20147113226 A1 I 000 1000 OO OO 0

S
=

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/113226 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

24 July 2014 (24.07.2014) WIPOIPCT
International Patent Classification: (81)
GO6N 99/00 (2010.01)

International Application Number:
PCT/US2014/010276

International Filing Date:
6 January 2014 (06.01.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/752,646 15 January 2013 (15.01.2013) US
13/912,876 7 June 2013 (07.06.2013) US

Applicant: ALCATEL-LUCENT USA INC. [US/US];
600-700 Mountain Avenue, Murray Hill, NJ 07974-0636

(US).

Inventor: ASHIKHMIN, Alexei; 600-700 Mountain Av-
enue, Murray Hill, NJ 07974-0636 (US).

Agent: MC CABE, John, F.; ALCATEL-LUCENT USA
INC., Attention: Docket Administrator-room 3B-212F,
600-700 Mountain Avenue, Murray Hill, NJ 07974-0636
(US).

(84)

Publi

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

shed:
with international search report (Art. 21(3))

(54) Title: SYNDROME OF DEGRADED QUANTUM REDUNDANCY CODED STATES

FIG. 1

14_1

T __|'l

(57) Abstract: An apparatus includes a device having n input ports and n output ports. The n input ports are configured to receive n
corresponding physical objects of a physically processed, quantum redundancy coded state. The n output ports are configured to out-
put the n physical objects in the physically processed, quantum redundancy coded state. The device is configured to measure bits of
a syndrome of the physically processed, quantum redundancy coded state by passing the n physical objects through the device. The
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SYNDROME OF DEGRADED QUANTUM REDUNDANCY CODED
STATES

This application claims the benefit of U.S. provisional patent application No.
61/752,646, filed Jan. 15, 2013.

The U.S. Government has a paid-up license in this invention and the right in
limited circumstances to require the patent owner to license others on reasonable terms as
provided for by the terms of contract No. D11PC20165 awarded by the Intelligence
Advanced Research Projects Activity (IARPA).

BACKGROUND
Technical Field

The inventions relate to measuring syndromes of quantum redundancy coded states,
which may have undergone physical degradation.
Related Art

This section introduces aspects that may be helpful to facilitating a better
understanding of the inventions. Accordingly, the statements of this section are to be read
in this light and are not to be understood as admissions about what is in the prior art or
what is not in the prior art.

Since information carrying entangled quantum states are susceptible to errors
during some types of physical processing, error-correction will probably be used by
quantum computers, in which such entangled quantum states carry information. In such
quantum computers, the error-correction may involve quantum redundancy coding of the
information carrying entangled quantum states based on quantum stabilizer groups.

Quantum redundancy coding involves coherently mixing the individual initial
quantum states, i.e., information carrying states, with a preset quantum state thereby
producing corresponding quantum redundancy coded states. The coherent mixing
typically entangles each initial quantum state with a preset quantum state having multiple
quantum bits (qubits). After quantum redundancy coding, physical processing may
generate errors in the quantum redundancy coded states. The physical processing may
include, e.g., transmission of the quantum redundancy coded states over a physical

communication channel and/or storage of the quantum redundancy coded states.
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After the physical processing, the physically processing processed quantum
redundancy coded may be subjected to error-correction processing. The error-correction
process typically involves measuring a value of the syndrome of a physically processed
quantum redundancy coded state. The measured value of the syndrome is indicative of
whether an error has been produced in the corresponding quantum redundancy coded state
by the physical processing. Typically, the measured values are used to identify the errors,
which are most probably produced by the physical processing. If the measured value of
the syndrome indicates the presence of an error, the error-correction process may involve
applying a quantum operation to the physically processed redundancy coded quantum state
to invert the error most likely produced by said physical processing. The form of the
applied quantum operation is determined from the syndrome of the physically processed
quantum redundancy coded state. Usually, the set of errors correctable by such error-
correction processing is a proper subset of the set of all errors that the physical processing
can produce.

SUMMARY OF SOME EXAMPLES OF EMBODIMENTS

Some embodiments provide apparatus or methods whose determinations of the
syndrome of a physically processed, e.g., degraded, quantum redundancy coded state are
more robust against potential errors.

In some embodiments, a first apparatus includes a device having n input ports and n
output ports. The n input ports are configured to receive n corresponding physical objects
of a physically processed, quantum redundancy coded state. The n output ports are
configured to output the n physical objects in the physically processed, quantum
redundancy coded state. The device is configured to measure bits of a syndrome of the
physically processed, quantum redundancy coded state by passing the n physical objects
through the device. The device is configured to measure a parity check bit for some of the
measured bits of the syndrome by the passing the n physical objects through the device.

In some embodiments of the first apparatus, the device may include a sequence of
serially connected measurement devices. Each of the measurement devices is configured
to receive and transmit the n physical objects and is configured to measure either one of the
bits of the syndrome or the parity check bit for some of the measured bits of the syndrome.

In some such embodiments, at least, one of the measurement devices is configured to
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measure the parity check bit. In any embodiments of this paragraph, each of the
measurement devices may include a quantum circuit of quantum gates. In any
embodiments of this paragraph, a proper subset of the measurement devices may be
configured to measure the bits of the syndrome such that each bit of the syndrome is
measured by a different one of the measurement devices of the proper subset.

Any of the above embodiments of the first apparatus may further include an
electronic controller connected to receive the measured bits of the syndrome and the
measured parity check bit. The electronic controller is configured to determine an error-
corrected value of the syndrome based on the measured parity check bit and the measured
bits of the syndrome. In some such embodiments, the controller may be configured to
error correct the syndrome measured by the proper subset of the measurement devices
according to a linear block code. In some such embodiments, the first apparatus may
include an error-correction module configured to error-correct the physically processed,
quantum redundancy coded state based on an error-corrected value of the syndrome
produced by the electronic controller.

In other embodiments, a second apparatus includes an input register connected to
receive and store a physical state of n qubits, a plurality of auxiliary registers, a quantum
circuit, and a plurality of detectors. Each auxiliary register of the plurality is configured to
transmit a preset state of one or more qubits. The quantum circuit is constructed to
transform the preset states based on the physical state received from the input register and
to output the physical state to an output register. Each detector of the plurality is connected
to receive a corresponding one of the transformed preset states from the quantum circuit
and is configured to produce a value by measuring one or more qubits of the corresponding
received one of the transformed preset states. The quantum circuit is configured to form
the transformed states such that the produced values measure bits of the syndrome of the
physical state and such that at least one of the produced values measures a parity check bit
for the measured bits of the syndrome.

Some embodiments of the second apparatus may further include a controller
configured to receive the values from the detectors. The controller may also be configured
to error-correct one of the produced values that measures a bit of the syndrome based on

the value that measures a parity check bit. Some such embodiments may further include an
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error-correction module that is configured to receive the physical state from the output
register and to error-correct the received the physical state based on an error-corrected
value of the syndrome produced by the electronic controller.

In some embodiments of the second apparatus, the quantum circuit is configured to
serially produce the transformed quantum states.

In some embodiments of the second apparatus, the quantum circuit is configured to
transform, at least, two of the preset quantum states in parallel.

In another embodiment, a method includes transmitting a redundancy encoded
multi-qubit state through a first hardware device to measure a syndrome of the redundancy
encoded multi-qubit state. The method also includes transmitting the redundancy encoded
multi-qubit state through a second hardware device to measure one or more parity check
bits for the measurement of the syndrome.

In some embodiments of the method, the act of transmitting a redundancy encoded
multi-qubit state through the first hardware device may include transmitting the
redundancy encoded multi-qubit state through a sequence of quantum gate circuits. In
some such embodiments, the act of transmitting a redundancy encoded multi-qubit state
through the second hardware device may include transmitting the redundancy encoded
multi-qubit state through a sequence of quantum gate circuits, wherein the first and second
sequences are disjoint.

Any of the above embodiments of a method may further include error-correcting
the measured syndrome by correcting, at least, one of a plurality of measured bits of the
syndrome based on the measured value of the one or more parity check bits. Some such
embodiments may further including error-correcting the redundancy encoded multi-qubit
state in a quantum circuit based on the error-corrected measured syndrome.

Other embodiments may cover other apparatus or methods of operating apparatus
as described in the summary of some examples of embodiments, the drawings, and/or the
detailed description of illustrative embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram for an apparatus configured to measure a syndrome of

quantum redundancy coded states, which have undergone physical processing capable of

generating errors therein;
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Figure 2 is a block diagram of a quantum circuit, e.g., which may form one of the
hardware measurement devices of Figure 1;

Figures 3,4, 5, and 6 are block diagrams of examples of quantum circuits for basis
elements of a stabilizer group G and are embodiments of the hardware measurement
devices of Figure 1 for directly measuring the bits of the syndrome for one quantum
redundancy coding scheme; and

Figures 7 and 8 are block diagrams of examples of quantum circuits for non-basis
elements of the same stabilizer group G and are embodiments of hardware measurement
devices of Figure 1 for directly measuring parity bits for the measured syndrome in the
same quantum redundancy coding scheme;

Figure 9 is a block diagram illustrating an apparatus that uses a quantum circuit and
a set of preset quantum states to provide error-correction of a measured syndrome of a
received quantum redundancy coded state; and

Figure 10 is a flow chart illustrating a method of handling a physically processed,
redundancy encoded multi-qubit state, e.g., in the apparatus of Figures 1 and 9.

In the Figures and text like reference numbers refer to functionally and/or
structurally similar elements.

In the Figures, the relative dimensions of some features may be exaggerated to
more clearly illustrate apparatus therein.

Herein, various embodiments are described more fully by the Figures and the
Detailed Description of Illustrative Embodiments. Nevertheless, the inventions may be
embodied in various forms and are not limited to the specific embodiments described in
the Figures and the Detailed Description of the Illustrative Embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The books Quantum Error Correction and Fault Tolerant Quantum Computing by

Frank Gaitan (Taylor & Francis 2008) and Quantum Computation and Quantum
Information by Micahel A. Nielson and Isaac .. Chuang (Cambridge 200)) are

incorporated herein by reference in their entirety.
U.S. provisional patent application No. 61/752,646, which was filed on Jan. 15,
2013, is incorporated herein by reference in its entirety.

Herein, the word state refers to a physical entity rather than an abstract condition
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unless otherwise specified. For example, an n-qubit state of physical objects refers to the
physical entity of physical objects, e.g., a collection of n ions, which has been suitably
prepared. The physical entity of the state may be produced, stored, transported, or
measured and may, e.g., carry a representation of n qubits.

As already stated some error-correction schemes are based on the syndrome of the
physically processed, quantum redundancy coded states. The syndrome is a binary-valued
multi-component vector whose value identifies a probable specific error, e.g., the most
probable error, in such a state from a set of possible errors therein. For example, the
syndrome may be sufficient to identify errors to such physically processed quantum
redundancy coded states when the errors are single qubit errors. That is, the value of the
syndrome may be sufficient to identify an error under the assumption that there is an error
in a single one of the preselected number of qubits of the quantum redundancy encoded
state. Based on the determining value of the syndrome, the error-correction processing
may invert the identified most probable error by passing the physically processed quantum
redundancy coded state through a quantum circuit of quantum gates.

Such schemes for error-correction often fail when the determination incorrectly
identifies the value of the syndrome of a physically processed quantum redundancy coded
state. Also, many hardware devices to measure values of the syndrome are prone to
providing erroneous values, because the hardware devices are based on quantum circuits of
error-prone elementary quantum gates. Thus, increasing the reliability of determinations of
the syndrome can improve the performance of error-correction, which is based on
determined values of the syndrome.

One scheme to increase the reliability of a determination of a value of the syndrome
involves making a set of measurements of the value of the syndrome on a physically
processed quantum redundancy coded state and then, defining the value of the syndrome
for that state to be the most frequently measured one of the values of the set. For example,
the most frequently measured one of the values may be determined by a majority rule.
According to a majority rule, the determined value would have been the measured value
for the physically processed, quantum redundancy coded state most of the time. Such a
scheme is believed by the inventor to reduce the probability of errors in determinations of

the syndrome, but such a scheme is also believed by the inventor to typically use a large
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amount of measurement hardware to produce modest reductions in occurrences of such
ITOTS.

Various embodiments of apparatus and methods improve reliabilities of
determinations of values of the syndrome for physically processed, quantum redundancy
coded states. The improved reliabilities can be higher than those produced by the above-
mentioned methods involving multiple measurements of the syndrome and/or can use less
measurement hardware to determine values of the syndrome to the same reliability as the
methods involving multiple measurements of the syndrome.

Figure 1 illustrates an apparatus 10 that is configured to determine the syndrome of
a physically processed, quantum redundancy coded states. The quantum redundancy
coded state has n physical objects; each of the physical objects carries a corresponding
single measurable qubit of information. The quantum redundancy coded states are
produced by coherently mixing a preselected quantum state of the (n-k) physical objects
with an initial quantum state carrying k qubits of information. The previous physical
processing of the quantum redundancy coded states may have produced error(s) therein.

In various quantum states, the physical objects carrying individual qubits of
information may take various forms, e.g., photons, confined ions, confined atoms, and/or
edge or other excitations of a fractional quantum Hall effect droplet of charge carriers.
Persons of ordinary skill in the relevant arts would understand how to make such physical
objects, to quantum code information on such physical objects, to coherently mix such
quantum states, and to read information stored in such quantum states. Some such
methods and apparatus, which are configured to perform such functions, may described in
the above-incorporated book by Frank Gaitan and/or in the above-incorporated book by
Micahel A. Nielson et al.

In Figure 1, the apparatus 10 includes an input register IR for a quantum state and
an output register OR for a quantum state. The input register IR is able to receive and store
the n physical objects of the physically processed, quantum redundancy coded state of n
qubits. The output register is configured to store and transmit n physical objects of the
same received state after processing in the apparatus 10.

The apparatus 10 has a sequence of hardware measurement devices 12 1, ...,

12_B. Each hardware measurement device 12_1 — 12_B has a first array of n input ports
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14_1 — 14_n and second array of n output ports 16_1 — 16_n. The intermediate output
ports 16_1 to 16_n of the R-th of the hardware measurement devices 12_R connect, in a
one-to-one manner, to intermediate input ports 14_1 to 14_n of the next one of the
hardware measurement devices 12_(R+1) of the sequence. The sequence receives the n-
physical objects of the physically processed, quantum redundancy coded state from the
input register IR via the input ports 14_1 — 14 _n of the first hardware measurement device
12_1 of the sequence, and transmits said physical objects to the output register OR via the
output ports 16_1 — 16_n of the last of the hardware measurement device 12_B of the
sequence.
In the sequence, each hardware measurement device 12_1 — 12_B is configured to
measure a binary value, which is indicative of either:
a) a corresponding bit of the syndrome of the physically processed, quantum
redundancy coded state, which was received by the apparatus 10 at the
input ports 14_1 - 14_n;
or
b) a parity check bit for the same syndrome, which other of the hardware
measurement devices 12_1 — 12_B are configured to measure.
One or more of the hardware measurement devices 12_1 — 12_B measure(s) parity check
bit(s) of the syndrome, and other(s) of the hardware measurement devices 12_1 - 12_B
measure(s) bit(s) of the syndrome. In some embodiments, such measurements of parity
check bits may support multiple parity checks of a measured value of the syndrome. In
some embodiments, the measurements may include a measurement of each bit of the
syndrome by, at least, one of the hardware measurement devices 12_1 — 12_B of the
sequence. In different embodiments, measurements of specific bit(s) of the syndrome
and/or specific parity check bit(s) for such measurements may be performed by ones of the
hardware measurement devices 12_1 — 12_B located at different positions in the sequence.
The apparatus 10 also includes an electronic controller 18, which is configured to
receive the measured bit(s) of the syndrome and the measured parity check(s) thereof from
the hardware measurement devices 12 1 — 12 B. Indeed, each hardware measurement
device 12_1 — 12_b has a result output port ROP_1 — ROP_B from which the measured

values of such a parity check bit or an ordinary bit of the syndrome is transmitted to the



10

15

20

25

30

WO 2014/113226 PCT/US2014/010276

controller 18. The electronic controller 18 determines a value for the syndrome of a
received physically processed, quantum redundancy coded state based on measured bit
values received from the result output ports ROP_1 — ROP_B of the hardware
measurement devices 12 1 — 12 B.

The electronic controller 18 applies error-correction to the received measurements
of the bits of the syndrome based on the received measured parity check bit(s) for said
measurements of bits of the syndrome. For example, the error-corrected value may be
based on direct measurements of each bit of the syndrome by some of the hardware
measurement devices 12_1 — 12_B and direct measurement(s) of one or more parity check
bits for the measured value of the bits of the syndrome by a remainder of the hardware
measurement devices 12 1 — 12 B.

In such embodiments, the electronic controller 18 may also error correct the
measured values of the bits of the syndrome via error-correction of linear redundancy
coding, e.g., based on a linear block code or a systematic linear block code. In such
methods the electronic controller 18 may treat the syndrome as a binary information vector.
Then, the controller may apply conventional techniques to identify a syndrome from the
measured value of the syndrome, i.e., based on the measured parity check bit(s). Based on
the measured values of the syndrome, the controller 18 can identify the most probable
errors in the measured values of the syndrome, e.g., single bit errors, and correct such
errors in the measured values of the syndrome.

In some embodiments of the apparatus 10, each hardware measurement device
12_1-12_ B includes a quantum circuit of elementary quantum gates. In different ones of
the hardware measurement devices 12_1 — 12_B, the quantum circuits may differ. In
particular, each hardware measurement device 12_1 — 12_B has a quantum circuit
configured to measure a corresponding bit of the syndrome or a parity check bit of the
measured syndrome.

In some embodiments, each hardware measurement device 12 1 — 12 B includes a
corresponding quantum circuit of quantum gates. Each quantum circuit corresponds to an
element of the stabilizer group for the quantum redundancy coding scheme, and the
element of the stabilizer group defines the type of bit output at the result output port
ROP 1 — ROP_B of the hardware measurement device 12 1 - 12 B.
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The description of such embodiments of the hardware measurement devices 12_1 —
12_B is simple via a representation of a qubit as a spin having 2 states, i.e., [0>and [1>. In
such a representation, the initial quantum states and quantum redundancy coded states are
represented as complex superpositions of multi-spin states. Each initial quantum state is a
complex superposition of states of k such spins. Each quantum redundancy coded state is
a complex superposition of states of n such spins. Here, a state of p spins is a state in the
direct product space of the fundamental 2-state spin. A complex superposition is a sum of
such direct product states in which each state of the sum is weighted by a complex factor.

In such a spin-representation, the processing of a quantum redundancy coded state
may be represented by the application of a matrix on the corresponding n-spin state. Such
matrices are writable as sums of direct products of the 2x2 matrices of a set V. The set V
includes the 2x2 identity matrix and the 2x2 Pauli matrices, i.e., I, 64, 6y, and 6,. Indeed,
physical processing of a quantum redundancy code state may produce a fundamental error,
which is representable by the action of an operator in the n-dimensional direct product
space of the 2x2 matrices of V.

In addition, a one-to-one correspondence exists between the 2x2 matrices of V and
2-component binary vectors. This correspondence will simplify the description of
quantum circuits of the illustrated embodiments for the hardware measurement devices
12_1-12_B of Figure 1. The correspondence is defined as follows.

I «<0,0;

ox1,0;

0, 0,1;and

oy> 1, 1.

The 2x2 Pauli matrices are well known to be defined as follows:

0 1 0 —i 1 0
o, = , O, =| ,and o, = .
1 0 ? i 0 0 -1

The above correspondence defines a function U from the space of 2-dimensional binary
vectors to the set V. The function U is defined as follows:

U@, 0)=1U(, 0) = oy, U@, 1) =6, and U(1, 1) = oy.
The function U provides a simple description of a correspondence between fundamental

error operators, and 2n-dimensional binary vectors, i.e., vectors of the form (a;i, a1, asi,
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@, ... , anl, an2), Wherein each ajjis in {0, 1}. Each fundamental error operator E has the
form:
Uay, a12)® ...®U(ay, an)
for some 2n-dimensional binary vector (aig, aia, ... , a1, an2). Thus, the correspondence is

defined as follows:
E =U(ayy, a12)® ...0U(an1, an2) ¢ (a11, a12, --- , anl, an2) -

To further illustrate this correspondence, two examples are shown below for n = 3 and 4.

The erroro, ® 1 ® 6, = U, 0)®UO, OH)®U0, 1)« (1,0,0, 0,0, 1).
The error I ® 6, ® o, ® ¢, = U(0, 0)®U(0, 1)®U(1, O)®U(1, 1) <> (0,0,0,1, 1,0, 1, 1).
The above-described correspondence also gives a correspondence between elements of the
stabilizer group, which are fundamental error operators, and a subset of the 2-dimensional
binary vectors. In particular, each element g; of the stabilizer group for the quantum
redundancy coding scheme corresponds to the 2n-dimensional binary vector (a;;(i) a;2(i),
..., an1(i), ap(i)) for which the element g; = U(a; (i), a;2(i)® ...®U(an (i), an()).

The 2n-dmensional binary vectors (aji(i) a;a(i), ... , ani(i), ap(i)) corresponding to
elements g; also form a representation of the stabilizer group. In this representation, the
group operation is binary addition of the corresponding 2n-dimensional binary vectors. In
particular, a group element g,, = g; X g; is represented by:

(an(m) ap(m), ... , ani(m), an(m)) =
(an()+an(), an+@Q), ... » au@+an(), ani)+amn()) -
This representation is abelian as is the stabilizer group itself.

A person of ordinary skill in the relevant arts would be readily able to determine the
stabilizer group from a selected quantum redundancy coding scheme. Some descriptions
of examples of quantum redundancy coding schemes and stabilizer groups thereof may be
found in the above-incorporated books of Frank Gaitan and Micahel A. Nielson et al.

The basis elements of the stabilizer group describe quantum circuits of elementary
quantum gates usable to directly measure the syndrome of a physically processed, quantum
redundancy coded state. Other element(s) of the stabilizer group describe quantum
circuit(s) of elementary quantum gates useable to directly measure parity check bits for the
measured value of the syndrome of such a physically processed, quantum redundancy

coded state. Below, the descriptions of such quantum circuits are based on the above
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correspondence.

In particular, each basis element g;j of the stabilizer group defines a quantum circuit
of quantum elementary gates configured to measure a corresponding bit s; of the syndrome
of a physically processed, quantum redundancy coded state. To measure the bit s; of the
syndrome, the physically processed, quantum redundancy coded state is passed through the
quantum circuit for the corresponding basis element g; of the stabilizer group. Thus, each
bit of the syndrome may be measured by passing the physically processed, quantum
redundancy coded state through a series of such quantum circuits as long as the series
includes, at least, one such quantum circuit corresponding to each basis element of the
stabilizer group.

Other elements g, of the stabilizer group define quantum circuits of elementary
quantum gates configured to measure corresponding parity check bits pq for the measured
value of the syndrome. To measure the parity check bit pg, a physically processed,
quantum redundancy coded state is passed through the quantum circuit for the
corresponding element g, of the stabilizer group. For example, to determine a parity check
bit for measured bits s¢ and sy, of the syndrome, the physically processed, quantum
redundancy coded state is passed through a quantum circuit corresponding to gq = 8¢ X 8.
Here, gr is the basis element of the stabilizer group corresponding to the quantum circuit
configured to measure the bit s¢ of the syndrome, and gy, is the basis element of the
stabilizer group corresponding to the quantum circuit configured to measure bit sy, of the
syndrome. Finally, “X” is the multiplication operation of the stabilizer group.

Figure 2 illustrates an embodiment of the quantum circuit 12(i) corresponding to
the element g; of the stabilizer group, e.g., one of the hardware measurement devices 12 1
—12_B of Figure 1. The element g; has a corresponding 2n-dmensional binary vector
(an1(@) a(i), ... , ani(i), ap(i)), which defines an integer w(i). In particular, the integer w(i)
the number of pairs (ag (i), ap(i)) not equal to (0, 0) for all values of the index f. The
integer w(i) defines several properties of the quantum circuit 12(i) as described below.

The quantum circuit 12(i) has a primary physical channel 22 comprising qubit
connection lines I._1, ..., I._n, a measurement section 24, and w(i) control lines CI._1, ...,
C_w(i). Each connection line I._1 — I._n communicates a qubit of a received quantum

state from one of the input ports 14_1, ..., 14_d, ..., 14_n to one of the output ports 14_1,
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..., 14 _d, ..., 14_n, e.g., to operate on the qubit. The primary physical channel 22 controls
a secondary physical channel 30 of the measurement section 24 such that transmission of a
preselected quantum state through the secondary physical channel 30 produces a state
whose properties measure a bit of the syndrome for the quantum state received at the input
ports 14_1 — 14_n or a parity check bit for said measurement of the syndrome.

Herein, a connection line, e.g., any of linesI._1 —L_nand I.’_1 to '_w(i), is a
portion of a quantum gate or a portion of a series of quantum gates to transfer a qubit of a
state between an input port and output port.

The measurement section includes an input register 26 to store a preselected
quantum state, i.e., an ancilla state of w(i) qubits, an output measurement device 28, and
the secondary physical channel 30 having w(i) qubit connection lines I’ _1, ..., L’_w(i) to
transmit the qubits of the preselected quantum state between the input register 26 and the
output measurement device 28. Fach of the connection line I'_1 — I'_w(i) of the
secondary physical channel 30 is controlled by one of the connection lines . 1 —L._n of
the primary physical channel 22, i.e., via one of the control lines CL._1 — CL._w(i). For
clarity, the control structure is indicated by a box on the connection line I._d of the primary
physical channel 22. The box connects to the connection line I.’_h of the secondary
physical channel 30 via the control line CL._h. On the other connection lines I._1 — I_n of
the primary physical channel 22 have small dashed boxes thereon to indicate locations
where such control connections may be located. Among the n connection lines I._1 -1, n,
w(i) will have such inter-line interaction structures at the locations indicated by the small
dashed boxes. Any of the [n-w(i)] other connection line I._1 — L._n of the primary channel
do (does) not connect to a two-line elementary quantum gate.

The control lines CL._1 — CL._w(i) indicate the presence of two-line quantum gates
that connect w(i) of the connection lines I._1 — L._n of the primary physical channel 22 to
the connection lines I’_1 — I_w(i) of the secondary physical channel 30.

The output region 28 is configured to measure a value of each of the w(i) qubits of
the quantum state received from the secondary physical channel 30 and is configured to
transmit a result signal for the measured parity of a sum of measured values of the w(i)
qubits of that received quantum state. The result signal is transmitted to a result output

port, e.g., one of the result output ports ROP_1 — ROP_B of Figure 1. The result signal is
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the value of a measured bit of the syndrome or a parity check bit for the measured
syndrome.

Various structures and methods for making and using the linesI._1 -1 _n,1’_1 -
I’_w(), and CL_1 — CL_w(i); the elementary quantum gates; the register 26: and
measurement region 28 would be easily understood by persons of ordinary skill in the
relevant arts based on the present disclosure. In addition, descriptions of some such
structures and methods may be provided, e.g., in one or both of the above-incorporated
books of Frank Gaitan and Micahel A. Nielson et al.

In a hardware measurement device, the pattern of the elementary quantum gates
that couple the lines . 1 — L. nand I_1 —L’_w(i) of the primary and secondary physical
channels 22, 30, is fixed by the form of 2n-dimensional binary vector (a;1(i) a;2(d), ...,
an1(i), an2(i)), which corresponds to the element g;. For example, the d-th line I._d from the
top of the primary physical channel 22 connects to the h-th line I’ _h of the secondary
physical channel 30 via an elementary quantum gate. The form of that elementary
quantum gate is fixed by the value of the pair (aq4i(i), as2(i)). For the various values of this
pair, the elementary quantum gate defined as follows:

0) For (a=q1(1), aqx(i)) = (0, 0), the quantum gate acts as the identity operator, i.e., no
quantum gate.

1) For (aqi1(i), ag(i)) = (0, 1), the quantum gate is a control-not (CNOT) gate, whose
control is from the line I._d in the primary physical channel 22.

2) For (aq1(i), ag(i)) = (1, 0), the quantum gate is a sequence of a Hadamard gate
(H), a CNOT gate, and a H gate where the H gates and the control of the CNOT gate are on
the line I._d of the primary physical channel 22.

3) For (aq(1), ag(i)) = (1, 1), the quantum gate is a sequence of a discrete x-axis
rotation of -ni/4 gate (), a CNOT gate, and a H gate where the H gate and the control of
the CNOT gate are on the line I._d of the primary physical channel 22.

The various above-mentioned elementary quantum gates operate as follows. The H gate
operates on a single spin state |j>, i.e., the qubit on the line I._d of the primary physical line
L._d, according to:

Hlj> = [10> +(-1)11>].
The CNOT gate operates on a two-spin states li, j>, i.e., qubits the lines ._d and I’_h,
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according to:
CNOTH, j> =i, 1+ j>.
Here, “+” indicates addition mod 2. For the CNOT gate, the controlling qubit, I, is on the
line I._d of the primary physical channel 22, and the controlled qubit, j, is on the line I'_h
of the secondary physical channel 30. The H gate operates on a single spin state [j> on the
line I._d of the primary physical channel 22 and is defined by:
lj> = exp(-inc/4)lj> .

In the quantum circuit, the form of the secondary physical channel 30 and the
preselected quantum state in the register 26 are fixed by the 2n-dimensional binary
vector (api(i) ajx(i), ... , ani(i), an(i)) corresponding to the element g; of the stabilizer
group. First, as already mentioned, the secondary physical channel 30 has w(i) of the
qubit connection lines I._1 —L._w(i), i.e., a separate line for each two-state quantum
gate of the quantum circuit. Finally, the preselected quantum state, which is stored in
the register 26, and is transmitted to the secondary physical channel 30, is the Shor
quantum state |A> of w(i) qubits. The Shor quantum state |A> is defined by:

| A >=2"002 % Ae) >
Ale)

Here, the sum over the quantum states A(e), which includes all direct products of w(i)
spin states, i.e., w(i) qubit states, having even parity.

Figures 3, 4, 5, and 6 illustrate quantum circuits 12(1), 12(2), 12(3), 12(4),
which correspond to basis elements g;, >, g3, and g, respectively, of a stabilizer group
G for a quantum redundancy coding scheme in which n = 5. The correspondences
between the basis elements g;, g», g3, and g4 and 10-dinensional (10D) binary vectors
are given by:

g1<(1,0,0,1, 0,1, 1,0, 0,0),

20,0, 1,0, 0,1, 0,1, 1,0),

g:< (1,0, 0,0, 1,0, 0,1, 0,1), and

g,.<(0,1,1,0, 0,0, 1,0, 0,1).
Each of the elements g;, g, g3, and g4 has a weight “w(i)” equal to 4 so that the Shor
states will have 4 qubits.

Figure 3 illustrates the quantum circuit 12(1) corresponding to the element g; of
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the stabilizer group. The structure of the quantum circuit 12(1) is derived from the 10D
binary vector (1,0, 0,1, 0,1, 1,0, 0, 0) as follows:

1.

In the 10D binary vector for g;, the left-most bit pairis (1, 0). For the pair (1,
0), a sequence of an H gate, a CNOT gate, and an H gate connect the top line of
the primary physical channel 22 to the top line of the secondary physical
channel 30.

In the 10D binary vector for g;, the second bit pairis (0, 1). For the pair (0, 1),
a CNOT connects the next-to-top line of the primary physical channel 22 to the
next-to-top line of the secondary physical channel 30.

. In the 10D binary vector for g;, the third bit pairis also (0, 1). For the pair (0,

1), a CNOT connects the third line of the primary physical channel 22 to the
third line of the secondary physical channel 30.

In the 10D binary vector for g, the fourth bit pairis (1, 0). For the pair (1, 0), a
sequence of an H gate, a CNOT gate, and an H gate connect the fourth line of
the primary physical channel 22 to the fourth line of the secondary physical
channel 30.

. In the 10D binary vector for g;, the fifth or right-most bit pairis (0, 0). For the

pair (0, 0), there is no connection between the bottom line of the primary
physical channel 22 and the secondary physical channel 30. The fifth qubit does

not participate in this measurement.

Figures 4, 5, and 6 illustrate the quantum circuits 12(2), 12(3), and 12(4), which

correspond to the respective basis elements g,, g3, and gs. The quantum circuits 12(2),

12(3), 12(4) can be derived from the 10D binary vectors corresponding to the group

elements g, g3, and g4 in a manner similar to the above derivation of the quantum

circuit 12(1) from the 10D binary vector corresponding to the group elements g;.

In some embodiments, the electronic controller 18 may be configured to use linear

coding to error-correct measurements of the bits of the syndrome, e.g., via linear block

coding. For example, in the above example, the quantum circuits 12(1) — 12(4)

corresponding to the basis elements g;, g, g3, and g, of the stabilizer group G measured

bits sy, S, s3, and s4 of the syndrome for the physically processed, quantum redundancy

coded state. The electronic controller 18 may be configured to error-correct the set of
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measured values of the bits sy, s, s3, and s4 of the syndrome via linear block coding
techniques. In linear block coding, the parity check bits are defined to be linear
combinations of the information bits. Here, the information bits are the syndrome bits
S1, 82, 83, and s4. Thus, in the above example, such linear block coding may use parity
check bits p; - ps, which are the following linear combinations of the syndrome bits s,
S7, $3, and Sy4:

P1=81+83,

P2=s2+S3,

P3=s1+S2,

Pa=S1+S2+S4,

P5=81+83+84,

P6=S3+S4,

P7=S1+S2+S3+S4,

Ps=So+S4.
Such a selection of the parity check bits corresponds to a linear code C, which has the

following generator matrix:

100010111010
010001 1100T11
00101 100T1T1T1°0 @)
0001000T1T1T1T1/1

The above parity check bits may be measured by quantum circuits corresponding to
elements of the stabilizer group, which are products of the basis elements g;, g, 3, and
g.4. For example, since the parity check bit ps is equal to si1+s2, the quantum circuit for
measuring p; corresponds to element g;xg, of the stabilizer group. But, the 10D binary
vector corresponding to g;xg, is the sum of the 10D binary vectors corresponding to g;
and g,. Thus, the quantum circuit for measuring p;corresponds to:
(1,0, 0,1, 0,1, 1,0, 0,0)+(00 10 01 01 10)=(1,0, 1,1, 0,0, 1,1, 1,0).

Similar, the quantum circuit for measuring p,, which is sy+s3, is the 10D binary vector
corresponding to g>xgs. Thus, the quantum circuit for measuring p; corresponds to:

(0,0, 1,0,0,1, 0,1, 1,0)+(1,0, 0,0, 1,0, 0,1, 0,1)=(1,0, 1,0, 1,1, 0, O, 1,1).

Figures 7 and 8 illustrate respective quantum circuits 12(7) and 12(8) for directly
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measuring ps and py, respectively.

Based on the above description, a person of ordinary skill in the relevant arts would
be able to construct quantum circuits for directly measuring each of the above-listed
parity check bits p; — ps.

In an embodiment of the apparatus 10 of Figure 1, which included such quantum
circuits, the electronic controller 18 may be configured, e.g., to error-correct measured
values of the syndrome based on the linear C code. In particular, if the measured
values of the syndrome bits s; — s4 and the parity check bits p; — pg are all correct, the
vector (Si, S2, 83, S4, P1, P2> P3» P4» Ps» Ps» P7, Ps) 1S a codeword of the code C. On the
other hand, if one or more of these measured bit values is incorrect then this vector is a
not a codeword. In such a situation, the electronic controller 18 may be configured to
find the mostly likely codeword ( vi, V2, V3, V4, Vs, Ve, V7, Vs, Vo, Vio, Vi1) in C and may
be configured to form the syndrome as ( vy, vy, V3, v4). For instance, the electronic
controller 18 may be configured to find the closest codeword of C to the vector (sy, 2,
S3, S4, P1> P2, P3» P> Ps» Pe» P7> Ps) as follows:

v =( V1, V2, V3, V4, Vs, V6, V7, Vs, Vo, Vi, V11)

_ argmin . dist(v, (81, 82, 83, S4, P1, P2, P3, P4> P5» P6> P75 Ps))-

Here, the function dist(V,W) is the Hamming distance between the vectors V and W.

In other embodiments, the electronic controller 18 of Figure 1 may estimate the
probability of a decoding error, Pj, for each bit s; of the syndrome and the error
probability, say Prj, for each bit p; and use these probabilities to perform soft-decision
decoding of C. For instance, the electronic controller 18 may be configured to perform
a trellis based soft-decision decoding of C. The probabilities P; and Pr; may depend,
e.g., on the Hamming weights of binary vectors of the corresponding elements of the
stabilizer group.

Whereas the apparatus 10 of Figure 1 serially measures bits of the syndrome of
a physically processed, quantum redundancy coded state and measures one or more
parity check bits for said set of measured bits of the syndrome, said measurements may
be performed differently. Indeed, other embodiments may perform such measurements

in a parallel manner a serial manner, or a mixed parallel and serial manner.

Figure 9 illustrates another apparatus 10’ that is configured to apply error-correction
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to measured bits of the syndrome of an n-qubit physical state, which is received at an input
marked INPUT in Figure 9. The received n-qubit physical state was previously prepared
by quantum redundancy coding an initial quantum state of k physical objects and
subsequently, physical processing the quantum redundancy coded state of n physical
objects in a manner capable of causing errors therein.

The apparatus 10" includes an input register Ry, an output register Rour, auxiliary
registers RPQS_1 — RPQS_c for ¢ corresponding preset quantum states of physical
object(s), a quantum circuit QC, ¢ detectors of quantum states D_1 - D_c, and an
electronic controller 18. In some embodiments, the apparatus may also include an optional
error-correction module ECM.

Figure 9 schematically indicates various connections between components. First,
connections between ports of the registers Ry, Rour, RPQS_1 — RPQS_c and ports of the
quantum circuit QC, and between ports of the detectors D_1 - D_c and ports of the
quantum circuit QC are indicated by arrowed lines. Second, connections for transmitting
signals between the electronic controller 18 and the detectors D_1 — D_c and for
transmitting signals between the electronic controller 18 and the optional error-correction
module ECM are indicated by arrowed lines.

The input register Ryy is connected to store the n-qubit physical state, which is
received at an input marked INPUT in Figure 9. The input register Rpy transmits the
received n-qubit physical state to n input ports of the quantum circuit QC via n output ports
of the input register Ry,

The output register Rour has n input ports connected to n output ports of the
quantum circuit QC so that the output register Rouyr can receive and store the n-qubit
physical state, which the quantum circuit QC previously received from input register Ryy.
The output register Ry transmits the n-qubit physical state to an output, which is marked
OUPUT in Figure 9, or outputs said state to an optional error-correction module ECM in
embodiments having such a module.

Each of the one or more auxiliary registers RPQS_1 — RPQS_c stores a preset
quantum state and is configured to transmit the preset quantum state, which is stored
therein, via output ports to a corresponding set of input ports of the quantum circuit QC.

The quantum circuit QC is configured to process the received quantum states in a
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manner that transforms the preset quantum states based on the n-qubit physical state
received from the input register Rpy. The quantum circuit QC transmits each of the one or
more transformed preset quantum states to a corresponding one of the detectors D_1 —
D_c. The quantum circuit QC outputs to the output register Rour the same n-qubit
quantum state, which was received from the input register Rpy. For example, inside the
quantum circuit QC, the received n-qubit physical state may operate control nodes of
quantum gates and/or undergo one or more internal transformations that are inverted inside
the quantum circuit QC.

Each detector D_1 — D_c makes a measurement of a value(s) of qubit(s) of the
transformed preset quantum state received thereat. Based on the measured value(s) of the
qubits, the detector transmits to the electronic controller 18 a signal. The signal
corresponds either to a measured value of a corresponding bit of the syndrome for the n
qubit quantum state, which was received at the input (INPUT), or a measured value of a
parity check bit for measured bits of the syndrome. One or more of the detectors D_1 —
D_c measures parity check bit(s) for the measured bits of the syndrome. Typically, others
of the detectors D_1 — D_c measure bits of the syndrome.

The electronic controller 18 receives the signals for measured values of bit(s) of the
syndrome and/or measured value(s) of parity check bit(s) from the detectors D_1 — D_c.
From the measured values, the electronic controller 18 determines a probable value of the
syndrome for the n-qubit physical state received at the input marked INPUT. For example,
the electronic controller 18 may apply one or more techniques of linear redundancy coding
to error-correct the measured value(s) of bit(s) for the syndrome based on the measured
value(s) of parity check bit(s). The electronic controller 18 may also send a control signal
to the optional error-correction module ECM, wherein the control signal indicates the
probable value of the syndrome as determined by the electronic controller 18.

The optional error-correction module ECM operates on the n-qubit physical state to
remove an error therein and transmits the error-corrected physical state to the output,
which is marked OUTPUT in Figure 9. In particular, the error-correction module passes
the n-qubit physical state through a quantum circuit to invert the error therein, wherein the
form of the error-inversion is indicated by the control signal received from the electronic

controller 18. Thus, the error-correction is based on the value of the syndrome as



10

15

20

25

30

WO 2014/113226 PCT/US2014/010276

21

determined by the electronic controller 18.

In Figure 9, the apparatus 10” may prepare the various transformed preset quantum
states in parallel, in series, or partially in parallel and partially in series.

Finally, other embodiments of apparatus that measure bits of the syndrome of a
received and physically processed, quantum redundancy coded state and measure one
or more parity check bit(s) for said set of measured bits of the syndrome may use other
quantum circuits. Said quantum circuits may have different patterns of quantum gates
and/or may use some different quantum gates. For example, some such quantum
circuits may even couple more than 2 qubits.

Figure 10 illustrates a method 40, which involves measuring a syndrome of a
physically processed, redundancy encoded multi-qubit state, e.g., in the apparatus 10, 10’
of Figures 1 and 9.

The method 40 includes transmitting a physically processed, redundancy encoded
multi-qubit state through a first hardware device to measure a syndrome of the physically
processed, redundancy encoded multi-qubit state (step 42). For example, the step 42 may
be performed in some of the hardware measurement devices 12_1 — 12_B of Figure 1 or in
the quantum circuit QC of Figure 9. The first hardware measurement device may, e.g.,
include one or more first sequences of quantum gate circuits.

The method 40 also includes transmitting the physically processed, redundancy
encoded multi-qubit state through a second hardware device to measure one or more parity
check bits for the measurement of the syndrome (step 44). For example, the step 42 may
be performed in the remaining hardware measurement devices 12 1, ..., 12_B of Figure 1
or in other portions of the quantum circuit QC of Figure 9. For example, the second
hardware measurement device may include one or more second sequences of quantum gate
circuits.

The method 40 may optionally include error-correcting the measured syndrome by
correcting, at least, one of a plurality of measured bits of the syndrome based on the
measured value of the one or more parity check bits (step 46). For example, such a
correction of the measured syndrome may be performed by the electronic controller 18 of
Figures 1 and 9.

The method 40 may optionally including error-correcting the physically processed,
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redundancy encoded multi-qubit state in a quantum circuit based on the error-corrected
measured syndrome. For example, such error-correction may be performed in the error
correction module ECM of Figure 9.

Some embodiments of apparatus and methods described herein may use methods
and/or apparatus described in U.S. Patent Application 13/912,654, which is concurrently
being filed on June 7, 2013. For example, some embodiments may be suitable when
constructed such that the linear block code is a low-density generator-matrix code. U.S.
Patent Application 13/912,654 is incorporated herein by reference in its entirety

Herein, a parity check bit is not measured via separate measurements of the bits
for which the parity of the sum is checked by the parity check bit. For example, a
quantum circuit device configured to measure such a parity check bit may obtain the
value of the parity check bit from a measurement on a single quantum state of
entangled objects. Such a quantum circuit device does not obtain the value of the
parity check bit from separate measurements of multiple quantum states, wherein the
separate measurements measure the values of the underlining bits whose sum can be
parity checked by the value of a parity check bit.

Other embodiments include various methods of operating any of the apparatus
described herein.

The electronic devices describe herein may be implemented fully in hardware or
in hardware configured to operate specific software, e.g., computer devices configured
to execute a machine or computer readable program of executable commands for
performing steps of any of the methods described herein. Such a machine or computer
executable program may be stored in a non-transitory manner on any conventional
digital data storage medium, e.g., an electronic memory, a magnetic hard disk, or an
optical data storage disk.

The Detailed Description of the lllustrative Embodiments and drawings merely
illustrate embodiments of the inventions. It will be appreciated that based on the present
disclosure, persons of ordinary skill in the relevant arts will be able to readily devise other
apparatus and method that, although not explicitly described or shown herein, are included
within the claimed inventions. Furthermore, all examples recited herein are principally

intended to be only for pedagogical purposes and are to be construed as being without
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limitation to claimed inventions. Moreover, all statements herein reciting principles,
aspects, and embodiments are intended to encompass equivalents thereof.

Herein, a recitation that an element has feature B or feature C is satisfied if any of
below cases 1, 2, and 3 are true. In case 1, the element has feature B, but does not have
feature C. In case 2, the element has feature C, but does not have feature B. In case 3, the

element has both feature B and C.
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WHAT IS CLAIMED IS:

1. An apparatus, comprising:

a device having n input ports to receive corresponding n physical objects of a
physically processed, quantum redundancy coded state and having n output ports to output
the n physical objects in the physically processed, quantum redundancy coded state, the
device being configured to measure bits of a syndrome of the physically processed,
quantum redundancy coded state by passing the n physical objects through the device; and

wherein the device is configured to measure a parity check bit for some of the

measured bits of the syndrome by the passing the n physical objects through the device.

2. The apparatus of claim 1, wherein the device includes a sequence of serially
connected measurement devices, each of the measurement devices being configured to
receive and transmit the n physical objects and being configured to measure either one of
the bits of the syndrome or the parity check bit for some of the measured bits of the

syndrome.

3. The apparatus of claim 2, wherein each of the measurement devices

includes a quantum circuit of quantum gates.

4. The apparatus of claim 2, wherein a proper subset of the measurement
devices are configured to measure the bits of the syndrome such that each bit of the

syndrome is measured by a different one of the measurement devices of the proper subset.

5. The apparatus of claim 4, further comprising a controller being connected to
receive the measured bits of the syndrome and the measured parity check bit and being
configured to determine an error-corrected value of the syndrome based on the measured

parity check bit and the measured bits of the syndrome.
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6. The apparatus of claim 5, further comprising an error-correction module
being configured to error-correct the physically processed, quantum redundancy coded
state based on an error-corrected value of the syndrome produced by the electronic

controller.

7. An apparatus, comprising:

an input register connected to receive and store a physical state of n qubits;

a plurality of auxiliary registers, each auxiliary register of the plurality being
configured to transmit a preset state of one or more qubits;

a quantum circuit being constructed to transform the preset states based on the
physical state received from the input register and to output the physical state to an output
register; and

a plurality of detectors, each detector of the plurality being connected to receive a
corresponding one of the transformed preset states from the quantum circuit and being
configured to produce a value by measuring one or more qubits of the corresponding
received one of the transformed preset state; and

wherein the quantum circuit is configured to form the transformed states such that
the produced values measure bits of the syndrome of the physical state and such that at
least one of the produced values measures a parity check bit for the measured bits of the

syndrome.

8. The apparatus of claim 7, further comprising a controller configured to
receive the values from the detectors and being configured to error-correct one of the
produced values that measures a bit of the syndrome based on the value that measures a

parity check bit.

9. The apparatus of claim 7, wherein the quantum circuit is configured to

serially produce the transformed quantum states.

10.  The apparatus of claim 7, wherein the quantum circuit is configured

to transform, at least, two of the preset quantum states in parallel.
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4

TRANSMIT A PHYSICALLY PROCESSED, REDUNDANCY

ENCODED MULTI-QUBIT STATE THROUGH A FIRST HARDWARE

DEVICE TO MEASURE A SYNDROME OF THE STATE

4

TRANSMIT THE PHYSICALLY PROCESSED, REDUNDANCY
ENCODED MULTI-QUBIT STATE THROUGH A SECOND HARDWARE
DEVICE TO MEASURE ONE OR MORE PARITY CHECK BITS FOR THE
MEASUREMENT OF THE SYNDROME

46
J
OPTIONALLY ERROR-CORRECT THE MEASUREMENT OF THE
SYNDROME BY CORRECTING, AT LEAST, ONE OF A PLURALITY OF
MEASURED BITS OF THE SYNDROME BASED ON THE MEASURED
VALUE OF THE ONE OR MORE PARITY CHECK BITS
s 48

OPTIONALLY ERROR-CORRECT THE PHYSICALLY PROCESSED,
REDUNDANCY ENCODED MULTI-QUBIT STATE IN A QUANTUM CIRCUIT
BASED ON THE ERROR-CORRECTED MEASURED SYNDROME
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