uxy;ij ¼ δixδjy: ð4Þ

Hence, only diagonal elements in U are equal to 1. By
keeping the 2n−m outputs identical to the inputs, the
quantum process is fixed at I.
So, VEAPTwithm ancillaries lowers the demands for the

ancillary qubits and offers a flexible and practical method to
determine the input states considering the physical qubit
resources. It is noted that the generality is maintained and
still applicable to arbitrary unitary processes.
Besides, the VEAPTmethod has advantages to tackle the

QPT problem in the NISQ background. On the one hand, it
has an inherent robustness toward state preparation and
measurement errors and shot noises since the lower
demands on input states and the simplified data processing
with variational framework help to decrease the error
sources. Moreover, it has the capability to conduct the
error mitigation method as shown in Fig. 1(c). There are
two stages primarily. In the aligning operation stage, by
setting the circuit as an identity process in advance, it can
align the state preparation parameters θ⃗p to eliminate the
relative deviations under noisy conditions. Here, the cost
function defines as the infidelity between the preparation
state and the measurement basis. After the aligning, we
obtain the optimal input state jϕðθ⃗optp Þi. In the normal
VEAPT stage, we prepare the input state at the aligned
optimal state jϕðθ⃗optp Þi, and conduct the consequent

VEAPT optimizations with U and Vðθ⃗Þ introduced.
It is worth noting that the error mitigation feature is

based on the generalized EAPT theory (fixed state
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preparation) and variational data postprocessing (simplified
state measurement). Hence, these three features are insepa-
rably interconnected and complement each other to fulfill
collaborated efforts toward an efficient, flexible, and error-
mitigated VEAPT method in the NISQ era.
Numerical and experimental demonstration.—We first

conducted numerical simulations on two types of quantum
processes up to eight-qubit cases—d-depth randomly gene-
rated quantum circuit (RQC) [51,52] and Heisenberg XXZ
spin chain [53] with evolution time dt ¼ 0.01—using the
variational quantum circuit simulator. The total number of
measurements is illustrated in Fig. 2. It is clear that the
measurement settings are at least 1 order of magnitude
fewer than the standard QPT and the gap tendency appears
to be larger with the system size increasing. Details are
provided in the Supplemental Material [32].
Experimentally, silicon photonic chips have made con-

siderable progress in quantum computing, including
entanglement generation [54], quantum control [55], and
application [56]. Based on the VEAPT method, we
designed a silicon photonic chip and conducted an exper-
imental demonstration on it. The chip structure is illustrated
in Fig. 1(d), which consists of three parts: entangled state
generation, quantum process [unknown U and controllable
Vðθ⃗Þ] encoding, and measurement.
In terms of the entangled state generation, the chip

contains a tree-organized beam splitter network and four
spontaneous four-wave mixing photon-pair sources to
prepare several simple and fixed input states. In the
encoding part, we imprinted the quantum process informa-
tion as the phase shifters’ values θ⃗. Figure 1(d) shows the
VEAPT with full ancillaries configuration, where the
dashed box denotes U and the dotted box denotes VTðθ⃗Þ.
Under such a condition, we used both system space and
ancillary space to encode the information that increases the

encoding degree and decreases the circuit depth. More
details are provided in the Supplemental Material [32].
Finally, in the measurement part, we conducted the direct
fidelity estimation to obtain the cost function values. In the
classical processing part, the VQA takes cost function
evaluation values, uses classical optimization methods to
calculate its gradient, and updates the circuit parameters.
As a whole, the VEAPT method is a quantum-classical
hybrid architecture.
Here, we evaluate experimental results using the average

gate fidelity [57]. The average gate fidelity Favg between
the rebuilt U and the real E is given by FavgðE; UÞ ¼R
dψhψ jU†Eðjψihψ jÞUjψi. For VEAPT with full ancilla-

ries, we experimentally demonstrated one-qubit and two-
qubit cases. Specifically, for one-qubit VEAPT, the input
two-qubit entangled state is jΦþ

1;1i ¼ ðj00i þ j11iÞ= ffiffiffi
2

p
,

while in the two-qubit VEAPT case, the four-qubit input
entangled state is jΦþ

2;2i ¼ ðj0000i þ j0101i þ j1010iþ
j1111iÞ=2. And in the encoding section, we randomly
generated phase shifters to encode the unknown U infor-
mation. Correspondingly in the decoding part, phase
shifters are used to recover the values. The initial values
of the optimization are set at the orthogonal position with
the answer to present a complete optimization process from
one to zero. Figure 3(a) gives the experimental results of
VEAPT with full ancillaries, where the maximum average
gate fidelities are 99.73% and 93.33%, respectively.
Moreover, we also verified the VEAPT with fewer

ancillaries and conducted the experiment of two-qubit
QPTwith one ancillary qubit. Under such conditions, there
needs to be two input entangled states: jΦ1

2;1i ¼ ðj000i þ
j101iÞ= ffiffiffi

2
p

and jΦ2
2;1i ¼ ðj010i þ j111iÞ= ffiffiffi

2
p

, as Eq. (3)
shows. The cost function is the sum of the two infidelities
fðθ⃗Þ¼2−jhΦ1

2;1jϕout
1 ij2−jhΦ2

2;1jϕout
2 ij2, where jϕout

i i corre-
sponds to the output state of jΦi

2;1i. It is clear in Fig. 3(b)
that the two infidelities converge quickly, and the final
quantum gate fidelity could reach over 97%.
Besides, we also demonstrated the capability of error

mitigation and the robustness toward shot noises in the
NISQ background. The VEAPT structure greatly simplifies
the frontier state preparation and back-end measure-
ment, thus, facilitating the error mitigation operations.
Specifically in the aligning stage, the parameters θ⃗p are
the phase shifters in the state preparation part and theU and
Vðθ⃗Þ encoding circuits are kept identity. After the aligning,
we prepared the optimal aligned state jϕðθ⃗optp Þi as input,

encoded the target U, initialized the Vðθ⃗Þ, and conducted
the consequent VEAPT optimization. Figure 3(c) gives the
error mitigation results on two-qubit cases, which further
enhanced maximum Favg to 95.56%. It is an illustrative
example of quantum machine learning in solving several
challenging tasks. Furthermore, we verified the influence of
shot noises on our method in Fig. 3(d). By adjusting the
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FIG. 2. Numerical simulations on variational quantum circuit
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photon integration time t, we can obtain different shot noise
levels. When the integration time t is small, the corre-
sponding photon counting rate is low and the shot noise
level is relatively high. It can be seen that the optimization
procedure may be longer with shorter t. More details are
provided in the Supplemental Material [32].
Conclusion.—Quantum process tomography is an incre-

asingly important certification and benchmarking tool for
quantum computing devices with the full information gain.
In this Letter, we put forward an efficient, flexible, and
error-mitigated VEAPT method with arbitrary ancillary
qubits, which is promising for practical usage in the NISQ
era. Numerically, we simulated up to eight-qubit quantum
processes showing that VEAPT with m ancillary qubits
(0 ≤ m ≤ n) alleviates the exponential costs on state
preparation (from 4n to 2n−m), measurement settings (at
least 1 order of magnitude fewer than standard QPT), and
data postprocessing (efficient and robust parameter opti-
mization). Experimentally, we first demonstrated our
method on a silicon photonic chip by reconstructing
arbitrary one-qubit and two-qubit unitary quantum proc-
esses. Results show that those quantum processes can be
rebuilt with average gate fidelity 99.73% and 93.33%,
respectively. Moreover, we conducted error mitigation
trials on two-qubit quantum processes presenting obvious
enhancement to 95.56%. Our Letter provides an effi-
cient, flexible, and error-mitigated approach to process

tomography and can be used as a practical demonstration
tool in larger-scale quantum computing devices in the
NISQ era.

The authors acknowledge support from other members
of the QUANTA (QUantum fANs from IT Area) group,
including Yang Wang, Chao Wu, Pingyu Zhu, Yuzhen
Zheng, Qilin Zheng, and Hao Cheng. The authors are
grateful to Chu Guo and Siqi Wang for their useful
discussions and technical support. The authors acknowl-
edge the support from the National Natural Science
Foundation of China under Grants No. 62061136011,
No. 61632021, and No. 62105366.

*Corresponding author.
junjiewu@nudt.edu.cn

†These authors contributed equally to this work.
[1] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R.

Barends, R. Biswas, S. Boixo, F. G. Brandao, D. A. Buell
et al., Quantum supremacy using a programmable
superconducting processor, Nature (London) 574, 505
(2019).

[2] P. Jurcevic, A. Javadi-Abhari, L. S. Bishop, I. Lauer, D. F.
Bogorin, M. Brink, L. Capelluto, O. Günlük, T. Itoko, N.
Kanazawa et al., Demonstration of quantum volume 64 on a
superconducting quantum computing system, Quantum Sci.
Technol. 6, 025020 (2021).

10 20 30 40
Epochs

(b)

0

1.0

0.2

0.8

0.4

0.6
V

al
ue

s

(a)

(c)

0

50 100 150

50 100 150 200
Epochs

0

1.2

V
al

ue
s

(d)

500

Epochs
0

0.6

1.2

1.8

20010 20 40300

100

0

40

20

60

Epochs

 (%)

80

50

0.05
0.10
0.15

0.1 0.2 0.3 0.5 1.0

0.8

0.4

1.6

A
ve

ra
ge

0

FIG. 3. Experimental demonstration of the VEAPT method. (a) VEAPT with full ancillary qubits on one-qubit (triangle) and two-
qubit (circle) cases. The cost function fðθ⃗Þ (red dotted lines) and the average gate fidelity Favg (blue solid lines) gradually converge.
Minimum fðθ⃗Þ and maximum Favg are listed in the table. (b) Two-qubit VEAPTwith one ancillary qubit and two input states. The red
dotted line is the overall cost function, while the yellow and purple ones show the corresponding infidelities between the output state and
the two entangled states, respectively. (c) Error mitigation results on two-qubit cases, where the blue circle and red triangle lines are
different trials with and without error mitigation, respectively. The final maximum Favg is further enhanced to 95.56% after the error
mitigation operation. (d) Two-qubit VEAPT with one ancillary qubit under different levels of shot noise. The vertical axis denotes the
average cost function values among the past 10 epochs. In the inset graph, it is clear that longer integration time t with more photons
achieves better performance. We used the BFGS algorithm in (a) and (c), while the SPSA algorithm is employed in (b) and (d).

PHYSICAL REVIEW LETTERS 129, 133601 (2022)

133601-5

https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1088/2058-9565/abe519
https://doi.org/10.1088/2058-9565/abe519


[3] Y. Wu, W.-S. Bao, S. Cao, F. Chen, M.-C. Chen, X.
Chen, T.-H. Chung, H. Deng, Y. Du, D. Fan et al., Strong
Quantum Computational Advantage Using a Superconduct-
ing Quantum Processor, Phys. Rev. Lett. 127, 180501
(2021).

[4] A.W. Cross, L. S. Bishop, S. Sheldon, P. D. Nation, and
J. M. Gambetta, Validating quantum computers using
randomized model circuits, Phys. Rev. A 100, 032328
(2019).

[5] J. Preskill, Quantum computing in the NISQ era and
beyond, Quantum 2, 79 (2018).

[6] M. Brooks, Beyond quantum supremacy: The hunt for
useful quantum computers, Nature (London) 574, 19
(2019).

[7] N. Moll, P. Barkoutsos, L. S. Bishop, J. M. Chow, A. Cross,
D. J. Egger, S. Filipp, A. Fuhrer, J. M. Gambetta, M.
Ganzhorn et al., Quantum optimization using variational
algorithms on near-term quantum devices, Quantum Sci.
Technol. 3, 030503 (2018).

[8] S. T. Flammia and Y.-K. Liu, Direct Fidelity Estimation
from Few Pauli Measurements, Phys. Rev. Lett. 106,
230501 (2011).

[9] E. Knill, D. Leibfried, R. Reichle, J. Britton, R. B.
Blakestad, J. D. Jost, C. Langer, R. Ozeri, S. Seidelin,
and D. J. Wineland, Randomized benchmarking of quantum
gates, Phys. Rev. A 77, 012307 (2008).

[10] E. Magesan, J. M. Gambetta, and J. Emerson, Scalable and
Robust Randomized Benchmarking of Quantum Processes,
Phys. Rev. Lett. 106, 180504 (2011).

[11] I. L. Chuang and M. A. Nielsen, Prescription for experi-
mental determination of the dynamics of a quantum black
box, J. Mod. Opt. 44, 2455 (1997).

[12] J. F. Poyatos, J. I. Cirac, and P. Zoller, Complete Charac-
terization of a Quantum Process: The Two-Bit Quantum
Gate, Phys. Rev. Lett. 78, 390 (1997).

[13] M. Mohseni, A. T. Rezakhani, and D. A. Lidar, Quantum-
process tomography: Resource analysis of different strate-
gies, Phys. Rev. A 77, 032322 (2008).

[14] K. Banaszek, G. M. D’Ariano, M. G. A. Paris, and M. F.
Sacchi, Maximum-likelihood estimation of the density
matrix, Phys. Rev. A 61, 010304(R) (1999).

[15] C. Ferrie, Self-Guided Quantum Tomography, Phys. Rev.
Lett. 113, 190404 (2014).

[16] R. C. Bialczak, M. Ansmann, M. Hofheinz, E. Lucero, M.
Neeley, A. D. O’Connell, D. Sank, H. Wang, J. Wenner, and
M. Steffen, Quantum process tomography of a universal
entangling gate implemented with Josephson phase qubits,
Nat. Phys. 6, 409 (2010).

[17] J. L. O’Brien, G. J. Pryde, A. Gilchrist, D. F. V. James, N. K.
Langford, T. C. Ralph, and A. G. White, Quantum Process
Tomography of a Controlled-NOT Gate, Phys. Rev. Lett. 93,
080502 (2004).

[18] A. M. Childs, I. L. Chuang, and D.W. Leung, Realization of
quantum process tomography in NMR, Phys. Rev. A 64,
012314 (2001).

[19] A. Shabani, R. L. Kosut, M. Mohseni, H. Rabitz, M. A.
Broome, M. P. Almeida, A. Fedrizzi, and A. G. White,
Efficient Measurement of Quantum Dynamics via
Compressive Sensing, Phys. Rev. Lett. 106, 100401
(2011).

[20] M. Riebe, K. Kim, P. Schindler, T. Monz, P. O. Schmidt,
T. K. Körber, W. Hänsel, H. Häffner, C. F. Roos, and
R. Blatt, Process Tomography of Ion Trap Quantum Gates,
Phys. Rev. Lett. 97, 220407 (2006).

[21] L. Govia, G. Ribeill, D. Ristè, M. Ware, and H. Krovi,
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