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We analyze simple quantum error detection and quantum error correction protocols relevant to current
experiments with superconducting qubits. We show that for qubits with energy relaxation the repetitive N-qubit
codes cannot be used for quantum error correction, but can be used for quantum error detection. In the latter
case it is sufficient to use only two qubits for the encoding. In the analysis we demonstrate a useful technique
of unraveling the qubit energy relaxation into “relaxation” and “no relaxation” scenarios. Also, we propose
and numerically analyze several two-qubit algorithms for quantum error detection and correction, which can be
readily realized at the present-day level of the phase qubit technology.
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I. INTRODUCTION

Quantum error correction [1] (QEC) is an unavoidable
procedure in a practical quantum computer [2,3]. The standard
QEC [1,2] includes encoding a logical qubit in several physical
qubits, measuring the error syndrome using ancillary qubits,
and then applying a correction operation, which depends on
the measurement result. (A promising variation of this idea
are the so-called surface codes [4].) Unfortunately, QEC is
very difficult experimentally [5—15], and some simplifications
are often used. Let us mention three of them, all of which
have been introduced in Ref. [5]. First, instead of using
additional qubits for the error syndrome, in a “compact”
scheme the same physical qubits can be used for the encoding
and error syndrome measurement; this is done by decoding
the encoded state after a possible error occurs. Second, since a
single-shot measurement of a qubit state is often difficult, the
standard QEC can be replaced by measurement-free QEC,
in which the measurement and correction are substituted
by a quantum controlled operation (e.g., the Toffoli gate).
Third, a favorable type of error (against which the code
protects) is often simulated by applying a certain unitary
rotation, with the rotation angle corresponding to the error
strength.

Measurement-free QEC experiments in nuclear magnetic
resonance (NMR) systems [5—8] have been performed for over
a decade, but only with ensembles of quantum systems [16].
Using trapped ions, a three-qubit QEC experiment with actual
measurement was realized [9], and recently a measurement-
free QEC procedure with several error-correction cycles
was demonstrated [10]. In linear optics systems, the QEC
experiments include two-qubit protection against “accidental”
measurement [11], continuous-variable adaptation of the nine-
qubit Shor’s code [12], continuous-variable erasure-correcting
code [13], and eight-photon topological error correction
[14]. A three-qubit measurement-free QEC protocol has
been recently demonstrated with superconducting “transmon”
qubits [15].

With the rapid progress in experiments with superconduct-
ing qubits [17,18], QEC with actual measurements is becoming
feasible in these systems in the reasonably near future. The
subject of this paper is the analysis of several simple error cor-
rection and detection protocols relevant to future experiments
with superconducting qubits, mainly superconducting phase
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qubits [19]. (Some results of this paper have been reported
earlier [20].)

In the past, pure dephasing was by far the dominant source
of decoherence in superconducting qubits, and QEC protecting
against pure dephasing would be most important. An example
of such a procedure was considered theoretically in Ref. [21].
The idea was to use the standard three-qubit repetitive code,
which protects from bit flips (i.e., X rotations). By using
additional Hadamard gates for each physical qubit, the X
rotations are converted into Z rotations, and therefore the same
code can be used to protect against pure dephasing.

In recent years, pure dephasing in superconducting qubits
was significantly reduced by various technological advances
[17,18], and now energy relaxation is becoming most im-
portant. In particular, when quantum information is stored
in a superconducting resonator [22,23], pure dephasing is
negligible in comparison with energy relaxation. This is why
in the first part of this paper (Sec. II) we focus on the
operation of repetitive N-qubit quantum codes in the presence
of energy relaxation. Repetitive codes are chosen because
of their relative simplicity in the encoding and decoding
(unfortunately, the standard five-qubit or seven-qubit stabilizer
codes [1,2,24] are not feasible for superconducting qubits
in the near future). To reduce the number of qubits in a
procedure we use the standard compact scheme [5,21], in
which the ancilla qubits used for encoding are also used for
the error syndrome measurement. We assume that the energy
relaxation happens at zero temperature, which is essentially the
case for superconducting phase qubits, since the typical qubit
frequency is ~6 GHz, and therefore the energy hw ~ 0.3 K is
much larger than the experimental temperature of ~50 mK.

Even though energy relaxation may look similar to a bit
flip, it actually can be thought of as a combination of two
quantum errors: bit flip and bit-phase flip (which correspond to
X rotation and Y rotation). This is the reason why, as we show
later explicitly, repetitive codes do not work for QEC against
energy relaxation. However, these codes can be efficiently used
for quantum error detection (QED). In QED we detect that
an error happened but cannot restore the undamaged quantum
state (in particular, the QED idea was implemented in Ref. [25]
for phase errors in liquid-state NMR and has been recently
investigated in Ref. [13] for detecting photon erasures). Even
though QED is of much more limited use than QEC, it is still an
interesting procedure, and experimentally can be considered
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as a first step towards full QEC. We show that for QED against
energy relaxation it is sufficient to use two-qubit encoding and
that there is not much benefit to use more qubits, unless a
somewhat more sophisticated procedure is used.

Our analysis in Sec. II is based on unraveling the qubit
energy relaxation into the “relaxation” and “no relaxation”
scenarios. This unraveling is quite different (and more difficult)
than, for example, unraveling of pure dephasing into the “phase
flip” and “no phase flip” scenarios. The main reason for the
difference is that the unraveled states for the energy relaxation
are related to the initial state in a nonunitary way.

In Sec. IIT we focus on simple two-qubit QEC and QED
protocols, somewhat similar to those in Ref. [25], which can
be readily implemented using the present-day technology of
phase qubits [23]. The design of these algorithms is based on
the controlled-Z (CZ) operation as the entangling gate; this
is because the CZ gate is relatively easy to implement and
is one of two main two-qubit gates (together with /i SWAP)
used in recent experiments with phase qubits [23,26]. Realistic
experimental parameters are used in the numerical simulation
of the protocols. In the first protocol and its variations, we
assume that as in most of the previous experiments [5—15]
the errors are intentionally induced by particular operations
pretended to be unknown. The algorithms can mainly be used
for QED; however, when the type of particular error is known
(which is the case for intentional errors in an experiment), the
algorithms can also be used for QEC (constrained QEC). We
also analyze numerically the operation of a protocol in which
the errors during a storage period are due to actual energy
relaxation of two qubits (assuming storage in resonators of
a RezQu-architecture device [23,27] with phase qubits). This
protocol can only be used in the QED mode. The main result of
the simulations is that the analyzed protocols can be realized
at the present-day level of phase qubit technology. (Such an
experiment would be an important step towards a really useful
QEC.) Section IV is a conclusion. Some mathematical details
of the analysis are discussed in the Appendix.

II. REPETITIVE CODING FOR ENERGY RELAXATION

In this section we analyze the operation of repetitive
N-qubit encoding in the presence of (Markovian) zero-
temperature energy relaxation. The procedure is shown in
Fig. 1. The goal is to preserve an arbitrary initial state,

[¥in) = «[0) + B11), ey

of the main (upper) qubit, where |0) is the ground state and |1)
is the excited state. In this paper we consider only preservation
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FIG. 1. N-qubit repetitive coding algorithm with one control
qubit initially containing the quantum information. The controlled- X
block represents CNOT gates from the main qubit to each ancilla qubit
individually. Tl(i) represents energy relaxation of the ith qubit (i = 1
for the main qubit, i > 2 for ancilla qubits).
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of the initial state (“memory” operation), so in discussing the
fidelity of a procedure we always imply comparison with
the ideal memory operation. (We do not consider any logic
operations on the encoded qubit, as is usually done in the
fault-tolerant quantum computation [2]. Actually, the quantum
codes we consider are too simple for that.)

The encoding in Fig. 1 is performed with N — 1 controlled-
NOT (CNOT) gates, acting on N — 1 ancilla qubits, which
all start in the state |0). This produces the N-qubit wave
function «|0V) + B|1V), where the notation |xV) represents
the product-state of N qubits, all being in the state x. After
the encoding, all qubits are subjected to decoherence due to
zero-temperature energy relaxation with relaxation time Tl(’)
for the ith qubit, i = 1,2, ...,N. We mostly consider the case
when the decoherence is the same for all qubits, T, = T;.
After the decoherence during time ¢, the logic state is decoded
by using N — 1 CNOT gates in the same way as was done for
the encoding, and all N — 1 ancilla qubits are measured in the
computational basis. In the absence of decoherence (1 = 0) the
state after decoding is («|0) + B]1)) |0V 1), so that the initial
state of the main qubit is restored and the measurement result
for all ancillas is 0. The decoherence disturbs the final state,
which probabilistically changes the measurement results and
the corresponding final states of the main qubit.

Even when the measurement result is all N — 1 zeros (for
which we will use the bold-font notation 0), the state of the
main qubit is not exactly |,); however, we will see that it is
close to |,). A measurement result different from 0 indicates
an error. There are three ways to handle this situation. First,
the measurement result can be simply ignored; in this case
there is obviously no benefit from using the encoding-decoding
procedure. Second, we can reject such cases and keep only
realizations with the measurement result 0; we refer to this
selective procedure as QED. Third, we can apply a quantum
operation to the main qubit to make its state closer to |¥i,).
This operation will depend on the measurement result, and the
procedure is then QEC.

For simplicity, in this section we neglect decoherence
(and other imperfections) during encoding, decoding, and
measurement; it will be taken into account in the next section
when we discuss realistic experiments with phase qubits. To
characterize the efficiency of a procedure either the quantum
process tomography (QPT) fidelity F, or the average state
fidelity F,y can be used. The QPT fidelity is usually defined
as[2,28] Fy = Tr(Xgesired X )» Where x is the process matrix and
Xdesired 10 OUT case corresponds to the ideal quantum memory
operation, that is, no evolution of the logic qubit. The average
state fidelity is [2,28] Fpy = [ Tr(pﬁnUolllfm)(winlUJ)d [Vin),
where Uy = 1 is the desired unitary operator, Pn(|Vin) (¥in|)
is the actual mapping from the initial state to the final
density matrix pg,, and the normalized integral is over all
pure initial states |yy,) using the Haar measure. For a trace-
preserving operation F,, = (F,d +1)/(d 4+ 1), where d =2
is the dimension of our Hilbert space [28]. This relation holds
for QEC and/or when the measurement result is ignored.
However, for the QED procedure there is a problem [29] in
defining the QPT fidelity F, because the procedure is selective;
then the quantum operation for normalized states is not linear
and the corresponding (trace-preserving) matrix y cannot be
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defined rigorously. In this case we define F, via the average
state fidelity,

Fy = (3Fy — 1)/2, 2

as for a trace-preserving operation.

A. Single-qubit relaxation

Before calculating the fidelity of the QEC and QED
procedures, let us calculate the quantum memory fidelity of
a single qubit, without any encoding. We also consider first
this simple case to demonstrate a technique of unraveling the
evolution due to energy relaxation, which is later used for
N-qubit encoding.

After time ¢ an initial state |v;,) = «|0) + B]1) becomes a
density matrix (here the upper row and left column correspond

to the excited state |1))
|‘B|2eft/T1 a*ﬂeft/ZT]
pﬁn=< i) @

e ol + B — e
which can be represented using the Kraus operators,
Pfin = Ar,OinAJ-L + AnpinAjp (4)
0 O JV1- 0
A= L A= S )
Jp 0 0 1

where p =1 —e¢ /T py, = |1pm)(1pm| and the Kraus opera-
tors satisfy the completeness relation A A+ ATA = 1. This
representation has an obvious interpretation as two scenarios
of the evolution. The first term in Eq. (4) corresponds to
qubit relaxation into the ground state |0) with probability
P, = |B|?p. The second term is the no-relaxation scenario,
which occurs with the remaining probability P, = |a|> +
|81>(1 — p) = 1 — P, and transforms the qubit into the state

gy = Al _ @0+ BYT=p 1D ©
Y VR VP '

The nonunitary evolution |yi,) — |¥y) is essentially the same
as for a partial collapse due to a null-result measurement in
the experiment of Ref. [30].

Now let us find the averaged state fidelity F,y =
Tr(p¢|¥in) (Vin|) using unraveling into the relaxation and no-
relaxation scenarios. With probability P, the state fidelity is

Fy: = |{0|¥in)|> = |@|?, and with probability P, the state
fidelity is Fyn = [(YulVin)|* = (l2)* + VT = plIBI»?/ Pa.

Therefore, for an initial state [v;,) the state fidelity is
Fst = Fst,rPr + Fst,nPn (73)
= [al’181p + lal* + (1 = p)IBI*

+2la? 1PV - p, (7b)

and the average fidelity Fyy = Fy can be calculated by
averaging |a|*, |8|*, and |a|?| 8] over the Bloch sphere. These
averages (including some others for completeness and later
use) are

— 1 6)? sinf 1
af=ipr= [ CEEOT M L @
2 3’
(1+c0s9)(1 —cos6) sinf 1
TV 21812 — dd=-, (O
la|?1B]* = 1 > 6 )
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—_ 1 —

1
2 2 — _ —
le|* = |B] =5 la|® = |BI6 = 7 (10)
1 1
2 4 4 2 — 4—_
loe]*[B]* = |e|*|B]* = 2’ la|*|B] 307 (1)
1/(A+ B|B*>) = (1/B)In(1 + B/A), (12)

IBI2/(A+ B|BI®) = (1/B) — (A/B*)In(1 + B/A), (13)

_ 1 A A?
IBI*/(A+ BIBI) = 5 — — + 53 L+ B/A), (14)

B
o -3 (A+ BY
TBWP—E—E-FB—I 1+ B/A), (15)
lee|2| 8% 1 A AA+B)
TB|,3|2_E+B_ B—1(1+B/A) (16)

where A and B are constants, and we used integration over the
Bloch-sphere polar angle 6, so that |a|*> = (1 4 cos#)/2 and
|81> = (1 — cosh)/2.
Applying the averages (8) and (9) to Eq. (7b), we obtain
the average state fidelity [31]
2 1—-p p
Foy = 3 + 3 c 17)
Actually, there is an easier way to obtain this result. Instead
of averaging F over the Bloch sphere, it is sufficient [28,32]
(see also Appendix) to calculate the average only over six
initial states: [0), |1), (|0) = 11))/+/2, and (|0) £i[1))/~/2.
However, in our further analysis this trick does not always
help, so we prefer the full integration over the Bloch sphere.
Using Eq. (2) itis easy to convert Eq. (17) into the QPT fidelity:

Fy =1+ +/1— p— p/2)/2. Note that for small p
p p t
Fy~1l—=, F,~1-—, P%—<<1 (18)
3 x 2 T,

The average state fidelity (17) is averaged over the two
scenarios. Let us now discuss the average state fidelity in each
scenario separately, having in mind a gedanken experiment in
which an emitted photon or phonon is always captured and
recorded, thus allowing us to distinguish the two scenarios. If
the relaxation has happened, then Fy, = |a|?> and averaging
this over the Bloch sphere we obtain

Fave = a2 = 1/2. (19)

Fav,n =
which can

Similarly, for the no-relaxation scenario

(o> + /T = plBI»)?/lleel> + (1 = p)IBI*L,
be calculated using Eqgs. (14)—(16):

vl— p2—p)—2(1-p)
27 p?
(1—p)(2v1—

P’

For p <« 1 this gives Fy, ~ 1 — p?/24, showing a slow,
quadratic in time decrease of fidelity in the no-relaxation
scenario in contrast to the linear decrease (18) of the fidelity
averaged over both scenarios. Therefore, our gedanken exper-
iment could be used for QED: If no relaxation is recorded, we
know that the initial state is well-preserved at short times.

Fav,n =

2+p)

In(1 —p).  (20)
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Note that we have averaged the state fidelities Fy, and
Fy.n over the Bloch sphere with uniform weight, as in the
standard definition [2,28] of the averaged state fidelity. Another
meaningful averaging is using weights proportional to the
probabilities of the corresponding scenarios. [This would
correspond to an equal number of experimental runs for each
point of a uniform mesh on the Bloch sphere, as opposed to
an equal number of “successful” (i.e., selected) runs for the
previous definition.] Thus defined average fidelities are

Far = PP /P = 1/3, Q1)

F, — 2—p4+J1-
Fan = (leP + 1= pIBRR/Py = ;—TT

(22)

where P, = p/2and P, = 1 — p/2 are the averaged probabil-
ities of the two scenarios. The advantage of this definition is a
natural formula for the non-selected average fidelity:

Fav = ﬁav,rﬁr + Fav,nFn (23)

[see Eq. (7a)]. In this paper when discussing selected scenarios
(as for QED) we will use both ways to average over the
Bloch sphere. Note that Fyyn & 1 — p?/24 for p <« 1, which
is the same as for Fhy, (Favn and Fy,, are practically
indistinguishable at p < 1/2), indicating that the difference
between the two definitions is not very significant in the cases
that are of most interest for this paper.

B. Two-qubit encoding

Let us use the procedure of Fig. 1 with only one ancilla
qubit. The encoded state is then «|00) + B|11). The state
evolution due to energy relaxation can be unraveled into four
scenarios: no relaxation, relaxation in either the first (main)
or second (ancilla) qubit, and relaxation in both qubits. The
corresponding wave functions and probabilities after time ¢ of
energy relaxation are

«|00) + B/ 1 = piy/1 = po[11)
= ,

prob. Py = || + 81> (1 — p)(1 — pa),

|01), prob. P = |BI* p1i(1 — pa),
[10), prob. Py = |BI* (1 — p1)pa,
|00), prob. Py = |BI* p1p2,
where
pr=1- e_’/T‘(l), pr=1-— et/ (25)

are the single-qubit probabilities of relaxation from the excited
state | 1). This simple unraveling is possible because the energy
relaxation occurs only in component |11) of the superposition,
and in this component the qubits are unentangled. This is why
the probabilities of the scenarios are the simple products of
individual probabilities. The validity of Eq. (24) can also be
checked by considering particular time moments at which the
relaxation events happen and integrating over these moments;
this is a more direct but more cumbersome way.

After the decoding procedure consisting of one CNOT
operation, the two-qubit state is a product state in all four
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scenarios:
«|0) + Bv/1 — p1i/1 — pall)
® |0}, prob. Py,
\Y PHH
|01), prob. Py, (26)
[11), prob. Py,
|00), prob. Py,

with a definite result of the ancilla qubit measurement in each
scenario. The state of the main qubit is different from the
initial state |vj,) in all four scenarios, and the corresponding
state fidelities are [|a|? + |B1*v/T = pin/T — p21?/ P, la|?,
|81, and ||,

As discussed above, we consider three ways to proceed:
ignore the measurement result, select only result 0, or try
to correct the main qubit state. If the measurement result is
ignored, then all four scenarios are added up and the average
fidelity is

FE = [la2 +1812/1 — p1y/1 — pa]?

+ lor* Pro + [BI* Por + |t|? Prr, 27)

where the averaging is over the Bloch sphere. Using the
formulas for the probabilities from Eq. (24) and the averages

la|2,1812, |4, |84, and |« |?| B|? from Egs. (8)—(10), we obtain

ien _ 2, VU =—p)U—=p2) p1

Fai=3 3 6"
For small p; » (at short time t) itis Fay ~ 1 — p1/3 — p2/6,
and it is obviously worse than the case without encoding and
decoding of the main qubit [see Eqgs. (17) and (18)]. Note that
Eq. (28) can also be obtained by averaging the state fidelity
only over the six initial states (see the Appendix).

In QED we consider ancilla measurement result 1 as an error
and select only the cases when the measurement gives 0. This
selects scenarios with either no relaxation or two relaxation
events [see the first and last lines of Eq. (26)]. The averaged
(with uniform weight) state fidelity in this case is

pocs _ LaP+IBPVT=py/T=pal +loPPe o
a PI’II'I + PIT
(the fraction is averaged over the Bloch sphere), which can be
calculated using Egs. (14)—(16):

(28)

1 s—1 pi+pr—2+2s
d _
=3+ 7% B2
1+ B)>+s5*—(1+B)Q2
Jr( + B) +s (Bs+ )(s+p1pz)ln(1+B),
(30)

where B =2ppy — p1 — poand s = /1 — p1/1 — p,. For

the small-error case (at short time ¢) this gives
FE ~ 11— (pi+p3) /24 =5pip2/12, pra < 1. GBD)

If we use the averaging over the Bloch sphere with weight
proportional to the probability P,, + P of the measurement
result O, then

[le|? + [B*VT = piv/T = pal* + |af* Py
Pon + P

raed _
F, av. T

(32)
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FIG. 2. Average state preservation fidelities for the two-qubit
encoding (compared with no encoding), as functions of the one-qubit
energy relaxation probability p = 1 — e/ (same for both qubits,
p1 = p2 = p). The solid lines show the QED fidelities F& and F&
given by Egs. (30) and (33). (F& assumes averaging over the Bloch
sphere with uniform weight, while for F& the weight is proportional
to the probability of the “no error” measurement result 0.) The dashed
line shows the QEC fidelity Fa©, which coincides with F,¢", for which
the measurement result is ignored [Egs. (28) and (34)]. The dotted line
shows the one-qubit fidelity Fal without encoding [Eq. (17)]. QEC
performs worse than no encoding, while QED provides a significant
improvement for p < 0.3.

(the numerator and denominator are averaged separately),
which gives

2—pi—ptipp+VT=pVT—p
3[1+ pip2 — (p1 + p2)/2] '

[Note that instead of using Egs. (8)-(10), the six-point
averaging trick can be used separately for the numerator and
denominator of Eq. (32); see the Appendix.] At short times
this gives Far & 1 — (p2 + p2)/24 — 5p; p,/12, the same as
for Fi! [see Eq. (31)].

Figure 2 shows the QED fidelity defined in both ways, Fa
and Faf d, as functions of the one-qubit relaxation probability,
assuming similar qubits, p; = pp = p. For p < 0.3 both
fidelities are significantly higher than the fidelity Fad for an
unencoded single qubit [given by Eq. (17)], which itself is
higher than the fidelity F2" when the ancilla measurement
result is ignored [Eq. (28)].

Now let us discuss whether the state of the main qubit
can be made closer to |vj,) using the measurement result
information, as in QEC. If the measurement result is O, then
the qubit state is described by the first and last lines of Eq. (26).
It is rather obvious that in this case no unitary operation can
improve further the average fidelity [for QEC we are interested
in averaging with the weight proportional to probability; see
Eq. (23)]. This statement is rigorously proven in the Appendix.
So, no correction should be applied for measurement result
0. (Actually, a nonunitary operation due to partial collapse
can increase the fidelity in this case [29,30,33,34], but we
consider only unitary operations, as it should be in the usual
QEC.) When the measurement result is 1, the main qubit
is in the state |0) with probability Py,/(Pr, + Pyr) or in the
state |1) with remaining probability P,./(Py, + Py) [see Eq.
(26)]. In the case p; = p; this is the fully mixed state, and
any unitary operation does not change it. Thus, a meaningful

Fraed _
F, av. T

(33)
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error correction is impossible, and therefore Fpy© = Fae' (see
Fig. 2).

Actually, if p, > pj, then a slight improvement of fidelity
is possible by applying the m pulse (exchanging states |0)
and |1)) when the measurement result is 1. This makes the
resulting state closer to |1) than to |0), and correspondingly on
average closer to |, ), because the probability of measuring 1
increases with |¥,) being closer to |1). The optimality of this
procedure for measurement result 1 is proven in the Appendix.
It is easy to calculate the fidelity change due to the m pulse
(the easiest way is to average over the six initial states and
to work with un-normalized states; see the Appendix). The
resulting optimal QEC fidelity for the two-qubit encoding of
Fig. 1 is

2 JaO= I— in(p,
Fzg/eczg_'_( p13)( pz)_mm(zél Pz). (34)

C. N-qubit encoding

We now extend our discussion of the protocol of Fig. 1,
including N — 1 ancilla qubits. The encoded state is then
«|0V) 4+ B|1V). The state evolution can be unraveled into 2V
scenarios depending on which qubits relax. However, there
are 2V ~! measurement results, and each of them corresponds
to two scenarios. If the main qubit does not relax, then the
measurement result directly shows which ancilla qubits relax
(i.e., result 1 indicates the relaxation event), while if the main
qubit relaxes, then the relaxation scenario is shown by the
complement of the measurement result (i.e., result 0 indicates
relaxation).

The measurement result 0 (all zeros) indicates that the main
qubit is either in the state

1 N
|wnone>=m a|0>+ﬂ|1>]1:[1ﬂ . (35)

where Pyone = |a|? + Iﬂlzl_[jyzl(l — pj)1is the probability that
no qubits relax, or in the state |0) if all qubits relax, with the
corresponding probability Py = |/3|2]_[1].V: p;j- For any other
measurement result the main qubit is either in state |0) or
|1), with easily calculable probabilities of the scenarios. For
simplicity, we assume p; = p below.

As in the previous subsection, we consider three possible
ways to proceed: ignore the measurement result, select only
cases with measurement result 0 (QED), or try to improve the
fidelity when an error is detected (QEC). If the measurement
result is ignored, the average fidelity (calculated in a similar
way as above) is

w2, A= P
Fi' = 3 + 3 c (36)
it obviously decreases with increasing number of ancilla
qubits.

In QED we select only cases with measurement result 0.

Then the state fidelity is
[ol* + 18121 = p)V*1 + |af? Pay

F{ = . 6D
* Pnone + Pall

012333-5



KYLE KEANE AND ALEXANDER N. KOROTKOV

and averaging it over the Bloch sphere with uniform weight
we obtain
wi_ 3HSHA-pY  —1+5-(1-pV
Fav =
2B B?
(1+B)+(1-p"-501+B)
+ B

where B=—1+(1—p)¥+p" and S=2(1-p)"*+
pV. For N =2 this equation corresponds to Eq. (30). The
small-error approximation for N > 3 is

Fi~ 11— N?p?/24, p<kl. (39)

In(1 + B), (38)

It is interesting to note that this approximation does not
work for N = 2, for which F;‘f" ~1-— p2 /2, as follows from
Eq. (31). The reason is that P, scales as pV, and therefore for
N > 3 Eq. (39) does not have a quadratic contribution from
the scenario when all qubits relax; the infidelity comes only
from the difference between |Ynone) and |;,). In contrast, for
N =2 the fidelity F& is further decreased by p2/3 due to
relaxation of both qubits.

From Egs. (39) and (31) we see that the best QED fidelity
in the small-error case (p <« 1) is achieved by the three-qubit
encoding, N = 3; then 1 — Ffved ~ (3/8) p2. Howeyver, this is
only the factor 4/3 better (smaller) than for N = 2. Therefore,
from the experimental point of view the two-qubit encoding
(which is easier to realize than the three-qubit encoding) seems
to be most natural.

If we use the averaging of the QED state fidelity (37)
with weights proportional to the probability P,one + Pan of
the measurement result 0, then we essentially need to average
the numerator and denominator of Eq. (37) separately, thus
obtaining

1+ =p"+d = p"? 4 5pY
I+ —=pN+pV '

~ 2
Fod = 3 (40)

In the small-error case (p < 1) for N > 3 this gives F;\’,ed ~
1 — N2p2/24, the same as Eq. (39) for Fi',

Figure 3(a) shows the QED fidelities FX% and F& for
N =2, 3, and 4. We see that the difference between Fyy 4 and
ﬁﬂ,ed becomes larger with increasing N, but the difference is
small at small p. Note that the QED fidelity for the two-qubit
encoding becomes better than for the three-qubit encoding for
p 2 0.3.

Now let us discuss the possibility of QEC protocols,
which use unitary correcting operations depending on the
measurement result. If the result is 0, then the un-normalized
density matrix of the main qubit iS Poone|Vnone) (Wnone| +
P.110){0|. As proven in the Appendix, no unitary operation
can increase the fidelity in this case (in contrast to nonunitary
partial-collapse operations [29,30,33,34]). For all other mea-
surement results, the main qubit is in the incoherent mixture
of the states |0) and |1); the un-normalized density matrix
is Pom|0)(0] + Pim|1){1], where the corresponding prob-
abilities are P, = 1BI12(1 — p) 1_[1'=2.N f(m;) and Py, =
1B p [Tiza.n S —my), where f(1) = p, f(0) =1 — p,and
m; is the measurement result for the ith ancilla qubit.
As shown in the Appendix, the maximum fidelity is then
achieved by applying the m pulse (exchanging |0) and |1))
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FIG. 3. (a) The QED fidelities o (solid lines) and FI™* (dashed
lines) for the encoding using N = 2, 3, and 4 physical qubits, as
functions of the single-qubit energy relaxation probability p. The
dotted line shows the fidelity Fad for an unencoded qubit. (b) The
optimal QEC fidelity Fa° (solid lines) and the fidelity F,5" when
the measurement result is ignored (dashed lines) for N = 2, 3, and 4.

if P m < Pom and doing nothing if Py n, > Py . Calculating
the corresponding qubit state fidelity (compared with the
initial state), summing over the 2¥~! measurement results,
and averaging over the Bloch sphere, we obtain the QEC
fidelity

Fl=1+430-p"*+ i -p"
+gmax[p—p". (1-p) =1 -p". @D

The QEC fidelity as well as the fidelity F o' for ignoring the
measurement result are shown in Fig. 3(b) for N = 2, 3, and
4. The curves for F,i- and F,5" coincide at p < 1/2, because
in this case the optimal correction is no correction. We see that
for any N the QEC fidelity is smaller than the no-encoding
fidelity Falvq, so the error correction by a repetitive code does
not protect against energy relaxation.

D. Discussion

Our results show that the repetitive codes do not work for
QEC protection against energy relaxation. This is because
energy relaxation is very different from a bit flip (or phase
flip or bit-phase flip), for which repetitive codes work well.
In the language of quantum stabilizer codes [2] the event of
energy relaxation corresponds to the “sum” of two errors: bit
flip (X operation) and bit-phase flip (¥ operation); see the
Kraus operator A; in Eq. (5). So, a stabilizer code should
be able to protect against both of these errors to protect
against energy relaxation events. [Actually, a weaker error
due to the “no relaxation” Kraus operator A; in Eq. (5) also
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requires protection against phase-flip (Z operation) errors.]
For example, the standard five-qubit and seven-qubit QEC
codes [1,2,24] protect against all three types of errors (X, Y, Z)
and therefore can protect against energy relaxation.

Using the approach of the stabilizer codes and the quantum
Hamming bound [2], let us calculate the minimum number
of qubits N to protect against X and Y errors. The Hilbert
space of the dimension 2" can be divided into 2¥ ~! orthogonal
two-dimensional subspaces (“copies” of the qubit space); these
subspaces should be able to distinguish the cases with various
errors and no error. Since the number of possible errors is 2N,
we have an inequality 2V=! > 1 4+ 2N. From this inequality
we find N > 5 (the same minimum as for all three types of
quantum errors). Notice, however, that an approximate QEC
for energy relaxation is possible for N = 4 [35] (see also [36]).
This code breaks the above limitation because the relaxation
event is treated as one error, not as a “sum” of X and Y (the
drawback though is a slightly probabilistic operation). In any
case, the QEC codes protecting against energy relaxation are
much more complicated than the repetitive codes.

Even though the repetitive codes are not good for QEC
protection against energy relaxation, we have shown that they
can be well used for QED. Moreover, only two-qubit encoding
is sufficient for that. An interesting question is whether it is
beneficial to do many cycles of QED, correspondingly decreas-
ing the time of each cycle and therefore the error probability
p in each cycle (such division into shorter cycles is beneficial
for QEC [1,2]). The simple answer is that such division into
shorter cycles does not help much for the protocol of Fig. 1. The
reason is that even when no relaxation events happen, the qubit
state changes [see Eq. (35)] because the absence of relaxation
preferentially indicates state |0) and plays the same role as the
partial collapse [30]. Rewriting Eq. (35) in a non-normalized
way as [Ynone) = [0) + BI1) [T}, exp(—1/2T1 ;). we see
that division into several QED cycles does not change the
final wave function |Yone) as long as the total time ¢ is the
same. Therefore, since for N > 3 this evolution is the main
reason for imperfect QED fidelity at p < 1 (see discussion
in the previous subsection), there is not much benefit of
using the QED cycles. Nevertheless, some improvement of
the QED fidelity will be due to a decrease of the probability
P,y that all qubits relax. Since this probability scales as p" ~
(t/ TV, the division into M cycles is expected to decrease the
corresponding contribution to the procedure infidelity by the
factor MN~!. This improvement will be most significant for
N = 2: It will essentially change the approximation F;*fd ~
1 — p*/2 given by Eq. (31) into F&' ~ 1 — p?/6 given by
Eq. (39) for N = 2.

A more important improvement of the QED fidelity can be
achieved if the no-relaxation evolution (35) of |{/one) 1S cOm-
pensated. One possible way is to apply a partial measurement
[29,30,33] to the main qubit after the procedure, essentially
eliminating the evolution (35) for the price of a further decrease
of the selection probability (probability of success). Another,
easier way is to apply m pulses, exchanging states |0) and
|1), between (after) the QED cycles (these 7 rotations can be
around any axis in the equatorial plane of the Bloch sphere).
Then for an even number of equal-duration QED cycles, the
no-relaxation evolution (35) will be compensated exactly (as
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in the uncollapsing procedure [29,33,34,37]), and the QED
infidelity 1 — F9°¢ will be due only to the contribution from
P, (The use of m pulses resembles dynamical decoupling
of the “bang-bang” type [38]; however, the resemblance is
accidental, since dynamical decoupling cannot protect against
the energy relaxation [39].)

For an estimate of the corresponding QED fidelity, let us
consider the procedure with total duration ¢ < Tj, divided
into M cycles of duration t/M each (M is even). In each
cycle p~t/MT) < 1, and if we assume Nt/ MT, < 1,
then [Ynone) & |¥in) in Eq. (35). The probability that the
N-qubit relaxation (which remains undetected) has occurred
in the first cycle is Py = |B]>p", and similar probability for
the second cycle (after 7w pulse) is loe]?p". Therefore, in a
selected QED realization (with all measurement results 0) the
probability to have an undetected relaxation event is (M /2)p",
independent of the initial state (we assume this probability to
be small, then we can neglect the double events). If such an
undetected relaxation event happens, then the average fidelity
is Fo = ||2|82/|a|? = 1/3. The QED fidelity then can be
calculated as 1 — (1 — 1/3)(M/2)p", which gives

FO ~ F9 x| — M(t/MT)N /3. (42)

(If the above assumption Nt/MT; < 1 is violated, then the
factor 1/3 changes, but the scaling remains the same.) We
see that for this procedure the division into a larger number
of cycles M is beneficial, as well as using more qubits (V)
for the encoding. Note that our QED procedure does not
prevent the relaxation events from happening, so the average
probability of observing the “no error” result 0 in all M cycles
is approximately exp(—tN /2T).

III. TWO-QUBIT ERROR DETECTION AND
CORRECTION FOR PHASE QUBITS

In this section we propose and analyze the operation of
two-qubit error detection and correction protocols designed
for experimental implementation with the current technology
of superconducting phase qubits. We discuss several similar
protocols (including the QED protocol for energy relaxation);
for all of them the goal is to preserve an arbitrary initial state
|¥in) = «|0) + B]1) of a qubit.

The protocols we consider are somewhat similar to the
repetitive coding of Fig. 1 with only one ancilla qubit (N = 2).
However, instead of CNOT gates we use the two-qubit CZ gates,
because they are easier to implement [26,40] and are the main
entangling gates in the current architecture (so-called RezQu or
quantum von Neumann architecture) of phase qubits [23,27].
(Another natural two-qubit gate is +/iSWAP; however, the
design using +/iSWAP is not as efficient as with CZ.) The
CNOT gate can be realized with CZ and two Hadamard gates;
however, we avoid Hadamard gates and instead use qubit
rotations about the Y axis, which are easier to implement.
An important goal in designing the algorithms is to make them
as short as possible (in real time), to minimize deteriorating
effects of decoherence during encoding and decoding.

The first procedure (which we will mostly consider) is
shown in Fig. 4; it is designed to preserve the state |v,) of
the upper (main) qubit. Encoding is performed by preparing
the lower (ancilla) qubit in the state (|0) 4 |1))/+/2 by starting
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FIG. 4. Two-qubit experimental protocol for realizing QED and
QEC. Notations E; and E, represent the four detectable error
rotations: R{(20), R} (20), RY(20), and R¥(20). Notations Y /2 and
—Y /2 represent RY (7r/2) and RY (—7/2), respectively.
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with the ground state |0) and using the Y rotation over the
angle /2 (denoted as Y/2), and then applying the CZ gate
between the two qubits. This produces the entangled two-qubit
wave function

[«[0) ® (10) + [1)) + BI1) ® (0) — [1)]/V2, (43)

where the leftmost entry represents the main qubit. After
encoding, the decoherence process is simulated by applying
a unitary rotation to one of the qubits. For this encoding we
consider a set of four possible rotations: R{¥(260), RY(260),
R; (26), and R2Z(20), where the subscript indicates the qubit
number (1 for the main qubit), the superscript is the rotation
axis on the Bloch sphere, and the argument 26 is the rotation
angle on the Bloch sphere (the corresponding rotation angle in
the wave-function language is 6).

After the error rotation has been applied, the resultant state
is decoded by inverting the encoding operation, and the ancilla
qubit is measured in the computational basis. In the absence of
error rotation, the state after decoding is («|0) 4+ B8|1)) ® |0),
so that the initial state of the main qubit is restored and the
measurement result for the ancilla qubit is 0. The error rotation
disturbs the final state, which probabilistically changes the
measurement result to 1 and also changes the final state of the
main qubit.

A. Analysis of the ideal case

Let us start with analyzing the effect of the error rotation
Rf‘ (20) (X rotation of the main qubit). It transforms the
encoded state (43) into the state

[ae(cos 010) — i sinf[1)) ® (10) + 1))
+B(—isinf|0) 4+ cos]1)) @ (|0) — [IN]/V2,  (44)
which after decoding (but before measurement) becomes
cos 6 |¥in)|0) + i sin 6 X|vin) [1), 45

where X is the Pauli-X-matrix transformation [2]. It is clear
that we obtain ancilla measurement result O with probability
cos? 6, and then the state of the main qubit is restored to
[¥in), or obtain result 1 with probability sin’ @, which leaves
the main qubit in the state X|v,). [In this section we use
the standard quantum computing notations [2], in which the
Pauli matrices act on column vectors with the upper element
corresponding to the state |0). Note that for one-qubit wave
functions RX(w) = —i X.]

In QED we select only result 0, and this gives the perfect
state preservation fidelity, Fﬁed = 1, for any initial state. We
can also use the approach of QEC and apply the X gate [i.e.,
R¥ ()] to the main qubit when the error result 1 is measured.
This produces the initial state |,) for both measurement
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results with perfect fidelity, Fy~ = 1. Therefore, the QED and
QEC fidelities averaged over the Bloch sphere are also perfect,
Foed — paee — (46)

av av

Notice, however, that for QEC we had to know that an error is
due to the X rotation applied to the first qubit. This is different
from “real” error correction, in which we do not know the type
of error, but is acceptable for a demonstration experiment.

Let us also calculate the storage fidelity if the measurement
result is ignored (or, equivalently, the ancilla qubit is not
measured). From Eq. (45) we obtain the state fidelity for the
main qubit F,2" = cos? 6 + sin? @ (Vi | X [¥in)?, which after
averaging over the Bloch sphere becomes

F&" = cos? 6 + (sin?0)/3. 47)

Note that if the rotation R*(20) is applied to a qubit without
encoding, then the average fidelity is still given by Eq. (47),
so the encoding with ignored measurement result (or no
measurement) does not affect the average preservation fidelity
(moreover, it does not affect the state fidelity for any initial
state).

Now let us analyze in a similar way the case when the error
is introduced by the Y rotation of the main qubit, Rf (20). Then
the two-qubit state before the measurement is

cos 6 [¥in)[0) + i sin0 Y |in) (1), (48)

so that the measurement result O still restores the initial state
|¥in) of the main qubit, while for the measurement result 1
the state of the main qubit is Y|y, ), thus requiring the Y -gate
correction [i.e., RY (r) = —iY]. The QED and QEC fidelities
are still perfect [Eq. (46)], while the fidelity with ignored
result is still given by Eq. (47). Note that the correcting Y gate
is different from the correcting X gate in the previous case,
so we need to know the type of the error to apply the proper
correction (in a demonstration experiment the error rotation is
applied intentionally, so its type is obviously known).

Now let us consider the error due to the Y rotation of the
ancilla qubit, R2Y (26). Then the state before the measurement
is

€08 0|in)|0) + sin 6 Z|in) 1), (49)

and therefore in the case of measurement result 1 the Z-gate
correction is needed to restore |, ), while for the measurement
result O no correction is needed. Equations (46) and (47) are
still valid.

Finally, for the Z rotation of the ancilla qubit, RZZ (20), the
state before the measurement is

|¥in)(cos 0 |0) 4+ isin6 |1)). (50)

The final state of the main qubit is insensitive to this rotation,
and therefore no correction is needed for both measurement
results. In this case Eq. (46) is still valid, while Eq. (47) is
replaced by F,y" = 1.

‘We have discussed the effect of four error rotations: RIX (20),
RY(20), RY(20), and R%(20). The two remaining rotations,
R¥(20) and R¥(20), gradually change the final state of the
main qubit (both produce its Z rotations) but always produce
final state |0) of the ancilla qubit. Therefore, these errors are
undetectable and are excluded from our set of error rotations.
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As discussed above, for QEC we need to know which one
out of four error types has been applied. In contrast, for QED
we do not need to know the error type; for all of them the
measurement result O indicates the perfect state of the main
qubit. Moreover, for QED these types of error rotations can
be applied simultaneously, as long as the rotation angles are
relatively small, to make negligible the second-order terms
(which in the QEC and QED language correspond to double
errors).

It is most natural to view the analyzed procedure as a
QED protocol. However, we would like to emphasize that its
interpretation as a (constrained) QEC protocol is also possible:
the proper correction is possible when we know which error
process is applied. (In the existing QEC experiments the types
of allowed errors are almost always limited; in our protocol the
number of allowed types is further reduced to one out of four.)
Most importantly, our simple two-qubit protocol demonstrates
the main “miracle” of QEC, that continuous quantum errors
can be transformed into discrete errors and then corrected.

B. Realization using phase qubits

So far we considered the ideal case when there is no physical
decoherence of qubits, and the loss of fidelity is only due to
intentional rotations of the qubit states. In this subsection we
discuss a more realistic experimental situation, with added
decoherence during the protocol. We have in mind the present-
day technology of superconducting phase qubits [19,23,26].

Note that the phase qubit technology provides a high-
fidelity measurement (about 95% [19], so we consider it perfect
in the simulations); however, it takes a significant time to read
out the measurement result (longer than the qubit decoherence
time). While this is not a problem for the QED, the QEC at
present cannot be done in real time. Nevertheless, there is
a simple way to go around this difficulty in an experiment.
The resulting state of the main qubit is measured by using
the quantum state tomography (QST), so the experiment is
necessarily repeated many times. It is easy to separate the
QST data for ancilla measurement results O and 1. In this way
two different density matrices of the main qubit are obtained
for ancilla measurements 0 and 1. For the result 1 it is then easy
to calculate the density matrix after the correcting operation
(if it were applied in real time). Finally, adding the two density
matrices (with weights equal to the probabilities of ancilla
measurement results), the qubit density matrix for the QEC
procedure is obtained.

In phase qubits [19,23,26] the main sources of decoherence
are single-qubit energy relaxation (with 77 on the order of
0.5 ws) and pure dephasing (with a comparable or a little
shorter dephasing time 7). The decoherence is somewhat re-
duced in the RezQu architecture [23,27], in which the quantum
information is often transferred between the phase qubits and
resonators (resonators have much longer 7' and practically no
pure dephasing). We have simulated the procedure of Fig. 4 ina
simplified way, which does not explicitly reproduce the RezQu
implementation of the protocol, but still uses a reasonable
account of realistic decoherence.

For simplicity for each qubit we assume 7 =T, (so
that the pure dephasing time is T, = 27;). We assume that
single-qubit rotations [including RY (£ /2) of ancilla qubit,
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preparation of the main qubit, and error rotations] take 10 ns
each, CZ gates take 40 ns each, and there are 5-ns spacings
between the operations. Then the whole protocol of Fig. 4
(ending before measurement of ancilla qubit and tomography
of the main qubit) takes 135 ns. We calculate the evolution
of the two-qubit density matrix by breaking the procedure
into small time steps and applying energy relaxation and
pure dephasing to each qubit (for simplicity the CZ gate is
simulated as a gradual accumulation of the phase, as would be
for the dispersive gate). We start with six initial states of the
main qubit [|0), |1), (|0) % [1))/+/2, (|0) % i|1))/+/2, labeled
by index j =1,...,6 below], and from the final two-qubit
density matrices we calculate reduced un-normalized one-
qubit density matrices pp, ; and p; ;, corresponding to ancilla
measurement results 0 and 1 (the probabilities of these results
are then Trpg, ; and Trpy ;). The averaged preservation fidelity
with ignored measurement results is then (see the Appendix)
Fo' = (1/6) Y Ttl(po.j + p1.j)p}], where i = [v;) (|
is the unchanged initial state. The averaged (weighted) QED

fidelity is then Fffd =y ; Tr(po, j p}deal)/ > ; Trpo,j, and the
QEC fidelity is Fy© = (1/6) Zj Tr[(po,; + plcf’j‘fr)p}“], where
the corrected density matrix p{°" is obtained from p; ; by
applying the ideal correcting opérations (X,Y,Z,1) discussed
in the previous subsection.

Figure 5 shows the average fidelities ¥ d (solid lines),
F.° (dotted lines), and F,2" (dashed lines), as functions of the
rotation angle 20 (in units of ) for the intentional X rotation
of the main qubit, Rf( (26). The three sets of lines are for three
values of 7} = T5: 300, 500, and 700 ns. Note that we present
the average fidelities F,y, but they can be easily converted into
the process matrix fidelities F, via Eq. (2). Also note that the
range from 1/3 to 1 for F,, (used for the vertical axis in Fig. 5)
corresponds to the range from 0 to 1 for F,.

From Fig. 5 we see that even for 77 = T, = 300 ns the
QED fidelity is significantly higher than the fidelity with
ignored measurement result (recall that the procedure duration
is 135 ns). The difference between Ffved and F,5" becomes
larger for longer decoherence time (500 and 700 ns). The
QEC fidelity is below the QED fidelity (and even below F,y")

for small 0, but becomes above Fgf{f’ 4 and F;%" at large 6.

1.0 , ’ .
T1=T2=700IIS 500 ns
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FIG. 5. Numerical results for the average QED fidelity Fff_d (solid
lines), the QEC fidelity Fov° (dottes lines), and the fidelity F,e" with
ignored ancilla measurement results (dashed lines), as functions of
the angle 20 of intentional X rotation of the main qubit, R (26). The
simulated protocol of Fig. 4 has a duration of 135 ns. We assume the
qubits with 71 = T, = 300, 500, and 700 ns.
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FIG. 6. Same as in Fig. 5, but for four types of intentional qubit
state rotations: R;'(26), R{(26), RY(20), and R¥(20). The qubits
with 7} = T, = 500 ns are assumed. Results for rotations R{(26)
and RY (20) practically coincide.

It is interesting to notice that F&" at 20 ~ 7 is much
closer to the ideal value 1/3 [see Eq. (47)] than to the ideal
value 1 at 260 = 0. This property can be understood using the
equivalent language of the process fidelity F, = Tr(Xqesired X)
[see Eq. (2)]. Since the desired operation is the absence of
evolution, F, = x; in the standard notations for the one-qubit
4 x 4 matrix x [2,10,23,26]; note that x;; + xxx + xvy +
xzz = l.1deally x;; = 1for20 = Oand xxx = 1for20 = m.
Since decoherence spreads these ideal unity values to the three
other diagonal elements of x, we would expect that F," at
20 = 7 should be (very crudely) three times less than 1 — F,%"
at 260 = 0. This roughly corresponds to what we see in Fig. 5.

Figure 5 shows the results only for the X rotation of the main
qubit, R,X (260). The results for all four considered rotations,
R¥(20), R (20), RY(20), and R%(26), are shown in Fig. 6
for Ty = T, = 500 ns. The results for X and Y rotation of the
main qubit are practically indistinguishable from each other.
The QED and QEC fidelities for Y rotation of the ancilla qubit
are very close to the corresponding fidelities for the rotation of
the main qubit. For Z rotation of the ancilla qubit the operation
with ignored measurement coincides with the QEC operation
(because no correction is applied for measurement result 1),
and the QED fidelity Fo is higher than Fif" = F&° only
at 20 < /2, and only by a small amount. Obviously, the
rotation RZZ (20) is not good for demonstrating an advantage
of this encoding, in contrast to other rotations.

Overall, from Figs. 5 and 6 we see that the current tech-
nology of phase qubits is good enough for demonstrating the
operation of the considered two-qubit QED and QEC protocol.
In an experiment, the larger value of the QED fidelity in
comparison with the case of ignored measurement result is the
demonstration that the QED procedure is beneficial. Similarly,
the (constrained) QEC operation can also be demonstrated
(though with the caveat discussed in the previous subsection).

C. Related protocols

The protocol of Fig. 4 can be easily modified to change
the set of four detectable and correctable error operations. For
example, if we desire protection from Y and Z rotations of
both qubits [i.e., R} (20), R (20), RY(20), and R%(20)], we
can add +m /2 Y rotations of the main qubit before and after
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FIG. 7. Modified two-qubit QED and QEC algorithms. The
protocol shown in (a) detects and corrects errors due to rotations
RY, R?, Ry, and R%; it can be used to protect from natural pure
dephasing of the qubits. The protocol in (b) is designed for error
rotations R¥, RY, R¥, and RY. Therefore, it can be used as a QED
procedure for errors due to energy relaxation of both qubits (stored
in resonators).
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the error rotations [see Fig. 7(a)]. Such encoding also protects
from natural pure dephasing of both qubits.

For protection from X and Y rotations of both qubits [i.e.,
R¥(20), RY(20), RX(20), and Ry (20)], we can add F7/2 Y
rotations of the ancilla qubit before and after the errors [see
Fig. 7(b)]. Such encoding can be used in the QED mode for the
energy relaxation of both qubits. (This procedure essentially
realizes the idea of Fig. 1 for two qubits; the only difference
is the encoding «|00) — B]11) instead of encoding «|00) +
Bl11) considered in Sec. II B.)

In the RezQu architecture based on phase qubits [23,27],
the protocol of Fig. 7(b) can be efficiently used for storing
the information in the resonators. We have simulated the
operation of this protocol, assuming that the encoding and
decoding is done with the phase qubits having relaxation
times 77 = T3, while in between encoding and decoding the
information is moved to resonators for a relatively long storage.
The procedure (without the storage time) is slightly longer
than what was considered in the previous subsection: 155 ns
instead of 135 ns (we still do not simulate explicitly the
move operations between the qubits and resonators). Solid

lines in Fig. 8 show the corresponding QED fidelities Fﬁ,ed
as functions of the single-qubit energy relaxation probability

1.0

500ns ~qed

09F

ign
av

0.8F

qed
av » F.

F,

0.7f

0.6

0.5 : : : :
00 02 04 06 08 1.0

FIG. 8. Average QED fidelity Fo<® (solid lines) for the two-qubit
protocol of Fig. 7(b), as a function of the single-qubit energy relax-
ation probability p = 1 — exp(—fsorage/ Tyesemtry during information
storage in resonators. Dashed lines show average fidelity F,;" when
the measurement result is ignored. The encoding and decoding is
done with phase qubits having significantly shorter relaxation times
T\ = T, (300, 500, and 700 ns); the assumed duration of the procedure

(excluding storage time) is 155 ns.
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p = 1 — exp(—torage/ T{"'*") during the storage (in exper-
iment [23] Tfes""a“” > T, though our results do not need this
assumption). The QEC operation is impossible in this case
(for real energy relaxation in resonators); however, as seen
from Fig. 8, the QED operation can be reliably demonstrated
experimentally.

IV. CONCLUSION

In Sec. II we have analyzed the performance of N-qubit
repetitive quantum codes in the presence of energy relaxation.
As expected, these codes are not usable for QEC. However,
they can be used for QED. The best QED performance for
weak energy relaxation is provided by the three-qubit repetitive
encoding [see Eq. (39) and Fig. 3(a)], while the two-qubit
encoding is sufficient and gives only slightly lower fidelity
[see Eq. (31)]. We have found that the main contribution to the
QED infidelity for N > 3 comes from the nonunitary change
of the quantum state in the case when no relaxation happens.
Therefore, the QED infidelity can be strongly decreased if
the QED algorithm is complemented with partial quantum
measurement or, alternatively, if the protocol is divided into
the even number of cycles and complemented with 7 pulses in
between (this resembles dynamical decoupling, though only
superficially). In this case the fidelity improves with dividing
the total duration into a larger number of cycles and using
more qubits for the encoding [see Eq. (42)].

Note that the QED fidelity cannot be introduced in the
usual way [as F), = Tr(Xgesirea )] via the process x matrix.
In the analysis we have used the state fidelity, averaged
over the Bloch sphere, with the usual conversion into F,
via Eq. (2). For the state fidelity averaged with the weight
proportional to the selection probability (denoted Fa d) the
usual trick of averaging over the six initial states can be used
(see the Appendix), while for the state fidelity averaged with

uniform weight (denoted Fo*') we had to average over the
Bloch sphere explicitly, using Eqgs. (8)—(16). In the analysis
we used unraveling of the decoherence evolution into the
“error scenarios,” which is, in general, similar to the standard
approach used in the QEC, but is different in the way that each
scenario describes a nonunitary process.

In Sec. III we have considered simple two-qubit protocols
of quantum error detection and correction, suitable for present-
day experiments with superconducting phase qubits [23]. In the
protocol of Fig. 4 the errors are simulated by intentional unitary
rotations of the qubit states (two types of rotations for each
qubit). In this case not only the QED, but also the (constrained)
QEC operation is possible if we know the applied type of error
rotation. Most importantly, this experiment would demonstrate
the QEC “miracle” of converting continuous quantum errors
into discrete errors, which are then correctable. The numerical
simulations (Figs. 5 and 6) with account of decoherence
during the protocol show that the experimental QED and
QEC fidelities are expected to be significantly higher than the
fidelity with ignored result of the ancilla qubit measurement.
Therefore, the QED and QEC benefits can be demonstrated
experimentally.

A slightly different protocol, shown in Fig. 7(b), can be used
as a QED procedure for errors due to natural energy relaxation
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of qubits stored in resonators of a RezQu-architecture device
[23,27] based on phase qubits. The numerical simulations
(Fig. 8) show that such an experiment can also be realized
with the present-day technology, demonstrating the benefits of
encoding a logical qubit in several (two in this case) physical
qubits. While the measurement-free QEC experiment has been
recently realized with superconducting transmon qubits [15],
the experiments proposed and analyzed in this paper would be
the first measurement-based QED and QEC protocols realized
with superconducting qubits. Even though these experiments
would still be only kind of a proof-of-principle demonstration,
they would be an important step towards a really useful QEC.
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APPENDIX

In this Appendix we prove that no additional unitary
operation can improve the fidelity of the protocol discussed
in Sec. II (for two-qubit or N-qubit encoding) in the case of
“no error” measurement result (0 or 0). We also prove that
for a measurement result which indicates an error, the optimal
correction is either identity or the 7 pulse, exchanging |0) and
|1). Along the way we also discuss the trick [28,32] of using
only six initial states for averaging the state fidelity over the
Bloch sphere.

Let us first consider an arbitrary (not necessarily trace-
preserving) linear one-qubit quantum operation, which trans-
forms initial states |1), |0), |+) = (|0) £ |1))/«/§, |+i) =
(]0) :I:i|1))/«/§ into the density matrices pg, P1, P+, P+i-
The center of the Bloch sphere (]0)(0] 4 |1)(1])/2 =1/2 is
transformed into p.. Because of the linearity, only four linearly
independent initial states are sufficient to define the operation.
So, for an initial state with the Bloch sphere coordinates

{x,y,z},

on=U+xX+yY +22)/2, (AD)

where {X,Y,Z} are the Pauli matrices (x = 1 corresponds to
|+), ¥y = 1 corresponds to |+i), z = 1 corresponds to |0)), the
final state is

Pin = P + x(p4 — pc) + Y(o+i — pe) + 2(po — pc). (A2)

To compare this operation with a unitary U, we calculate the
state fidelity Tr( oy ,oé]n) (the superscript U in a notation means
that it relates to the unitary U),

Fy = Tr{lpc + x(o+ — pc) + Y(p1i — pe) + 2(po — pe)]

<[+ (p¥ = V) (p = o) +2(6f = 011}
(A3)

Note that pY = I/2, since a unitary operation does not
change the Bloch sphere center. In averaging Fy over the
Bloch sphere we average over the coordinates {x,y,z} and
use the obvious relations x =y =z =Xy =xz = yz =0,
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x2 = y2 = 22 = 1/3, this obtaining
F = {Trp. + 1Te[ (o1 — ) (oY = pY) + (p4i — pe)
x (0% = oY) + (po — pe)(pg — pY)]- (A4)

Note that in general we deal here with non-normalized
density matrices, in contrast to the formalism used in Sec. IL.
'l;herefore, compared with notations of Sec. II, F=F,=
F,y only for a trace-preserving operation, while for a non-
trace-preserving operation F = F,, P, where P is the average
probability of selection [see Eq. (23)], and there is no direct
relation between F and F,,.

Using Eq. (A4) it is easy to see why averaging over the
Bloch sphere is equivalent to averaging over only six initial
states: |0), |1), |&), and |£i). The state fidelity F. for the
initial state |+) is given by Eq. (A3) with x =1 and y =
z = 0. The state fidelity F_ for the initial state |—) is similar,
but x = —1. It is easy to obtain the sum, F, + F_ = Trp. +
2Tr[(p4 — p)(pY — pY¥)], which resembles the first two terms
in Eq. (A4). Similarly finding the sums F,; + F_; and Fy +
Fi, we obtain [28,32]

F=(Fy+F +F,+F_+F,+F,))6. (A5)

Note that this relation remains valid for non-trace-preserving
operations (when we are working with a linear operation and
non-normalized states). The same six-point-averaging relation
is valid for the average probability of selection P, because
P = Trpg, and therefore P = Trp, (even two-point averaging
is sufficient for P, when we choose two opposite points on
the Bloch sphere). Therefore the six-point-averaging trick is
useful for finding F,, = f/?.

Now let us discuss why an additional unitary cannot
improve the QEC protocols of Sec. I when the “no error” mea-
surement result O (or 0) is obtained. The final state in this case
is an incoherent mixture of the results of two linear operations:

@l0)+BI1) — «|0) +kBI1),  @|0) + BI1) — kBI0), (A6)

where the real positive constants k and k should obviously
satisfy inequality k> 4+ k> < 1. For this operation it is easy to
find explicitly

pe =1 +R2+K)I/4+ 1 +k>—Kk>)Z/4, (A7)
Py =pc+kX/2, pyi=pc+kY/2, po=(Z+1)/2.
(AB)
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Then using Eq. (A4) we obtain
— 1 ~ 1
F=,0+ K+ k%) + 6Tr[kx(pf —pY)

1 — k2 + k2
—5—2(sf —pﬁ’)]- (A9)

(Note that comparing the operation with U we assume the
correction operation U'.) Optimizing each term under the
trace over the unitary U separately, we see that the first term
is maximized by unitaries, which transform |+) — |+); the
maximum for the second term is achieved when |+i) — |+i),
and the maximum for the third term is achieved when
|0y — |0) (note that k >0 and 1 — &%+ k2 > 0). Since
the no-evolution operation satisfies all these conditions, it
provides the maximum fidelity,

+kY (ol — o) +

— I+ k+2+E)2
Upess =1, F = 3 / .

Note that the average probability of the process (A6) is
P=>04k+Kk>/2, 50 Foy =2/3)A +k + k> +&>/(1 +
k? 4 k?). In particular, this is an alternative way of deriving
Eq. (33) by using k = /T — pi/T— pyand k = \/p1p>.

Now let us discuss what is the optimal unitary correction
operation after obtaining the measurement result 1 in two-
qubit encoding or any result except 0 in N-qubit encoding.
Then the resulting state is an incoherent mixture of two linear
operations:

(A10)

al0) + BI1) — kBI1),  «[0) + BI1) — kBl0).  (All)
Finding explicitly the resulting density matrices
k? k?
po =0, pc=pi=pui=700{0[+ L)Ll (Al2)
we obtain from Eq. (A4)
F= K I K + K 1_2k2 Te[Z(od — 0Y)]. (A13)

Therefore, if k > k, then the maximum fidelity Frax = 2k +
k?)/6 is achieved for any unitary U, which does not change
|0) (same for the correcting operation U ). However, if k < &,
then the optimal U transforms |0) — |1) (same for U) and
Fuax = (K2 +2k%)/6.
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