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SYSTEMS AND METHODS FOR 
PRESERVATION OF QUBITS 

RELATED APPLICATIONS 

This application claims a benefit of priority under 35 
U.S.C. § 119 to U.S. Provisional Patent Application No. 
62/491,815 filed Apr. 28, 2017, entitled "Quantum State 
Oscillators and Methods For Operation and Construction Of 
Same", by Mitchell A. Thornton eta!., which is hereby fully 
incorporated by reference in its entirety. 

TECHNICAL FIELD 

This disclosure relates generally to quantum computing. 
In particular, this disclosure relates to embodiments of 
systems and methods for preserving quantum coherence of 
a qubit. 

BACKGROUND 

Certain computational problems, such as the factoring of 
large numbers, cannot easily be solved using conventional 
computers due to the time required to complete the compu
tation. It has, however, been shown that quantum computers 
can use non-classical algorithmic methods to provide effi
cient solutions to certain of these types of computational 
problems. 

The fundamental nnit of quantum information in a quan
tum computer is called a quantum bit, or qubit. Quantum 
computers can use a binary representation of numbers, just 
as conventional binary computers. In addition, quantum 
systems can also make us of use multi-valued logic and data, 
in which case, the atomic quantum datum is referred to as a 
"qudit". An individual qubit or qudit datum can be physi
cally represented by the state of a quantum system. How
ever, in a quantum system, the datum can be considered to 
be in more than one of the possible states at any single given 
time. Thus, in the case of a qubit, the datum can be in a state 
that represents both a zero and a one at the same time. This 
state is referred to as superposition. Quantum superpositions 
of this kind are fundamentally different from classical data 
representations, even when classical probabilities are taken 
into account. It is only when a quantum datum is observed 
that its value "collapses" into a well-defined, single state. 
This "collapse" is referred to as decoherence. 

Thus, while bits in the classical computing model always 
have a well-defined value (e.g., 0 or 1), qubits in superpo
sition have some simultaneous probability of being in both 

2 
represented by the possibility of observing a single photon 
in a given path, whereas the potential for observing the same 
photon in a different path may represent a "1". 

For example, consider a single photon passing through an 
interferometer with two paths, with phase shifts cp 1 and cp 2 

inserted in the two paths respectively. A beam splitter gives 
a 50% probability that the photon will travel in one path or 
the other. If a measurement is made to determine where the 
photon is located, it will be fonnd in only one of the two 

10 paths. But if no such measurement is made, a single photon 
can somehow experience both phase shifts cp 1 and cp 2 simul
taneously. This suggests that in some sense a photon must be 
located in both paths simultaneously if no measurement is 
made to determine its position. This effect can be experi-

15 mentally verified by observing the interference pattern 
resulting from the interaction of the two paths when only a 
single photon is allowed to transit through the apparatus at 
a given time. Of course, if there are more than a single pair 
of possible photonic paths, then the resulting system can be 

20 said to represent a qudit. 
One of the most challenging problems with practical 

quantum computing, however, is the realization of the 
physical system that represents the qubits themselves. More 
specifically, the scale at which qubits are typically imple-

25 mented (e.g., a single electron, a single photon, etc.) means 
that any perturbations in the qubit caused by unwanted 
interactions with the environment (e.g., temperature, mag
netic field, etc.) may result in an alteration to the state of the 
qubit or even decoherence. Quantum coherence preservation 

30 (e.g., maintenance or storage of the qubit in a quantum state 
for any useful time period) within a single qubit (or multiple 
qubits) is thus a major obstacle to the useful implementation 
of quantum computing. Exacerbating the problem is the fact 
that when several such qubits are placed in close proximity 

35 to one another they can potentially mutually interfere (e.g., 
electromagnetically) with each other and, thereby, affect 
adjacent qubits. In some cases, that interference is desired 
(in the case of quantum data computation operations, for 
example), but in the case where that interference is uncon-

40 trolled, then it can lead to incorrect computational results. 
Such unwanted interference effects are sometimes referred 
to as quantum gate or processing infidelities. 

Accordingly, there is a need to for systems and methods 
that can both preserve coherence of a qubit from external 

45 interference as well as to allow the operations on that qubit 
to be corrected in the presence of unwanted quantum opera
tional infidelities. 

SUMMARY 
of the two states representing 0 and 1. It is customary to 50 
represent the general state of a quantum system by lljJ>, and To address this need, among others, attention is directed 

to embodiments of systems and methods for preserving 
quantum coherence as depicted herein. A bit of additional 
context may be useful to an understanding of such embodi-

let I 0> and 11 > represent the quantum states corresponding 
to the values 0 and 1, respectively. Quantum mechanics 
allows superpositions of these two states, given by 

l1j!>~al0>+1311> 

where a and ~ are complex numbers. In this case, the 
probability of observing the system in the state 10> is equal 
to a 2 the probability of the state 11> is ~2 . 

Quantum computers may utilize physical particles to 
represent or implement these qubits or qudits. One example 
is the spin of an electron, wherein the up or down spin can 
correspond to a 0, a 1, or a superposition of states in which 
it is both up and down at the same time. Performing a 
calculation using the electron may essentially perform the 
operation simultaneously for both a 0 and a 1. Similarly, in 
the photonic approach to quantum computing, a "0" may be 

55 ments. The generation and subsequent use of superimposed 
quantum states ( qubits) in quantum circuits has been studied 
for several decades. Moreover, as discussed, there are many 
uses for such quantum circuits; some of which exhibit 
significant advantages over traditional (classical) circuits. 

60 However, maintaining the superposition characteristic of 
such qubits over useful amounts of time in practical envi
ronments has been a source of difficulty. One problem is that 
interactions of the superimposed qubits with other systems 
can result in an unintentional "measurement" resulting in 

65 loss of superposition. Other errors, both deterministic and 
non-deterministic, may result in the decoherence of qubits or 
other errors related to their storage. For example, on the 
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deterministic side, gate fidelity issues within the gates of a 
quantum circuit may result in unwanted "corruption" of a 
desired quantum operation on a set of qubits. Also, quantum 
circuits may be effected by other circuits in a system (e.g., 
through quantum leakage or the like) which could shift or 
alter neighboring qubits stored in these circuits. The isola
tion of the qubit itself from external or environmental 
influence can be quite problematic and may require extreme 
measures, such as substantial magnetic shielding or sub
absolute-zero cryogenic apparatus, where the possibility of 10 

external magnetic fields or infrared radiation from the appa
ratus itself interacting with the stored qubit is thus mini
mized. 

4 
operate in a closed-loop fashion. This permits the applica
tion of feedback as well as feedforward analysis and control 
theory techniques for real-time improvements in operational 
optimization and stability of the circuit. These quantum 
coherence preservation circuits or quantum ring oscillators 
(which will be understood to be interchangeable terms as 
used herein) may be widely applicable for various functions 
in a quantum computing system or otherwise. For the 
purposes of simplicity, embodiments have been described 
herein with respect to qubits, but it will be noted that the 
same principles and embodiments described herein can 
nonetheless be in order to represent qudits (multi-valued 
quantum data) as well as qubits (binary-valued quantum Thus, it is desirable to create a system or quantum circuits 

where the quantum state can be maintained for as long as 
necessary in order to make use of the qubits in subsequent 
quantum computations or other applications. In other words, 

15 
data). 

In one embodiment, a quantnm ring oscillator circuit is 
provided for quantum coherence preservation of single 
qubit. Specifically, a NOT gate or Pauli-X gate acts on a 
single qubit. It is the quantum equivalent of the NOT gate for 

it is desirable to have quantnm circuits with a longer 
longitudinal coherence time (e.g., T 1 time) and transverse 
coherence time (e.g., T2 time). In simple terms, the T1 time 
can be considered the "native" decoherence (or "relaxation") 
time of the qubit information carrier. In the same vein, the 

20 classical computers (with respect to the standard basis 10), 

T 2 time can be considered to be the overall decoherence time 
(which also includes the effect of external influences on the 
qubit carrier). Thus, the difference between the T 1 and T 2 25 

times can be considered as a relative measure of the system's 
isolation from the external environment. Other measure
ments (such as the T 2 *time) may include the effect of 
neighboring-qubit interference. 

Embodiments of the systems, structures and quantum 30 

circuits disclosed herein achieve longer T 1 or T 2 times 
among other advantages through the continuous regenera
tion of a particular quantum state by repeatedly evolving the 
qubit carriers to the desired state and subsequently back to 
an eigenstate or basis state. In particular, embodiments may 35 

comprise a set of cascaded stages with the output of the last 
linear stage of the circuit being fed back, or provided as 
input, to the first linear stage in the set of cascaded stages. 
Because the subsequent states produced by the individual 
stages differ in a repeatable pattern, a quantum oscillator 40 

results wherein the final basis state may be affected by the 
superimposed state that is desired to be retained in the 
interior of the apparatus. Since the basis state value may be 
known (and thus, may be measured without disturbing the 
superpositioned states), its state may nonetheless also be 45 

affected by gate infidelities inherent in the cascade of 
quantum processing stages required to evolve the qubit back 
to the basis state. Thus, if the qubit carrier does not fully 
return to an eigenstate, due to gate fidelity errors in the 
cascaded circuit, that fact may be measured and appropriate 50 

corrective action applied to the circuit. Also, the act of 
measurement of the basis state output of the cascaded circuit 
may itself contribute to the correction of the potential gate 
fidelity errors, which is an application of the so-called 
"Quantum Zeno Effect". It should be noted that, while the 55 

Quantnm Zeno Effect may be responsible for correction of 
some small gate infidelity errors, if the errors are substantial, 
then they will overwhelm the effect itself and then must be 
corrected via active measures. 

Accordingly, embodiments as disclosed herein provide 60 

quantum circuits that repeatedly evolve oscillating qubit 
basis states over time for single and multiple qubits. These 
quantum circuits are characterized by continuously regen
erating a quantum basis state that oscillates among a subset 
of different basis states while also evolving any superim- 65 

posed and entangled states at other points in the circuit. This 
recirculation allows such quantum preservation circuits to 

11 ) . It equates to a rotation of the Bloch sphere around the 

X -axis by Jt radians. It maps I 0) to and 11) to I 0) . It is 
represented by the Pauli matrix: 

X=[~ ~l 

A square root of NOT gate acts on a single qubit and is 
represented by a unitary matrix that, multiplied by itself, 
yields X of the NOT gate: 

(";;- ,.-;:-;-::::;;; 1[1+i 1-il v A = vNOT =- . 
2 1-i 1 +i 

Accordingly, in one embodiment a quantum coherence 
preservation circuit that is a single bit oscillator may include 
two cascaded linear stages, each linear stage comprised of a 
square root of NOT gate. The two square root of NOT gates 
that are cascaded with the output of the last square root of 
NOT gate provided to (or fed back to) the input of the first 
square root of NOT gate. Specifically, in these embodiments, 
the output of a first square root of NOT gate may be coupled 
to a second square root of NOT gate. The output of the 
second square root ofNOT gate is coupled to the input of the 
first square root of NOT gate. Thus, if the input qubit to the 
first square root of NOT gate is in a first state, the output of 
the first square root of NOT gate is a qubit in a second state 
provided to the second square root of NOT gate, the qubit 
that is output of the second square root of NOT gate is in a 
third state, where the third state is the opposite (e.g., NOT) 
of the first state. The qubit in the third state is then fed back 
on the output of the second square root of NOT gate to the 
input of the first square root of NOT gate. After the second 
pass through this quantum circuit, the qubit will be in the 
first state again. In other words, the qubit has gone through 
the equivalent of two NOT gates. In this manner, the state of 
the qubit is oscillated between the first state and its opposite 
(e.g., NOT the first state) and can be maintained in the 
quantum circuit while preserving the first state of the qubit 
maintained therein (e.g., the state in which the qubit is 
initially input to the circuit). 

In another embodiment, a quantum coherence preserva
tion circuit that is made up of a single qubit oscillator may 
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include cascaded stages, each stage comprising a Hadamard 
gate. The two Hadamard gates are cascaded with the output 
of the last Hadamard gate provided to (or fed back to) the 
input of the first Hadamard gate. Specifically, in these 
embodiments, the output of a first Hadamard gate may be 5 

coupled to a second Hadamard gate. The output of the 
second Hadamard gate is coupled to the input of the first 
Hadamard gate. Thus, if the input qubit to the first Hadamard 
gate is in a first state, the output of the first Hadamard is a 
qubit in a second state provided to the second Hadamard 10 

gate, the qubit that is output of the second Hadamard gate is 
in a third state, where the third state is equivalent to the first 
state, since the Hadamard operation is its own inverse. The 
qubit in the third state equivalent to the first state is then fed 
back on the output of the second Hadamard gate to the input 15 

of the first Hadamard gate. In this marmer, the state of the 
qubit is oscillated between the first and second states (which 
are equivalent) and can be maintained in the quantum circuit 
while preserving the first state of the qubit maintained 
therein (e.g., the state in which the qubit is initially input to 20 

the circuit). 
Embodiments of quantum circuits that preserve coherence 

of two or more qubits through the oscillation of states are 
also disclosed. Certain of these embodiments may feed the 
output of one or more gates of the quantum circuit to one or 25 

more inputs of one or more quantum gates of the quantum 
circuit. In particular, embodiments as described may utilize 
a quantum circuit that produces linear combinations of Bell 
States as output values. Various embodiments of this circuit 
may involve continuous regeneration or circulation of qubits 30 

that undergo successive superposition, entanglement and 
then decoherence operations. The regenerative nature of this 
circuit and the recirculation allows the circuit to operate in 
a closed-loop fashion. This permits the application of feed
back as well as feedforward analysis and control theory 35 

techniques for real-time improvements in operational opti
mization and stability of the circuit. Because of its structure 
(a cascaded set of Bell-State generators) and due to its 
alternating basis state outputs, the dual qubit embodiment of 
this kind of regenerative quantum circuit is referred to as a 40 

"Bell State Oscillator" (BSO). 
Certain embodiments of a BSO as disclosed can be used 

6 
Bell State generator and the input of the second CNOT gate 
is coupled to the output of the first CNOT gate of the first 
Bell State generator. The BSO may also include a third Bell 
State generator, comprising a third Hadamard gate and a 
third CNOT gate, the third Hadamard gate having an input 
and an output and the third CNOT gate having an input and 
an output, wherein the input of the third Hadamard gate is 
coupled to the output of the second Hadamard gate of the 
second Bell State generator and the input of the third CNOT 
gate is coupled to the output of the second CNOT gate of the 
second Bell State generator. The BSO may further include a 
fourth Bell State generator, comprising a fourth Hadamard 
gate and a fourth CNOT gate, the fourth Hadamard gate 
having an input and an output and the fourth CNOT gate 
having an input and an output, wherein the input of the 
fourth Hadamard gate is coupled to the output of the third 
Hadamard gate of the third Bell State generator and the input 
of the fourth CNOT gate is coupled to the output of the third 
CNOT gate of the third Bell State generator, and wherein the 
input of the first Hadamard gate of the first Bell State 
generator is coupled to the output of the fourth Hadamard 
gate of the fourth Bell State generator and the input of the 
first CNOT gate of the first Bell State generator is coupled 
to the output of the fourth CNOT gate of the fourth Bell State 
generator. 

Other embodiments of quantum circuits herein may uti
lize Greenberger, Home and Zeilinger (GHZ) state genera
tors. The GHZ state generator can effectively be considered 
as a 3-qubit version of the Bell State generator, the output of 
which is a maximally-entangled qubit triplet (as opposed to 
the Bell State generator output, which is a maximally 
entangled qubit pair). One implementation of a GHZ state 
generator may include a Hadamard gate having an input and 
an output and a first CNOT gate having an input and an 
output and controlled by the output of the Hadamard gate 
and a second CNOT gate having an input and an output and 
controlled by the output of the Hadamard gate. Thus, an 
embodiment of a quantum oscillator for three qubits may 
include a cascaded set of stages, each stage comprising a 
GHZ stage generator, and may be referred to as a GHZ state 
oscillator or GSO. Certain embodiments of a GSO as 
disclosed can be used to generate and preserve three maxi
mally-entangled qubits, and thus may be thought of as a 
qubit storage device or cell that holds the three entangled 

to generate and preserve a pair of entangled qubits, and thus 
may be thought of as a qubit storage device or cell that holds 
a pair of entangled qubits. More specifically, some embodi
ments of a BSO may continuously generate (or regenerate) 
and circulate pairs of qubits in a feedback loop. Such a BSO 
may, for example, include a set of cascaded Bell State 
generator circuits, with each Bell State generator circuit 
providing the input to the subsequent Bell State generator 
circuit, and the output of the final Bell State generator in the 
chain (which will have evolved back to a basis state) coupled 
back to the input of the first Bell State generator circuit in the 
chain. 

45 qubits, with similar properties as both the single-qubit and 
dual-qubit oscillator circuits described earlier. More specifi
cally, some embodiments of a GSO may continuously gen
erate (or regenerate) and circulate three qubits in a feedback 
loop. Such a GSO may, for example, include a set of 

In one embodiment, a quantum circuit for a dual qubit 
oscillator may include a BSO having four cascaded linear 
stages, each linear stage comprising a Bell State generator. 
More particularly, in one embodiment, a BSO includes a first 
Bell State generator, comprising a first Hadamard gate and 
a first CNOT gate, the first Hadamard gate having an input 
and an output and the first CNOT gate having an input and 
an output. The BSO also includes a second Bell State 
generator, comprising a second Hadamard gate and a second 
CNOT gate, the second Hadamard gate having an input and 
an output and the second CNOT gate having an input and an 
output, wherein the input of the second Hadamard gate is 
coupled to the output of the first Hadamard gate of the first 

50 cascaded GHZ state generators, with each GHZ state gen
erator circuit providing the input to the subsequent GHZ 
state generator circuit, and the output of the final GHZ state 
generator in the chain (which will be evolved back to a basis 
state) coupled back to the input of the first GHZ state 

55 generator circuit in the chain. 
Specifically, in one embodiment, a GSO may include a 

first GHZ state generator having a Hadamard gate with an 
input and an output, a first CNOT gate having an input and 
an output, the control of the first CNOT gate coupled to the 

60 output of the Hadamard gate, and a second first CNOT gate 
having an input and an output, the control of the second 
CNOT gate coupled to the output of the Hadamard gate. A 
second GHZ state generator having is cascaded with the first 
GHZ state generator. The second GHZ state generator 

65 includes a Hadamard gate with an input and an output, a first 
CNOT gate having an input and an output, the control of the 
first CNOT gate coupled to the output of the Hadamard gate, 
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and a second CNOT gate having an input and an output, the 
control of the second CNOT gate coupled to the output of 
the Hadamard gate. The second GHZ state generator is 
cascaded with the first GHZ state generator by coupling the 
output of the first CNOT gate of the first GHZ state generator 
to the input of the first CNOT gate of the second GHZ state 
generator, the output of the second CNOT gate of the first 
GHZ state generator to the input of the second CNOT gate 
of the second GHZ state generator and the output of the 
Hadamard gate of the first GHZ state generator to the input 10 

of the Hadamard gate of the second GHZ state. A third GHZ 
state generator is cascaded with the second GHZ state 
generator and a fourth GHZ state generator is cascaded with 
the third GHZ state generator in a similar manner. A 
feedback path of the GSO couples the output of the fourth 15 

GHZ state generator to the input of the first GHZ state 
generator by coupling the output of the first CNOT gate of 
the fourth GHZ state generator to the input of the first CNOT 
gate of the first GHZ state generator, the output of the second 
CNOT gate of the fourth GHZ state generator to the input of 20 

the second CNOT gate of the first GHZ state generator and 
the output of the Hadamard gate of the fourth GHZ state 
generator to the input of the Hadamard gate of the first GHZ 
state generator. 

8 
that is fed back to the input of the first square root of NOT 

gate will be in the same basis state (e.g., 10) or 11) ). 
Accordingly, by injecting one or more qubits or sequences 

of qubits in basis states into such a quantum ring oscillator 
circuit and measuring the state of these qubits on the 
feedback path of the circuit, deterministic errors in the 
circuit may be determined and potentially corrected. Spe
cifically, by injecting one or more qubits in a known basis 
state (which may be referred to as error detection qubits), 
expected values (e.g., the same or opposite basis state) for 
those error detection qubits on the feedback path may be 
determined. Any error (e.g., deviations from the expected 
value) in these error detection qubits as measured on the 
feedback path of the quantum ring oscillator circuit are 
usually due to gate fidelity issues or other deterministic 
errors. Based on any measured errors determined from the 
difference between the expected basis state for these error 
detection qubits and the measured states of the error cor
rection qubits, errors in the quantum ring oscillator circuit 
(such as phase shift errors or the like) may be determined. 
Error correction circuitry included in the quantum ring 
oscillator circuit may apply error correction to the qubit 
carrier signal path to correct for these measured errors. For 
example, a deterministic phase shift may be applied to the 
qubit carrier signal path to correct for these measured errors. 
Other techniques for error correction in a quantum circuit 
are known in the art and are fully contemplated herein. 

The qubit state is thus cycled back and forth between the 
initial state and its inverse state. Notably, if the initial state 
is one where the qubit carrier is in superposition, then the 
inverse state is similarly in superposition, whereas the 
intermediate state may be in (or approximately in) a basis or 
eigenstate. In this manner, if a single qubit in superposition 

In a similar manner, it can be seen that the BSO and GSO 25 

structures described earlier can themselves be extended to 
incorporate further qubits. Thus, if we replace each of the 
four GHZ State generator stages of the GSO described 
earlier with their four-qubit counterparts, then the resulting 
circuit will produce similar results. Specifically, the Bloch 30 

sphere rotations of the input qubits will result in a basis state 
output at the conclusion of the fourth stage in the chain, 
much like the BSO and GSO circuits. Thus, in order to create 
larger-sized groups of maximally-entangled qubits, the 
length of the cascaded chain does not increase. 

This overall circuit architecture of four-stage chains of 
maximally-entangled state generators can thus be seen to 
represent a method for creating and maintaining larger-sized 
entangled qubit "words", where the size of the circuit that 
creates the maximally-entangled qubits grows linearly with 40 

the size of the desired entangled qubit word. This linear 
scaling is in contrast to the quadratic or even exponential 
growth of circuits that are typically required to produce 
larger-sized maximally-entangled qubit words. These cir
cuits containing various numbers of 4-stage chains of cas- 45 

caded maximally-entangled state generators may be referred 

35 is immediately preceded by and immediately followed by a 
carrier that is in a basis state, then any gate infidelities 
inflicted on both of the basis state carriers will most likely 
also affect the carrier in superposition. 

to a quantum ring oscillators, due to their similarity to 
classical binary ring oscillator circuits. 

Because embodiments of the quantum coherence preser
vation circuits as discussed operate by oscillating the quan- 50 

tum qubits through a defined set of states, certain types of 
errors that may decrease quantum coherence time may be 
effectively measured and then corrected without causing 
decoherence of the qubit. More specifically, in these 
embodiments, when a qubit is input to the quantum circuit 55 

in a basis state, the input received on the feedback loop will 
be a defined basis state. Thus, for example, in a quantum 
circuit for coherence preservation of single qubit using two 
cascaded square root of NOT gates, if a qubit is input in a 

basis state (e.g., 10) or 11)) the output of the second square 60 

root of NOT gate that is fed back to the input of the first 
square root of NOT gate will be in an opposite basis state 

(e.g., 11) or 10) ). As another example, in a quantum circuit 
for coherence preservation of single qubit using two cas- 65 
caded Hadamard gates, if a qubit is input in a basis state 

(e. g., I 0) or 11 ) ) the output of the second Hadamard gate 

Thus, because of the feedback path included in embodi
ments of the quantum ring oscillator circuits as disclosed 
herein, we can use the measured gate infidelities of the 
basis-state carriers to estimate the errors imposed on the 
qubit in superposition without either having to measure the 
qubit (which would cause decoherence) or to interrupt the 
normal circuit operation and initiate a system calibration 
cycle. 

In other, words, the error correction may be applied by the 
error correction circuitry in a continuous manner while the 
quantum circuit is in an operational state (e.g., being used 
for quantum computation) without disturbing the quantum 
information being used by the quantum system or taking the 
quantum circuit or quantum system oflline. Moreover, this 
error determination and correction may take place at certain 
regular intervals or substantially continuously as the quan
tum circuit is operating. Thus, as the errors in the quantum 
ring oscillator circuit change (e.g., as the circuit heats up, the 
qubit carrier path may lengthen or the coupling between the 
circuit and its operating enviroument may change, etc.) the 
differing or changing errors may be accounted for, and the 
error correction adjusted. In this manner, it is possible to rnn 
real time adjustment of quantum storage circuits to account 
for deterministic errors and increase the length of time of 
quantum coherence preservation. 

According to some embodiments then, error measurement 
circuitry may inject or place one or more qubits or patterns 
of error detection qubits in a known basis state before or 
after a qubit which is intended to be stored or otherwise 
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maintained in the quantum ring oscillator circuit. This qubit 
may be referred to as an operational or stored qubit and may 
be, for example, a qubit used in the performance of gener
alized quantum computing operations by the quantum circuit 
or a system that includes the quantum circuit. Any "auxil
iary" or "ancilla" error detection qubits may be injected into 
the feedback loop of the quantum ring oscillator circuit such 
that they are initially provided in a basis state at the input of 
the first gate or other quantum structure of the circuit. 

10 
erwise affecting any operational or stored qubits in the 
circuit, serving to greatly increase the coherence time of 
those operational or stored qubits. 

While deterministic errors may be accounted for accord
ing to certain embodiments, it may be difficult to account for 
non-deterministic errors. For example, in quantum circuits 
implemented using photonic information carriers, one non
deterministic error is photonic loss. Over time, the chance or 
probability that a photon will interact with any atom in the 

In another embodiment, however, in order to better isolate 
any gate infidelities (between the different stages of the 
cascaded circuit), the ancilla qubits may potentially be 
introduced into the feedback system in one or more Bell 
States; thus causing the circuit to produce basis state inter
mediate values at any point in the cascade (which can thus 
be measured at that intermediate point in the interior of the 
cascade). The error measurement function of the quantum 
ring oscillator circuit may then determine the expected 
values (e.g., the same or opposite basis state) for those error 
detection qubits not only in the feedback path, but at any 
point along the cascade. The state of these error detection 
qubits may then be measured and a difference between the 
measured error detection qubits and the expected value for 
those error detection qubits determined. Based on this dif
ference, errors in the quantum ring oscillator circuit (such as 
phase shift errors or the like) may be determined. Error 
correction circuitry included in the quantum ring oscillator 
may apply error correction to the qubit carrier signal path to 
correct for these deterministic errors. For example, a deter
ministic phase shift may be applied to the qubit carrier signal 
path to correct for these measured errors. 

10 overall data path and cause the qubit to decohere increases. 
However, it is impossible in a quantum circuit to utilize 
repeaters as are typically used with in fibre channel or the 
like, as the use of such repeaters would cause the qubit to 
decohere. Moreover, the no-cloning theorem states that it is 

15 impossible to create an identical copy of an arbitrary 
unknown quantum state. 

Embodiments as disclosed herein may help to determine 
the statistical likelihood of the possibility of such non
deterministic errors, including the particular issue of pho-

20 tonic loss. By implementing such online error measure
ments, the operational characteristics of the circuit may be 
analyzed in real time to help determine the statistical prob
ability of photonic loss while the circuit is in operation. In 
the case where the average lifetime of a photonic carrier in 

25 the circuit is known in real time, then further optimizations 
to the circuit may potentially be applied that can help to 
lengthen the average time between photonic loss events. 
This kind of optimization may further increase the coher
ence time of stored qubits as well as giving approximate 

As it is the error detection qubits that are measured, these 
measurements and corrections can be made without deco
hereing or otherwise affecting any operational or stored 
qubits in the quantum ring oscillator circuit. Since this error 
correction process is deterministic, then it may be imple
mented in classical circuitry. Such classical control process 

30 measurements of the probability that a given photonic 
carrier has not been absorbed, even though this measure
ment would clearly not give a definite indication whether or 
not a particular photon has been absorbed or scattered. 
However, even if the measurement only give a range of 

35 probabilities of photonic loss, this is nonetheless highly 
useful information. 

is not only simpler to implement than quantum-based pro
cessing, it also allows us to take advantage of classical 
control theory mathematical techniques that have been well- 40 

studied and continually improved over the better part of the 
last century. This control function may also be implemented 
in electronics-based systems, rather than having to be imple
mented in the "native" qubit carrier mechanism (.e.g. in 
photonics). In this way, the error correction applied by 45 

classical error correction control circuitry to adjust the 
quantum ring oscillator serves to counteract the issues that 
may be caused by the circuit's gate infidelities and thus, to 
increase the overall coherence time of any such operational 

In the case where the photonic qubit carrier is used to 
represent an externally-supplied qubit, we transfer that 
external qubit to the local circuit by initiating a controlled 
swap of quantum states between one photon carrying an 
external qubit and another (locally-sourced) photon. By 
swapping the state of the external qubit to a different photon 
(e.g., a local photon), we can detect that the local photon's 
state may have changed if it is entangled with other local 
photons. If this is accomplished correctly (i.e., using qubit 
clusters), then we can be assured that the external qubit 
information has been transferred to the local circuit without 
causing decoherence of the external qubit. This quantum 
state swap may be accomplished using a number of mecha-

or stored qubits in the circuit. 50 msms. 
In one embodiment, for example, a Fredkin gate may be 

used to couple two quantum ring oscillator circuits, a 
process which we will refer to as "qubit injection". A qubit 
may be injected onto a first quantum ring oscillator circuit 
and the success of the qubit transfer confirmed. Then, after 
a number of cycles of this qubit around the first of the 
quantum oscillator circuit, the qubit may then be transferred 
to a different quantum ring oscillator, where the success of 
the transfer may then again be determined. In this way, 

Additionally, such error correction may be performed 
repeatedly, or substantially continuously, utilizing the same 
error detection qubits after they have passed through the 
circuit one or more times. This multi-pass error correction 
mechanism will allow for the correction of smaller gate 55 

infidelity errors than may be normally detectable, since the 
errors would be cumulative. As the initial basis state of these 
error detection qubits is known, the expected values for 
these error detection qubits at any given point (e.g., after a 
given number of passes through the closed-loop circuit) may 
be measured and used to estimate the deterministic errors in 
the quantum ring oscillator circuit. The control circuitry can 
then apply higher-precision error correction to adjust for this 
longer-term cumulative determined error. As before, such 
error correction can be applied and adjusted in real-time to 65 

the qubit carrier signal path while the quantum circuit is in 

60 although we may not be able to prevent loss of the qubit 
information due to photonic loss, we may nonetheless be 
able to determine whether or not the information has actu
ally been lost without measuring it. 

an on-line or operational state without decohereing or oth-

Thus, embodiment of the quantum circuits as disclosed 
herein provide systems a for evolving the quantum states of 
one or more qubits in a deterministic and repeating fashion 
such that the time interval required for them to maintain 
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Hadamard gate and a fourth CNOT gate, the fourth Had
amard gate having an input and an output and the fourth 
CNOT gate having an input and an output, wherein the input 
of the fourth Hadamard gate is coupled to the output of the 
third Hadamard gate of the third Bell State generator and the 
input of the fourth CNOT gate is coupled to the output of the 
third CNOT gate of the third Bell State generator, and 
wherein the feedback circuit path is formed from the cou
pling of the input of the first Hadamard gate of the first Bell 

coherence is minimized, thus decreasing the likelihood that 
decoherence or unintentional observations occur. Addition
ally, such quantum circuits may provide the capability to 
measure or otherwise utilize qubits that oscillate among 
basis states without disturbing the coherency of the quantum 5 

state in other portions of the structure and to provide a 
convenient means for the injection and extraction of the 
quantum information carriers without disturbing or destroy
ing the functionality of the system or any system that 
incorporates such quantum circuits. 

Moreover, embodiments of these quantum circuits for the 
preservation of coherence of one or more qubits may be 
easily utilized as supporting subcircuits in other systems. In 
addition to the application of their use as, for example, a 
synchronization circuit, additional operators (or their 15 

inverses) may be added in the feedforward portion of the 
structure to cause intentional and arbitrary quantum states to 

10 State generator to the output of the fourth Hadamard gate of 
the fourth Bell State generator and the coupling of the input 
of the first CNOT gate of the first Bell State generator to the 
output of the fourth CNOT gate of the fourth Bell State 

be continuously regenerated. Such a quantum state storage 
capability is significant since quantum storage is a funda
mental requirement in many quantum information process- 20 

ing designs. The overall state of the oscillators can be 
observed by measuring the extracted qubit without affecting 
other internal quantum states. 

In one embodiment, a system for the quantum coherence 
preservation of a qubit, can include a quantum oscillator 25 

including a plurality of cascaded stages, each stage includ
ing a quantum circuit having an input and an output and 
adapted to evolve a qubit between a first state on the input 
and a second state on the output wherein the stages are 
cascaded such that the input of one stage is coupled to the 30 

output of a previous stage and the input of the first stage is 
coupled to the output of the last stage to form a feedback 
circuit path. The system may also include error correction 
circuitry coupled to the feedback circuit path of the quantum 
oscillator and adapted to apply a deterministic error correc- 35 

tion to the quantum oscillator based on a difference between 
a measured state of an error detection qubit in the quantum 
oscillator and an expected state of the error detection qubit. 

generator. 
In another embodiment, the quantum oscillator includes a 

Greenberger, Horne and Zeilinger (GHZ) state oscillator 
including a first stage, second stage, third stage and fourth 
stage. The first stage comprises a first GHZ state generator, 
including a first Hadamard gate, a first CNOT gate and a 
second CNOT gate, the first Hadamard gate having an input 
and an output, the first CNOT gate having an input and an 
output and the second CNOT gate having an input and an 
output. A second stage comprises a second GHZ state 
generator, including a second Hadamard gate, a third CNOT 
gate and a fourth CNOT gate, the second Hadamard gate 
having an input and an output, the third CNOT gate having 
an input and an output, and the fourth CNOT gate having an 
input and an output, wherein the input of the second Had
amard gate is coupled to the output of the first Hadamard 
gate of the first GHZ state generator, the input of the third 
CNOT gate is coupled to the output of the second CNOT 
gate of the first GHZ state generator and the input of the 
fourth CNOT gate is coupled to the output of the second 
CNOT gate of the first GHZ state generator. 

A third stage of the embodiment comprises a third GHZ 
state generator, including a third Hadamard gate, a fifth 
CNOT gate and a sixth CNOT gate, the third Hadamard gate 
having an input and an output, the fifth CNOT gate having 
an input and an output and the sixth CNOT gate having an In an embodiment, the quantum circuit for each stage is 

a square root of NOT gate. 
In another embodiment, the quantum circuit for each state 

is a Hadamard gate 

40 input and an output, wherein the input of the third Hadamard 
gate is coupled to the output of the second Hadamard gate 
of the second GHZ state generator, the input of the fifth 
CNOT gate is coupled to the output of the third CNOT gate In some embodiments, the quantum oscillator includes a 

Bell State oscillator (BSO), including a first stage, second 
stage, third stage and fourth stage. The first stage may 45 

comprise a first Bell State generator, including a first Had
amard gate and a first CNOT gate, the first Hadamard gate 
having an input and an output and the first CNOT gate 
having an input and an output. The second stage comprises 
a second Bell State generator, including a second Hadamard 50 

gate and a second CNOT gate, the second Hadamard gate 
having an input and an output and the second CNOT gate 
having an input and an output, wherein the input of the 
second Hadamard gate is coupled to the output of the first 
Hadamard gate of the first Bell State generator and the input 55 

of the second CNOT gate is coupled to the output of the first 
CNOT gate of the first Bell State generator. 

A third stage of this embodiment may comprise compris
ing a third Bell State generator, including a third Hadamard 
gate and a third CNOT gate, the third Hadamard gate having 60 

an input and an output and the third CNOT gate having an 
input and an output, wherein the input of the third Hadamard 
gate is coupled to the output of the second Hadamard gate 
of the second Bell State generator and the input of the third 
CNOT gate is coupled to the output of the second CNOT 65 

gate of the second Bell State generator. A fourth stage 
comprises a fourth Bell State generator, including a fourth 

of the second GHZ state generator and the input of the sixth 
CNOT gate is coupled to the output of the fourth CNOT gate 
of the second GHZ state generator. A fourth stage comprises 
a fourth GHZ state generator, including a fourth Hadamard 
gate, a seventh CNOT gate, and an eighth CNOT gate, the 
fourth Hadamard gate having an input and an output, the 
seventh CNOT gate having an input and an output, and the 
eighth CNOT gate having an input and an output, wherein 
the input of the fourth Hadamard gate is coupled to the 
output of the third Hadamard gate of the third GHZ state 
generator, the input of the seventh CNOT gate is coupled to 
the output of the fifth CNOT gate of the third GHZ state 
generator, and the input of the eighth CNOT gate is coupled 
to the output of the sixth CNOT gate of the third GHZ state 
generator, and wherein the feedback circuit path is formed 
from the coupling of the input of the first Hadamard gate of 
the first GHZ state generator to the output of the fourth 
Hadamard gate of the fourth GHZ state generator, the 
coupling of the input of the first CNOT gate of the first GHZ 
state generator to the output of the seventh CNOT gate of the 
fourth GHZ state generator, and the coupling of the input of 
the second CNOT gate of the first Bell State generator to the 
output of the eighth CNOT gate of the fourth GHZ state 
generator. 
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In a particular embodiment, a system for the quantum 
coherence preservation of a qubit includes a first quantum 
oscillator and a second quantum oscillator. The first quantum 
oscillator comprises a first plurality of cascaded stages, each 
stage including a first quantum circuit having an input and 
an output and adapted to evolve a qubit between a first state 
on the input and a second state on the output wherein the 
stages are cascaded such that the input of one stage is 
coupled to the output of a previous stage to form a first 
feedforward circuit path and the input of the first stage is 10 

coupled to the output of the last stage to form a first feedback 
circuit path. The second quantum oscillator comprises a 
second plurality of cascaded stages, each stage including a 
second quantum circuit having an input and an output and 

15 
adapted to evolve a qubit between a first state on the input 
and a second state on the output wherein the stages are 
cascaded such that the input of one stage is coupled to the 
output of a previous stage to form a second feedforward 
circuit path and the input of the first stage is coupled to the 20 

output of the last stage to form a second feedback circuit 
path. The system may also include a Fredkin gate coupling 
the first feedforward circuit path of the first quantum oscil
lator and the second feedforward circuit path of the second 
quantum oscillator. 25 

In other embodiments, the system may include error 
correction circuitry coupled to the first feedback circuit path 
of the first quantum oscillator or the second feedback circuit 
path of the second quantum oscillator and adapted to apply 
a deterministic error correction to the first quantum oscilla- 30 

tor or the second quantum oscillator based on a difference 
between a measured state of an error detection qubit in the 
first quantum oscillator or the second quantum oscillator and 
an expected state of the error detection qubit. 

In one embodiment, the first quantum oscillator may be a 35 

different type of quantum oscillator than the second type of 
quantum oscillator. For example, each of the first quantum 
oscillator or second quantum oscillator may be one of a 
quantum oscillator where the quantum circuits of the quan
tum oscillator include a square root of NOT gate, a Had- 40 

amard gate, a Bell State generator or a GHZ state generator. 
These, and other, aspects of the disclosure will be better 

appreciated and understood when considered in conjunction 
with the following description and the accompanying draw
ings. It should be understood, however, that the following 45 

description, while indicating various embodiments of the 
disclosure and numerous specific details thereof, is given by 
way of illustration and not of limitation. Many substitutions, 
modifications, additions and/or rearrangements may be 
made within the scope of the disclosure without departing 50 

from the spirit thereof, and the disclosure includes all such 
substitutions, modifications, additions and/or rearrange
ments. 

14 
FIG. lB is a block diagram of an embodiment of a single 

qubit quantum ring oscillator circuit. 
FIG. 2A is a block diagram of a Bell State generator. 
FIG. 2B is a block diagram of a reverse Bell State 

generator. 
FIG. 3A is a block diagram of an embodiment of a dual 

qubit quantum ring oscillator circuit, known as a Bell State 
Oscillator (BSO). 

FIG. 3B is a block diagram of an embodiment of a dual 
qubit quantum ring oscillator circuit, known as a BSO. 

FIG. 4 is a block diagram of an embodiment of a triple 
qubit quantum ring oscillator circuit, known as a GHZ state 
oscillator (GSO). 

FIG. 5 is a block diagram of a single qubit oscillator with 
error correction circuitry. 

FIG. 6A is a schematic block diagram of a Fredkin gate. 
FIG. 6B is a block diagram of an implementation of a 

Fredkin gate using two two-input quantum gates and one 
three-input quantum gate. 

FIG. 6C is a block diagram of an alternative implemen
tation of a Fredkin gate using only two-input quantum gates. 

DETAILED DESCRIPTION 

The disclosure and the various features and advantageous 
details thereof are explained more fully with reference to the 
non-limiting embodiments that are illustrated in the accom
panying drawings and detailed in the following description. 
Descriptions of well-known starting materials, processing 
techniques, components and equipment are omitted so as not 
to unnecessarily obscure the invention in detail. It should be 
understood, however, that the detailed description and the 
specific examples, while indicating some embodiments of 
the invention, are given by way of illustration only and not 
by way of limitation. Various substitutions, modifications, 
additions and/or rearrangements within the spirit and/or 
scope of the underlying inventive concept will become 
apparent to those skilled in the art from this disclosure. 

Before discussing embodiments in detail, it may helpful 
to give a general overview of certain aspects pertaining to 
embodiments. As may be recalled from the above discus
sion, one of the main problems with quantum computing, 
however, is the implementation of qubits themselves. More 
specifically, the scale at which qubits are implemented 
means that any perturbations in the qubit caused by 
unwanted interactions with the environment may result in 
quantum decoherence. Qubit decoherence is thus a major 
obstacle to the useful implementation of quantum comput
ing. Exacerbating the problem is the fact that when several 
qubits are placed in close proximity to one another they can 
mutually interfere with each other and, thereby, affect adja-
cent qubits. Sometimes this mutual interference may be a 
desired effect, but when it is not, it may introduce consid
erable complexities in the quantum circuit in order to try to 

BRIEF DESCRIPTION OF THE DRAWINGS 55 isolate or counteract its effects. 

The drawings accompanying and forming part of this 
specification are included to depict certain aspects of the 
disclosure. It should be noted that the features illustrated in 
the drawings are not necessarily drawn to scale. A more 
complete understanding of the disclosure and the advantages 
thereof may be acquired by referring to the following 
description, taken in conjunction with the accompanying 
drawings in which like reference numbers indicate like 
features and wherein: 

FIG. lA is a block diagram of an embodiment a single 
qubit quantum ring oscillator circuit. 

Accordingly, there is a need to for systems and method 
that can preserve coherence of one or more qubits. To that 
end, embodiments of the systems, structures and quantum 
circuits disclosed herein achieve longer Tl or T2 times 

60 among other advantages through the continuous regenera
tion of a particular quantum state by repeatedly evolving one 
or more qubits to the desired state and subsequently back to 
an eigenstate or other state. Because the subsequent states 
differ in a repeatable pattern, a quantum oscillator results 

65 wherein the intermediate quantum state is the particular 
superimposed state that is desired to be retained. Accord
ingly, embodiments as disclosed herein provide quantum 



US 10,579,936 B2 
15 

circuits that repeatedly evolve oscillating qubit basis states 
over time for single and multiple qubits. Embodiments of 
these quantum circuits are characterized by continuously 
regenerating a quantum basis state that oscillates among a 
subset of different basis states while also evolving superim- 5 

posed or entangled states at other points in the circuit. 
Turning now to FIG. 1A, one embodiment of a quantum 

circuit for the preservation of coherence of a single qubit is 
depicted. Specifically, a NOT gate or Pauli-X gate acts on a 
single qubit. It is the quantum equivalent of the NOT gate for 10 

16 
square root ofNOT gate 102b, when the qubit is output from 
the second square root of NOT gate 102b and fed back to the 
input of the first square root of NOT gate 102a it will be in 

an opposite basis state (e.g., 11) or 10) ). Similarly, after a 
second pass through the cascaded circuit, the qubit will be 

in the original basis state (e.g., 10) or 11) ). Thus, a qubit 
input to the quantum ring oscillator circuit 100 in a basis 
state will alternate between basis states with each pass 
through the cascaded circuit 100. 

Moving to FIG. 1B, another embodiment of a quantum 
circuit for the preservation of coherence of a single qubit is 
depicted. Here, a quantum circuit 110 that is a single qubit 

classical computers (with respect to the standard basis 10), 

11 ) . It equates to a rotation of the Bloch sphere around the 

X-axis by Jt radians. It maps 10) to and 11) to 10). It is 
represented by the Pauli matrix: 

X=[~ ~l 

15 oscillator may include two Hadamard gates 112 that are 
cascaded, with the output of the last Hadamard gate 112b 
provided to (or fed back to) the input of the first Hadamard 
gate 112a. A Hadamard gate acts on a single qubit. It maps 

the basis state I 0) to 
20 

A square root of NOT gate acts on a single qubit and is 
represented by a unitary matrix that, multiplied by itself, 
yields X of the NOT gate: 

~ ~ 1[1+i 1-il 
VA = vNOT =- . 

2 1-i 1 +i 

25 

10) + 11) 10) -11) 
{2 and 11)to {2 , 

which means that a measurement will have equal probabili
ties to become 1 or 0 (i.e., it creates a superposition). It 
represents a rotation of Jt about the axis (x+z)/v2. Equiva-

30 lently, it is the combination of two rotations, Jt about the 
X-axis followed by Accordingly, in one embodiment quantum coherence 

preservation circuit 100 that is a single bit oscillator may 
include two square root of NOT gates 102 that are cascade 
with the output of the last square root of NOT gate 120b 
provided to (or fed back to) the input of the first square root 35 

of NOT gate 102a. Specifically, in these embodiments, the 
output of a first square root of NOT gate 102a may be 
coupled to the input of second square root of NOT gate 
120b. The output of the second square root of NOT gate 
102b is coupled to the input of the first square root of NOT 40 

gate 102a. Thus, if a qubit input to the first square root of 
NOT gate 102a is in a first state, the output of the first square 
root of NOT gate 102b is the qubit in a second state provided 
to the input of second square root of NOT gate 102b. The 45 

qubit that is the output of the second square root of NOT gate 
102b is in a third state, where the third state is the opposite 
(e.g., NOT) of the first state. The qubit in the third state is 
then fed back on the output of the second square root of NOT 
gate 102b to the input of the first square root of NOT gate 50 

102a. After the second pass through this quantum circuit 
100, the qubit will be in the first state again. In other words, 
the qubit has gone through the equivalent of two NOT gates 
after the second pass through the circuit 100. In this manner, 55 
the state of the qubit is oscillated between the first state and 
its opposite (e.g., NOT the first state) and can be maintained 

7r 

2 

about theY-axis. It is represented by the Hadamard matrix: 

1 [1 1 l 
H = {2 1 -1 . 

Specifically, in one embodiment, the output of a first 
Hadamard gate 112a may be coupled to the input of a second 
Hadamard gate 112b. The output of the second Hadamard 
gate 112b is coupled to the input of the first Hadamard gate 
112a. Thus, if the input qubit to the first Hadamard gate 112a 
is in a first state, the output of the first Hadamard gate 112a 
is a qubit in a second state provided to the input of the 
second Hadamard gate 112b, and the qubit that is output 
from the second Hadamard gate 112b is in a third state, 
where the third state is equivalent to the first state. The qubit 
in the third state equivalent to the first state is then fed back 
on the output of the second Hadamard gate 112b to the input 
of the first Hadamard gate. In this manner, the state of the 
qubit is oscillated between the first and second states and can 
be maintained in the quantum circuit while preserving the 

in the quantum circuit while preserving the first state of the 
qubit maintained therein (e.g., the state in which the qubit is 
initially input to the circuit). 

It can be seen, then, with respect to quantum coherence 
preservation circuit 100 that a qubit input to first square root 

60 first state of the qubit maintained therein (e.g., the state in 
which the qubit is initially input to the circuit). 

of NOT gate 102a in a basis state (e.g., 10) or 11)) will be 
in a superimposed state between the output of the first square 
root of NOT gate 102a and the input of the second square 
root of NOT gate 102b. After passing through the second 

It can be seen here with respect to circuit 110 that a qubit 
input to first Hadamard gate 112a in an initial basis state 

65 (e.g., 10) or 11)) will be in a superimposed state between the 
output of the first Hadamard gate 112a and the input of the 
second Hadamard gate 112b. After passing through the 
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second Hadamard gate 112b, when the qubit is output from 
the second Hadamard gate 112b and fed back to the input of 
the first Hadamard gate 112a it will again be in the initial 

basis state (e.g., 10) or 11) ). Thus, a qubit input to the circuit 
110 in a basis state will oscillate between an initial basis 
state, a superimposed state and the initial basis state with 
each pass through the circuit 110. 

Embodiments of quantum circuits that preserve the coher
ence of two qubits will now be discussed. In particular, 
embodiments as described may utilize a quantum circuit that 
produces linear combinations of Bell States as output values. 
Various embodiments of this circuit may involve continuous 
regeneration or circulation of qubits that undergo successive 
superposition, entanglement and then decoherence opera
tions. The regenerative nature of this circuit and the recir
culation allows the circuit to operate in a closed-loop 
fashion. This permits the application of feedback as well as 
feedforward analysis and control theory techniques for real
time improvements in operational optimization and stability 
of the circuit. 

As some context, two qubits that are entangled and in a 
state of superposition are said to be in one of four different 
Bell States if their respective quantum state vector has the 
form: 

1<1>+)= ~(100)+111)) 

1 
1<1>-) = {2 (100) -lll)J 

1 
1'1'+) = {2 (101) + 110)) 

1 
1'1'-) = {2 (101) -110)) 

A quantum Bell State can be created with two elementary 
quantum operations consisting of a Hadamard gate followed 
with a controlled-NOT (CNOT) operation. The resulting 
Bell State generator 200 is depicted in FIG. 2A using the 
notation of e.g., [DiV:98] and includes Hadamard gate 210 
having an input 224, the output of which is used to control 
CNOT gate 220 on the control input of the CNOT gate 220 
with input 222 and output 225. If the input qubits (222, 224) 

are initialized to a basis state of I 0) or 11) before they are 
sent to the circuit input, then they are evolved into a Bell 
State by the quantum circuit 200 in FIG. 2A. 

The transfer matrix for the Bell State generator in FIG. 2A 
is denoted as B and is computed as follows: 

0 0 0 

B= ~ 0 ~ 0 (~[: ~1]0[~ ~])= ~ ~ 
0 0 0 

0 0 

0 

0 -1 

0 -1 0 

Consider the case where the qubit pair are initialized and 

then represented as Ia) and I~). The initial quantum state 
can then be represented as: 

18 
The four Bell States that are obtained using the Bell State 

generator circuit are theoretically computed as B I a~) when 

Ia~) is initialized to 100)' 101)' 11 0) , or Ill ) . As an 

5 example: 

Bla:f3) = BIOO) = 

0 0 
10 

1 0 0 0 1 0 1 

{2 0 0 -1 0 {2 0 
= {2 (100) + lll)J = W> 

0 -1 0 0 

15 
0 0 0 

1 0 0 
Bla:f3) =BIOI)= {2 

0 0 -1 0 

0 -1 0 0 

20 0 

1 1 

{2 
= {2(101)+110)) = 1'1'+) 

0 

25 0 0 0 

1 0 0 0 
Bla:f3) = Bl10) = {2 

0 0 -1 

0 -1 0 0 

30 

1 0 1 

{2 0 
= {2 (100) -lll)J = 1<1>-) 

-1 

35 
0 0 0 

1 0 0 0 
Bla:f3)=Bill)= {2 

0 0 -1 0 

0 -1 0 

40 
0 

1 1 

{2 -1 
= {2(101)-110)) = 1'1'-) 

0 

45 

A quantum circuit similar to the Bell State generator of 
FIG. 2A where the quantum operations are reversed in order 
(and whose transfer matrix is denoted as R) is depicted in 

50 FIG. 2B. Here, the qubit input to Hadamard gate 230 on line 
232 is used to control the operation of CNOT gate 240 on an 
input qubit on line 234. 

Moving to FIG. 3A, a logic block diagram for one 
embodiment of a quantum preservation circuit for two qubits 

55 referred to as a Bell State Oscillator (BSO) is depicted. An 
embodiment of a corresponding quantum circuit for the 
embodiment of FIG. 3A is depicted in FIG. 3B. Here, the 
BSO 300 is a quantum circuit comprising a cascade or chain 
of four quantum circuits 310 (e.g., 310a, 310b, 310c and 

60 310d), each quantum circuit 310 characterized by B (e.g., 
each having a transfer matrix equivalent to a Bell State 
generator as discussed) wherein the evolved output qubit 
pair from the cascade is in a feedback arrangement (e.g., the 
output of circuit 310d is provided as feedback into the input 

65 of circuit 310a). Such a feedback configuration is possible 
since the quantum state after the evolution through four 
consecutive B circuits 310 is an eigenstate. The injection of 
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the initial Ia~) basis state pair on input lines 302a, 302b 
may be provided as the input to circuit 310a and will be the 

basis state pair I <Po) . 
This embodiment of the BSO 300 may be comprised of 5 

four Bell State generators 350 (e.g., 350a, 350b, 350c, 350d) 
with the circuit path between Bell State generators 350a and 
350d forming a feedforward circuit path and a feedback 
circuit path of feedback loop connecting the outputs of the 
chain to the inputs of the chain as depicted in FIG. 3B. In 10 

other words, the outputs of one Bell State generator 350 may 
be provided as the corresponding inputs to a previous Bell 
State generator 350 in the cascade or chain. Specifically, for 
example, in the embodiment depicted the output of Had
amard gate 352d of Bell State generator 350d is provided as 15 

input on line 302a to Hadamard gate 352a of Bell State 
generator 350a and the output of CNOT gate 354d of Bell 
State generator 350d is provided as input on line 302b to 
CNOT gate 354a of Bell State generator 350a. Furthermore, 

20 
the BSO 300 is initialized by injecting a qubit pair Ia~) on 
the input lines 302a, 302b at the quantum circuit state 

indicated by the dashed line denoted as I <Po) . After the 

initialization of l<jl 0 ) and the BSO evolved states l<jl 1 ), l<jl2 ), 

25 
and l<jl 3 ), the quantum state l<jl4 ) evolves to an eigenstate or 

basis state. The quantum states l<jl 1 ), l<jl2 ), and l<jl 3 ) are 
referred to as "intermediate quantum states" and the result-

20 

0 0 0 0 

FIOO) = 
0 0 0 0 

0 0 0 0 0 
= 101) 

0 0 0 0 0 

0 0 0 0 

FlO!)= 
0 0 0 0 

0 0 0 0 0 
= 100) 

0 0 0 0 0 

0 0 0 0 0 

FllO) = 
0 0 0 0 0 

0 0 0 0 
=Ill) 

0 0 0 0 

0 0 0 0 0 

Fill)= 
0 0 0 0 0 

0 0 0 0 
= 110) 

0 0 0 0 

One aspect of BSO 300 is that the intermediate states of 

the circuit labeled as l<jl 1 ), l<jl 2 ), and l<jl3 ) are comprised of 
qubit pairs that are entangled in various states of superpo
sition. These intermediate states are computed using B, B2

, 

and B3 transfer matrices that yield the intermediate states ing basis state l<jl4 ) as the "feedback quantum state". Dif
ferent quantum state vector evolutions are depicted with a 

dashed line denoted as l<jl0 ), l<jl 1 ), l<jl 2 ), l<jl 3 ), and l<jl4 ). 

30 l<jl 1 ), l<jl 2 ), and l<jl 3 ) respectively. Finally, it is noted that the 
intermediate states are all linear combinations of the various 

After the initialization of I <Po) (note that the quantum state 

l<jl 0 ) =l<jl4 ) due to the feedback structure) of the depicted 

embodiment, the intermediate quantum states l<jl 1 ), l<jl2 ) and 35 

l<jl 3 ) are entangled and superimposed qubit pairs. When 

l<jl 0 ) =100), then l<jl4 ) =101), a basis state. Alternatively, 

when l<jl0 ) =101), then l<jl4 ) =100), a basis state. Thus, the 
40 

sequence of subsequent quantum states l<jl 0 ) (or, l<jl4 ) ), 

oscillates between 100) and 101). However, one point of 
novelty of embodiments of the BSO is that the intermediate 

quantum states l<jl 1 ), l<jl 2 ), and l<jl3 ) are qubit pairs that are 
entangled and superimposed. In fact, these intermediate 45 

states are linear combinations of Bell States. Alternatively, 

when l<jl 0 ) =110), then the resulting l<jl4 ) =Ill), and both are 
also and likewise, basis states. This oscillatory behavior is 
indicated through the following analysis. 

Assuming that Ia~) =l<jl0 ) =100), we can analyze the 

evolved quantum state vectors as l<jl 1 ) =BI<jl0 ), l<jl2 ) =B2 I<jl0 ), 

l<jl 3 ) =B3 I<jl 0 ), and l<jl4 ) =B4 I<jl0 ). Thus, the oscillatory behav-
ior is observed using the B4 transfer matrix. 

0 0 4 0 0 0 

0 0 0 

0 0 0 

0 

0 -1 

0 -1 0 0 0 0 

50 

55 

60 

It is noted that B4 is a simple permutation matrix. Assum

ing that Ia~) =l<jl0 ) =100), the B4 transfer matrix may be 65 
used to illustrate the oscillatory behavior with various ini-

tialized Ia~) =l<jl0 ) basis states. 

Bell States, I <I>+), I <I>-), l1jJ+), and l1jJ-). Therefore, the BSO 
300 cycles through various linear combinations of Bell 
States for the intermediate quantum states and a basis state 
in the initialization or feedback states. 

0 0 -1 

1 0 0 2 1 -1 
B=- B =-

{2 0 0 -1 2 -1 

0 -1 0 -1 

0 0 

3 1 0 0 
B =-

{2 0 -1 0 

0 0 -1 

The following four examples contain the calculations that 

yield the intermediate quantum states l<jl 1 ), l<jl 2 ), and 

l<jl 3 ) when the BSO is initialized with all four possible basis 

state pairs for Ia~) =l<jl0 ). 

Example 1: Initialize l<jl 0 ) =100) 

l<i>J) = BIOO) = 

1 0 

{20 

0 0 

0 0 

0 -1 0 

0 -1 0 0 
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-continued Example 3: Initialize l<jl0 ) =110) 

1 -1 1 

2 1 1 1 -1 1 0 
1<1>2) =B 100) = {2 -l l O 

1 -1 1 0 
l</>1) = Bl10) = 

1 0 1 0 0 

1 0 1 0 0 1 0 1 

1 1 1 1 

2 _
1 

= 2(IOOJ+IOlJ-110J+Ill>J= {2(1<~>+>+1'n> 10 
{2 0 1 0 -1 1 

1 0 -1 0 0 

= r:o:-
2 

(100) -lll)J = 1<1>-) 
{2 Q VL 

-1 

1 -1 0 

0 1 1 0 

1 1 0 0 0 
1¢2) =B3100) = {2 0 1 -1 0 0 

2 1 1 1 -1 1 0 
l</>2) = B 110) = 2 -l l 

15 
1 -1 1 0 

1 0 0 -1 0 

0 
20 

1 -1 1 1 

2 1 
= 2(IOO)-I01)+110J+Ill)J= {2(WJ-I'I'-)J 

1 1 1 1 
= r:o:-

2 
(101) + lll)J = -

2
(WJ -1<1>-) + 1'1'+) + 1'1'-)J 

{2 Q VL 

0 1 1 0 0 

1 1 0 0 0 
25 l¢2) = B

3
I10) = {2 0 1 -1 0 

Example 2: Initialize l<jl0 ) =101) 

30 

l</>1) =BIOI)= 

1 0 1 0 0 0 

1 0 1 0 

{2 0 1 0 -1 0 

1 0 -1 0 0 0 

1 -1 0 

2 1 1 1 -1 1 
l</>2) =B 101) = 2 -l l 

0 
40 

1 -1 1 0 

45 

50 

0 1 1 0 0 

3 1 1 0 0 
1¢2) = B 101) = {2 0 1 -1 0 0 

55 

1 0 0 -1 0 

60 

1 0 1 1 
{2 

1 
= {2 (IOO) + 110JJ = 2(WJ -1<1>-) +I'~'+> -1'1'-JJ 

0 65 

1 0 0 -1 0 

Example 4: Initialize l<jl0 ) =Ill) 

l</>1) =Bill)= 

1 0 1 0 0 0 

1 0 1 0 0 1 1 

{2 0 1 0 -1 0 {2 -1 
= {2 (101) -110)) = 1'1'-) 

1 0 -1 0 0 

1 -1 0 

2 1 1 1 -1 1 
l</>2) =BIll)= 2 _

1 1 

0 

0 

1 -1 1 

-1 

1 1 

2 1 

1 1 
= -(101) -100) + 110) + lll)J = r:o:- (1'1'+) -1<1>-)J 

2 v2 

0 1 1 0 0 

3 1 1 0 0 0 
I¢2)=B Ill)= {2 o 1 -1 o o 

1 0 0 -1 1 

0 

1 1 1 1 
= r:o:-

2 
(101) -lll)J = -

2
(1<1>-)- W> + 1'1'+) + 1'1'-)J 

{2 Q VL 

-1 
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As can be seen then, embodiments of BSOs as illustrated 
herein exhibit oscillatory behavior. Although in this embodi
ment, the output of Bell State generator 350d is provided as 
input to Bell State generator 350a on input lines 302a, 302b, 
other embodiments are possible. Thus, in this embodiment 5 

quantum state l<jl4 is provided as feedback from the output of 
Bell State generator 350d as the input basis state l<jl0 to Bell 
State generator 350a. However, the output of Bell State 
generator 350c may be provided as input to Bell State 
generator 350b. Thus, in this embodiment quantum state 10 

(e.g., l<jl3 ) would be provided as feedback as quantum state 
(e.g., l<jl1 ) to Bell State generator 350b. The operation of such 
a circuit would be somewhat different than that of the 
embodiment shown in FIGS. 3A and 3B, however the 

15 
principal concept of a quantum/basis state feedback-based 
system can be considered the same for both circuits. 

As described previously, embodiments of a BSO as dis
closed herein continually regenerate entangled EPR pairs 
through the recirculation of qubit pairs in basis states. It has 20 

also been disclosed and shown herein that dependent upon 

the particular basis state of Ia~) =l<jl0 ), different Bell States 

are achieved for l<jl1 ). These were demonstrated in the 
Examples 1 through 4 as discussed above. In particular, the 25 
previous analysis showed that one embodiment of a BSO 
has two distinct steady states based upon the qubit pair 

initialization state, l<jl0 ). When l<jl0 ) =100) or =101), 

l<jl 1 ) alternatively exists in either I <I>+) or l1.jJ+), both being 
30 

24 
It will be noted that other embodiments of multiple qubit 

quantum ring oscillator circuits may employ other quantum 
gates in the individual cascaded stages. 

Embodiments of quantum circuits that preserve the coher
ence of three qubits will now be discussed. Again, various 
embodiments of this circuit may involve continuous regen
eration or circulation of qubits that undergo successive 
superposition, entanglement and then decoherence opera
tions. The regenerative nature of this circuit and the recir-
culation allows the circuit to operate in a closed-loop 
fashion. This permits the application of feedback as well as 
feedforward analysis and control theory techniques for real
time improvements in operational optimization and stability 
of the circuit. 

Looking now at FIG. 4, one embodiment of a quantum 
circuit for preserving the coherence of three qubits is 
depicted. Quantum preservation circuit 400 utilizes cas
caded Greenberger, Horne and Zeilinger (GHZ) state gen
erators 402. Each GHZ state generator 402 may include a 
Hadamard gate 404 having an input and an output and a first 
CNOT gate 406 having an input and an output and con
trolled by the output of the Hadamard gate 404, and a second 
CNOT gate 408 having an input and an output and con
trolled by the output of the Hadamard gate 404. Thus, 
quantum preservation circuit 400 that may function as a 
quantum oscillator for three qubits may include a cascaded 
set of GHZ state generators 402 and may be referred to as 
a GHZ state oscillator or GSO. 

Certain embodiments of a GSO can be used to generate 
fundamental Bell States. Likewise, when l<jl0 ) =110) and preserve three entangled qubits, and thus may be 
or =Ill) , l<jl

1
) , alternatively exists in either I <I>-) or 11.jJ-) , thought of as a qubit storage device or cell that holds the 

that are also fundamental Bell States. three of entangled qubits. More specifically, some embodi-
These two steady states of embodiments of a BSO are ments of a GSO may continuously generate (or regenerate) 

distinct and different as can be observed from the overall 35 and circulate three qubits in a feedback loop. Such a GSO 
transfer matrix structure of B4 (as shown above) since the 400 may, for example, include a set of cascaded GHZ state 
first and third quadrants or submatrices correspond to trans- generators 402, with each GHZ state generator circuit 402 

providing the input to the subsequent GHZ state generator 
fer functions of a NOT gate, yielding a quantum circuit with 

circuit 402, and the output of the final GHZ state generator 
behavior analogous to that of a conventional ring oscillator 40 in the chain 402d coupled back to the input of the first GHZ 
composed of an odd number of electronic digital logic state generator circuit in the chain 402a. 
inverter gates. The transfer matrix for B

4 
is reproduced Specifically, in one embodiment, GSO 400 may include a 

below with the quadrant partitions indicated by the 2x2 all first GHZ state generator 402a having a Hadamard gate 
zero matrix denoted as [0] and the 2x2 transfer matrix for the 404a with an input and an output, a first CNOT gate 406a 
single qubit operator, NOT, denoted as [N]. Thus, depending 45 having an input and an output and a control coupled to the 

upon the initialization quantum state l<jl0 ), embodiments of output of the Hadamard gate 404a, and a second first CNOT 
a BSO operate in accordance to the top or the bottom portion gate 408a having an input and an output, and a control 
of the B4 transfer matrix. coupled to the output of the Hadamard gate 404a. A second 

GHZ state generator 402b is cascaded with the first GHZ 

s'= 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

=[~ ~] 

One of the two steady state values of l<jl4) is either 101) or 

110) depending upon the steady state of the BSO. It is noted 

that these two l<jl4) basis states, each arising from one of the 
two different steady states of the BSO, are simple permu
tations of one another. Other aspects of embodiments such 
as these may be understood with reference to U.S. patent 
application Ser. No. 15/832,285 entitled "System and 
Method for Quantum Coherence Preservation of Qubits", by 
Oxford eta!, filed Dec. 5, 2017 which is hereby incorporated 
by reference in its entirety. 

50 state generator 402a. The second GHZ state generator 402b 
includes a Hadamard gate 404b with an input and an output, 
a first CNOT gate 406b having an input and an output and 
a control coupled to the output of the Hadamard gate 404b, 
and a second CNOT gate 408b having an input and an 

55 output, and a control coupled to the output of the Hadamard 
gate 404b. 

The second GHZ state generator 402b is cascaded with 
the first GHZ state generator 402a by coupling the output of 
the first CNOT gate 406a of the first GHZ state generator 

60 402a to the input of the first CNOT gate 406b of the second 
GHZ state generator 402b, the output of the second CNOT 
gate 408a of the first GHZ state generator 402a to the input 
of the second CNOT gate 408b of the second GHZ state 
generator 402b and the output of the Hadamard gate 404a of 

65 the first GHZ state generator 402a to the input of the 
Hadamard gate 404b of the second GHZ state generator 
402b. 
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A third GHZ state generator is cascaded with the second 
GHZ state generator and a fourth GHZ state generator is 
cascaded with the third GHZ state generator in a similar 
manner. Specifically, the third GHZ state generator 402c is 
cascaded with the second GHZ state generator 402b by 
coupling the output of the first CNOT gate 406b of the 
second GHZ state generator 402b to the input of the first 
CNOT gate 406c of the third GHZ state generator 402c, the 
output of the second CNOT gate 408b of the second GHZ 
state generator 402b to the input of the second CNOT gate 
408c of the third GHZ state generator 402c and the output 
of the Hadamard gate 404b of the second GHZ state gen-

10 

26 
Thus, when connected in a cascaded manner (as with the 

BSO), the cumulative (open loop) transfer function for the 
GSO can be seen to be: 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

Gj = 
0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

erator 402b to the input of the Hadamard gate 404c of the 15 

third GHZ state generator 402c. Thus, the overall transfer function of the four-stage cas
cade collapses to a simple permutation matrix. Thus, if we 
apply the transfer function above to the complete series of 
possible 3-qubit basis state inputs, we can observe that the 

20 closed-loop circuit will oscillate in a substantially similar 
manner to the BSO circuit: 

Similarly, the fourth GHZ state generator 402d is cas
caded with the third GHZ state generator 402c by coupling 
the output of the first CNOT gate 406c of the third GHZ state 
generator 402c to the input of the first CNOT gate 406d of 
the fourth GHZ state generator 402d, the output of the 
second CNOT gate 408c of the third GHZ state generator 
402c to the input of the second CNOT gate 408d of the 
fourth GHZ state generator 402d and the output of the 25 

Hadamard gate 404b of the third GHZ state generator 402c 
to the input of the Hadamard gate 404d of the fourth GHZ 
state generator 402d. In this marmer, the circuit path between 
GHZ state generators 402a and 402d forms a feedforward 30 

circuit path of GSO 400. It should be remarked that, in the notation introduced 
above, the "3" subscript represents the fact that the transfer 
function matrix shown above is valid for a three-qubit 
system. As we will discuss later, the motivation for this 

35 subscript is that the same mathematical treatment of four 
cascaded stages of any number of similarly-connected mul
tiple-qubit systems (i.e., not just 2 or 3 qubits) will produce 
the same kind of oscillatory behavior, regardless of the 

A feedback path of the GSO 400 couples the output of the 
fourth GHZ state generator 402d to the input of the first 
GHZ state generator 402a by coupling the output of the first 
CNOT gate 406d of the fourth GHZ state generator 402d to 
the input of the first CNOT gate 406a of the first GHZ state 
generator 402a, the output of the second CNOT gate 408d of 
the fourth GHZ state generator 402d to the input of the 
second CNOT gate 408a of the first GHZ state generator 40 

402a and the output of the Hadamard gate 404d of the fourth 
GHZ state generator 402d to the input of the Hadamard gate 
404a of the first GHZ state generator. 

number of parallel qubit data paths. 
As described previously, embodiments of a GSO as 

disclosed herein continually regenerate maximally-en
tangled qubit triplets by means of the recirculation of these 
qubits though the cascaded GHZ state generators. Thus, the 
circuit described operates by cycling the qubit carriers into 

Thus, if three qubits are injected into a GSO quantum 
coherence preservation circuit 400 with one qubit being on 
the circuit path coupling first CNOT gates 406 of each GHZ 
state generators 402, a second qubit on the circuit path 
coupling the second CNOT gates 408 of each GHZ state 
generators 402 and a third qubit on the circuit path coupling 
the Hadamard gates 404 of each GHZ state generators 402. 

The evolution of the qubit triplets through each individual 
GHZ stage of the GSO can be characterized as per the 
following: 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 -1 

1 0 0 0 0 0 -1 0 
G==-

{2 0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 -1 0 0 0 0 

0 -1 0 0 0 0 0 

45 and out of eigenstates. A quantum circuit with similar 
structure may also be used to maximally entangle groups of 
four qubits. 

As can be seen then, the function of maximizing qubit 
decoherence time may be provided through the use of 

50 generalized quantum ring oscillators including a cascaded 
set of stages (such as Bell State generators, GHZ generators, 
etc.), where each cascaded stage includes a Hadamard gate 
and a set of CNOT gates each coupled to the output of the 
Hadamard gate. An overall closed-circuit path for one or 

55 more qubits can be formed by the coupling of the output of 
each Hadamard gate in each stage to the corresponding 
Hadamard gate in the next stage in the cascaded circuit, with 
the output of the Hadamard gate in the last stage coupled to 
the input of the Hadamard gate of the first stage in the set of 

60 cascaded stages. Feedback paths for one or more additional 
qubits are formed by coupling the output of a corresponding 
CNOT gate in each linear stage to the corresponding CNOT 
gate in the next linear stage in the cascaded set of linear 
stages, with the output of the CNOT gate in the last linear 

65 stage coupled to the input of the corresponding CNOT gate 
of the first linear stage in the set of cascaded set of linear 
stages 
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For quantum coherence preservation of two or more bits 
then, the capability of the circuit to store an additional qubit 
may be accomplished by adding another CNOT gate to each 
stage, where the control of the CNOT gate is coupled to the 
Hadamard gate of the stage and the corresponding CNOT 
gates of each stage are coupled to form a feedback circuit 
path for the added qubit. Again, the feedback circuit path is 
formed by the coupling of the output of each CNOT gate to 
the corresponding CNOT gate in the next stage in the 
cascaded set of generators, with the output of the CNOT gate 
in the last stage coupled to the input of the corresponding 
CNOT gate of the first stage in the set of cascaded set of 
stages. 

As may be noticed, one advantage of embodiments as 
depicted herein, is that the number of gates in such quantum 
ring oscillator circuits may scale linearly with the number of 
qubits which such circuits can preserve. This can be con
trasted directly with other quantum circuits which circuitry 
scales exponentially (e.g., O(N2

) or O(W)) with the number 
of qubits. As another advantage, in certain embodiments, the 
qubits within such quantum ring oscillator circuits may be 
entangled. As such, they may be well suited for implement
ing or storing words of qubits, as the qubits of words must 
usually be entangled to preform quantum computing opera
tions utilizing such words of qubits. 

Moreover, because embodiments of the quantum coher
ence preservation circuits as discussed operate by oscillating 
the quantum qubits through a defined set of states, certain 
types of errors that may decrease quantum coherence time 
may be effectively dealt with. More specifically, in these 
embodiments, when a qubit is input to the quantum circuit 
in a basis state, the input received on the feedback loop will 
be a defined basis state. Thus, for example, in a quantum 
circuit for coherence preservation of single qubit using two 
cascaded square root of NOT gates as depicted in FIG. lA, 
if a qubit is input to the first square root of NOT gate in a 

basis state (e.g., 10) or 11)) the output of the second square 
root of NOT gate that is fed back to the input of the first 
square root of NOT gate will be in an opposite basis state 

(e.g., 11) or 10)). As another example using the circuit of 
FIG. lB, in a quantum circuit for coherence preservation of 
a single qubit using two cascaded Hadamard gates, if a qubit 

is input in a basis state (e. g., I 0) or 11 ) ) the output of the 
second Hadamard gate that is fed back to the input of the first 
square root of NOT gate will be in the same basis state (e.g., 

10) or 11)). 
Accordingly, by injecting one or more qubits or sequences 

of qubits in basis states into such a quantum coherence 
preservation circuit and measuring the state of these qubits 
on the feedback path of the circuit, deterministic errors in the 
circuit's signal path may be measured and potentially cor
rected. Specifically, by injecting one or more qubits in a 
known basis state (which may be referred to as error 
detection or ancilla qubits), expected values (e.g., the same 
or opposite basis state) for those error detection qubits on the 
feedback path may be determined. Any error (e.g., devia
tions from the expected value) in these error detection qubits 
as measured on the feedback path of the circuit are usually 
due to gate fidelity issues or other deterministic errors. 
Based on any measured errors determined from the differ
ence between the expected basis state for these error detec
tion qubits and the measured states of the error correction 
qubits, deterministic errors in the quantum carrier signal 
path (such as phase shift errors or the like) may be deter
mined. 

28 
Error correction circuitry included in the quantum ring 

oscillator circuit may apply error correction to the circuit to 
correct for these determined errors. For example, a deter
ministic phase shift may be applied to the quantum carrier 
signal path to correct for these measured errors. Other 
techniques for error correction in a quantum circuit are 
known in the art and are fully contemplated herein. 

Importantly, because of the feedback path included in 
embodiments of the quantum ring oscillator circuits as 

10 disclosed herein, this error correction may take place with
out altering any of the quantum information (e.g., other 
qubits) that are being preserved or otherwise stored or run 
through the quantum circuit. In other, words, the error 
correction may be applied by the error correction circuitry 

15 when the quantum circuit is in an operational state (e.g., 
being used for quantum computation) without disturbing the 
quantum information being used by the quantum system or 
taking the quantum circuit or quantum system offline. More
over, this error determination and correction may take place 

20 at certain regular intervals or substantially continuously as 
the quantum circuit is operating. Thus, as the errors in the 
circuit changes (e.g., as the overall circuit heats up, the 
quantum carrier signal path lengthens, the operating envi
ronment changes, etc.) the differing or changing errors may 

25 be accounted for, and the error correction adjusted. Again, 
such error correction may be accomplished while the quan
tum circuit is in an operational state. In this marmer, it is 
possible to run real time adjustment of quantum storage 
circuits to account for deterministic errors and increase the 

30 length of time of quantum coherence preservation. 
According to some embodiments then, error measurement 

circuitry may inject or place one or more qubits or patterns 
of error detection qubits in a known basis state before or 
after a qubit which is intended to be stored or otherwise 

35 maintained in the quantum ring oscillator circuit. This qubit 
may be referred to as an operational or stored qubit and may 
be, for example, a qubit used in the performance of quantum 
computing operations by the quantum circuit or a system 
that includes the quantum circuit. These error detection 

40 qubits may be injected into the feedback loop of the quantum 
coherence preservation circuit such that they are initially 
provided at the input of the first gate or other quantum 
structure of the circuit. The error measurement circuitry of 
the circuit may then determine the measured values (e.g., the 

45 same or opposite basis state) for those error detection qubits 
on the feedback path. These error detection qubit measure
ments may be used within a classical control system and a 
difference between the measured error detection qubits and 
the expected value for those error detection qubits deter-

50 mined. Based on this difference, methods for optimally 
correcting errors in the quantum coherence preservation 
circuit (such as phase shift errors or the like) may be 
determined. Error correction circuitry included in the quan
tum preservation circuit may apply such error correction to 

55 the quantum coherence preservation circuit to correct for 
these determined errors. For example, a deterministic phase 
shift may be applied to the quantum coherence preservation 
circuit to correct for these measured errors. 

As it is only the error detection qubits that are measured, 
60 these measurements and corrections can be made without 

decohereing or otherwise affecting any operational or stored 
qubits in the circuit. However, the error correction applied 
by the control circuitry to adjust the quantum circuit may 
serve to increase the decoherence time of any such opera-

65 tiona! or stored qubits in the circuit. 
Additionally, this error correction may take place again at 

a later point, or effected cumulatively or substantially con-
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tinuously in the same manner. For example, such error 
measurement may be performed repeatedly, or substantially 
continuously, utilizing the same error detection qubits after 
they have passed through the quantum coherence preserva
tion circuit one or more additional times. Although a single 
pass through the circuit may not be easily correctable (which 
may depend on the precision of the deterministic error 
correction mechanism), the cumulative error of the qubit 
carrier may be more easily corrected after multiple passes 
through the loop. As the initial basis state of these error 10 

detection qubits is known, the expected values for these 
error detection qubits at any given point (e.g., after a given 
number of passes through the quantum coherence preserva
tion circuit) may be determined and used to determine the 
errors in the quantum coherence preservation circuit. The 15 

error correction circuitry can then apply error correction to 
adjust for this newly determined error. Thus, error correction 
can be applied and adjusted in real-time to the quantum 
circuit while it is in an on-line or operational state without 
decohereing or otherwise affecting any operational or stored 20 

qubits in the loop, serving to greatly increase the coherence 
time of those operational or stored qubits. 

30 
non-deterministic errors. For example, in quantum circuits 
implemented using photons, one non-deterministic error is 
photonic loss. Over time the chance or probability that a 
photon (e.g., a photon being used as a qubit carrier) will 
interact with a carrier and cause the qubit to decohere 
increases. However, it is impossible in a quantum circuit to 
utilize repeaters as are typically used with in fibre channel or 
the like, as the use of such repeaters would cause the qubit 
to decohere. Moreover, the no-cloning theorem states that it 
is impossible to create an identical copy of an arbitrary 
unknown quantum state. 

Embodiments as disclosed herein may thus deal with the 
possibility of such non-deterministic errors, including the 
issue of photonic loss, to further increase the coherence time 
of stored qubits by making a controlled swap of states 
between a photon carrying a qubit and another photon. By 
swapping the state of the qubit to a relatively newer (e.g., a 
photon that has passed through a quantum circuit a fewer 
number of times) photon at certain intervals, the problem of 
photonic loss may be reduced, further increasing the coher
ence time of qubits in such quantum circuits. 

In one embodiment, for example, a Fredkin gate may be 
used to couple two quantum coherence preservation circuits. 
A Fredkin gate is a three-qubit gate that uses a control input 
to determine whether the other two inputs have their respec
tive quantum states interchanged or not. Mathematically, the 
transfer matrix for the Fredkin gate is expressed as the 8x8 

Moving now to FIG. 5, one embodiment of a quantum 
coherence preservation circuit including error correction 
circuitry is depicted. It will be noted here, that while this 25 

embodiment depicts a quantum ring oscillator circuit with a 
single feedback circuit path, error correction circuitry as 
discussed may be utilized with equal efficacy with embodi
ments of such circuits with multiple feedback paths for 
multiple qubits. Here, the quantum circuit 500 that is a single 
bit oscillator may include two square root of NOT gates 502 
that are cascaded, with the output of the last square root of 
NOT gate 502b provided to (or fed back to) the input of the 
first square root of NOT gate 502a. The quantum circuit also 
includes error correction circuitry 550. Error correction 35 

circuitry 550 includes error measurement circuitry 552 
adapted to inject or place one or more error detection qubits 

matrix F where the quantum state is denoted as lcxy) with 
30 lc) serving as the "control" qubit. When lc) =11) , the super-

or patterns of error detection qubits in a known basis state 
before or after a stored qubit maintained in the quantum 
coherence preservation circuit 500. Error correction cir- 40 

cuitry 550 may be coupled to the feedback path of the 
quantum circuit 500 such that these error detection qubits 
may be injected into the feedback loop and initially provided 
at the input of the first square root of NOT gate 502a. The 
error measurement circuitry 552 of the quantum circuit 500 45 

may then determine the expected states (e.g., the same or 
opposite basis state) for those error detection qubits on the 
feedback path after a number of circuits of the feedback 
path. 

Error measurement circuitry 552 may then measure the 50 

state of these one or more error detection qubits (e.g., after 

imposed state of lx) is exchanged with that of ly) and when 

lc) =10), both lx) and ly) pass through the Fredkin gate 
with their states of superposition remaining unchanged. In 
Dirac's braket notation, F is expressed in the following 
equation with the particular swapping cases of interest 
emphasized through the use of italics 

F~IOOO) ( 0001+1001) ( 0011+1010) ( 0101+1011) 

(0111+1100) ( 1001+1110) ( 1011+1101) ( 1101+ 

1111)(1111 

In more traditional linear algebraic notation, the transfer 
function for F is expressed as: 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
F= 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

FIGS. 6A and 6B depict, respectively, a typical notational 
symbol for a Fredkin gate and a quantum circuit for a 
Fredkin gate. The Fredkin gate 600 can be constructed using 
a 3-input Toffoli gate 610 and two CNOT gates 620 coupled 
as shown in FIG. 6B. The Toffoli gate 610 can be considered 
as a controlled-controlled-NOT or as a single qubit NOT 
operator that utilizes two additional qubits to enable its 
operation. The Toffoli gate 610 can be decomposed into 

a determined number of trips around the feedback circuit, 
after every trip around the feedback circuit, etc.) and deter
mine a difference between the measured error detection 
qubits and the expected value for those error detection 55 

qubits. Based on this difference, error measurement circuitry 
552 may determine an error in the quantum coherence 
preservation circuit 500 (such as phase shift errors or the 
like). Error correction circuitry 500 may apply error correc
tion to the quantum coherence preservation circuit to correct 60 

or otherwise account for these determined errors. For 
example, error correction circuitry 500 may apply a deter
ministic phase shift to one or more gates of the quantum 
coherence preservation circuit 500 to correct for these 
measured errors. 65 single and two-qubit operators by applying Barenco's 

decomposition theorem to the Toffoli gate (see e.g., [Bar+: 
95]). Those operators are the single qubit Hadamard gate, 

While deterministic errors may be accounted for accord
ing to certain embodiments, it may be difficult to account for 
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and the two-qubit controlled operators consisting of the 
CNOT and the R

2
(Jt/2) rotation denoted as V. 

V = R,(n /2) = [ ~ ~] 

32 
precise forms disclosed herein (and in particular, the inclu
sion of any particular embodiment, feature or function 
within the Summary is not intended to limit the scope of the 
invention to such embodiment, feature or function). Rather, 
the description is intended to describe illustrative embodi
ments, features and functions in order to provide a person of 
ordinary skill in the art context to understand the invention 
without limiting the invention to any particularly described 
embodiment, feature or function, including any such FIG. 6C thus depicts a representation of a Fredkin gate 

650 as a cascade of these types of single and dual-input 
(controlled qubit) gates to provide further illustration and to 
indicate the quantum cost of the Fredkin function. Recently, 

10 embodiment feature or function described in the Summary. 
While specific embodiments of, and examples for, the inven
tion are described herein for illustrative purposes only, 
various equivalent modifications are possible within the 
spirit and scope of the invention, as those skilled in the 

a Fredkin gate has been realized experimentally at the 
Centre for Quantum Computation & Communication Tech
nology at Griffith University in Australia (see e.g., [PHF+: 
16]). In this implementation, the quantum state is encoded 
on the polarization of a photon, hence this implementation 
among others, may facilitate incorporation of a Fredkin gate 
into embodiments of a quantum coherence preservation 
circuit by, for example, coupling two quantum ring oscillator 
circuits. 

15 relevant art will recognize and appreciate. As indicated, 
these modifications may be made to the invention in light of 
the foregoing description of illustrated embodiments of the 
invention and are to be included within the spirit and scope 
of the invention. Thus, while the invention has been 

20 described herein with reference to particular embodiments 
thereof, a latitude of modification, various changes and 
substitutions are intended in the foregoing disclosures, and 
it will be appreciated that in some instances some features of 
embodiments of the invention will be employed without a 

Thus, two quantum ring oscillator circuits may be coupled 
through their feedback paths, using a Fredkin gate such that 
the state of the photons in each of the two quantum coher
ence preservation circuits may be swapped. Generally, a 
stored qubit may be injected into a first of the quantum ring 
oscillator circuits. Photonic preservation circuitry may be 
provided to determine an average number of times around 
this quantum ring oscillator structure that an individual 
photon can cycle without being absorbed or scattered. After 30 

a certain number of successful transits through the structure, 
the photonic preservation circuitry may elect to either 
release the photon from the circuit or to transfer the quantum 
information from one such quantum ring oscillator to a 
second quantum ring oscillator circuit. The Fredkin gate 35 

coupling the two quantum ring oscillator circuits may then 

25 corresponding use of other features without departing from 
the scope and spirit of the invention as set forth. Therefore, 
many modifications may be made to adapt a particular 
situation or material to the essential scope and spirit of the 
invention. 

be controlled (e.g., a qubit asserted on control line of the 
Fredkin gate) to swap the state of the photon carrying the 
qubit in the first quantum ring oscillator circuit with the state 
of the newly injected photon in the second quantum ring 40 

oscillator circuit. If it can be determined that the transfer is 
successful, then we can "reset" the counter that is used to 
measure the number of cycles that the photon has transited 
through the circuit. In this manner, the statistics of the state 
of the photon on which the qubit is stored may be effectively 45 

"refreshed", although there may have been no effect on the 
actual physical photon, but simply on the statistics of that 
particular photon. 

Thus, embodiment of the quantum circuits as disclosed 
herein provide systems a for evolving the quantum states of 50 

one or more qubits in a deterministic and repeating fashion 
such that the decoherence time interval is maximized, thus 
decreasing the likelihood that decoherence or unintentional 
observations occur. Additionally, such quantum circuits may 
provide the capability to measure or otherwise utilize qubits 55 

that oscillate among basis states without disturbing the 
coherency of the quantum state in other portions of the 
structure and to provide a convenient means for the injection 
and extraction of the quantum information carriers without 
disturbing or destroying the functionality of the system or 60 

any system that incorporates such quantum circuits. 
Although the invention has been described with respect to 

specific embodiments thereof, these embodiments are 
merely illustrative, and not restrictive of the invention. The 
description herein of illustrated embodiments of the inven- 65 

tion, including the description in the Summary, is not 
intended to be exhaustive or to limit the invention to the 

Reference throughout this specification to "one embodi
ment", "an embodiment", or "a specific embodiment" or 
similar terminology means that a particular feature, struc
ture, or characteristic described in connection with the 
embodiment is included in at least one embodiment and may 
not necessarily be present in all embodiments. Thus, respec
tive appearances of the phrases "in one embodiment", "in an 
embodiment", or "in a specific embodiment" or similar 
terminology in various places throughout this specification 
are not necessarily referring to the same embodiment. Fur
thermore, the particular features, structures, or characteris
tics of any particular embodiment may be combined in any 
suitable manner with one or more other embodiments. It is 
to be understood that other variations and modifications of 
the embodiments described and illustrated herein are pos
sible in light of the teachings herein and are to be considered 
as part of the spirit and scope of the invention. 

In the description herein, numerous specific details are 
provided, such as examples of components and/or methods, 
to provide a thorough understanding of embodiments of the 
invention. One skilled in the relevant art will recognize, 
however, that an embodiment may be able to be practiced 
without one or more of the specific details, or with other 
apparatus, systems, assemblies, methods, components, 
materials, parts, and/or the like. In other instances, well
known structures, components, systems, materials, or opera
tions are not specifically shown or described in detail to 
avoid obscuring aspects of embodiments of the invention. 
While the invention may be illustrated by using a particular 
embodiment, this is not and does not limit the invention to 
any particular embodiment and a person of ordinary skill in 
the art will recognize that additional embodiments are 
readily understandable and are a part of this invention. 

It will also be appreciated that one or more of the elements 
depicted in the drawings/figures can also be implemented in 
a more separated or integrated manner, or even removed or 
rendered as inoperable in certain cases, as is useful in 
accordance with a particular application. Additionally, any 
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signal arrows in the drawings/figures should be considered 
only as exemplary, and not limiting, unless otherwise spe
cifically noted. 

As used herein, the terms "comprises," "comprising," 
"includes," "including," "has," "having," or any other varia- 5 

tion thereof, are intended to cover a non-exclusive inclusion. 
For example, a process, product, article, or apparatus that 
comprises a list of elements is not necessarily limited only 
those elements but may include other elements not expressly 
listed or inherent to such process, product, article, or appa- 10 

ratus. 
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Furthermore, the term "or" as used herein is generally 
intended to mean "and/or" unless otherwise indicated. For 
example, a condition A or B is satisfied by any one of the 
following: A is true (or present) and B is false (or not 
present), A is false (or not present) and B is true (or present), 
and both A and Bare true (or present). As used herein, a term 
preceded by "a" or "an" (and "the" when antecedent basis is 
"a" or "an") includes both singular and plural of such term 20 

(i.e., that the reference "a" or "an" clearly indicates only the 
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herein and throughout the claims that follow, the meaning of 
"in" includes "in" and "on" unless the context clearly 
dictates otherwise. 25 
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What is claimed is: 
1. A system for the quantum coherence preservation of a 25 

qubit, comprising: 
a quantum oscillator including a plurality of cascaded 

stages, each stage including a quantum circuit having 
an input and an output and adapted to evolve a qubit 
between a first state on the input and a second state on 30 

the output wherein the stages are cascaded such that the 
input of one stage is coupled to the output of a previous 
stage and the input of the first stage is coupled to the 
output of the last stage to form a feedback circuit path; 
and 35 

error correction circuitry coupled to the feedback circuit 
path of the quantum oscillator and adapted to apply a 
deterministic error correction to the quantum oscillator 
based on a difference between a measured state of an 
error detection qubit in the quantum oscillator and an 40 

expected state of the error detection qubit. 
2. The system of claim 1, wherein the quantum circuit for 

each stage is a square root of NOT gate. 
3. The system of claim 1, wherein the quantum circuit for 

each state is a Hadamard gate. 45 

4. The system of claim 1, wherein the quantum oscillator 
includes a Bell State oscillator (BSO), including: 

a first stage comprising a first Bell State generator, includ
ing a first Hadamard gate and a first CNOT gate, the 
first Hadamard gate having an input and an output and 50 

the first CNOT gate having an input and an output; 
a second stage comprising a second Bell State generator, 

including a second Hadamard gate and a second CNOT 
gate, the second Hadamard gate having an input and an 
output and the second CNOT gate having an input and 55 

an output, wherein the input of the second Hadamard 
gate is coupled to the output of the first Hadamard gate 
of the first Bell State generator and the input of the 
second CNOT gate is coupled to the output of the first 
CNOT gate of the first Bell State generator; 60 

a third stage comprising a third Bell State generator, 
including a third Hadamard gate and a third CNOT 
gate, the third Hadamard gate having an input and an 
output and the third CNOT gate having an input and an 
output, wherein the input of the third Hadamard gate is 65 

coupled to the output of the second Hadamard gate of 
the second Bell State generator and the input of the 

36 
third CNOT gate is coupled to the output of the second 
CNOT gate of the second Bell State generator; and 

a fourth stage comprising a fourth Bell State generator, 
including a fourth Hadamard gate and a fourth CNOT 
gate, the fourth Hadamard gate having an input and an 
output and the fourth CNOT gate having an input and 
an output, wherein the input of the fourth Hadamard 
gate is coupled to the output of the third Hadamard gate 
of the third Bell State generator and the input of the 
fourth CNOT gate is coupled to the output of the third 
CNOT gate of the third Bell State generator, and 
wherein the feedback circuit path is formed from the 
coupling of the input of the first Hadamard gate of the 
first Bell State generator to the output of the fourth 
Hadamard gate of the fourth Bell State generator and 
the coupling of the input of the first CNOT gate of the 
first Bell State generator to the output of the fourth 
CNOT gate of the fourth Bell State generator. 

5. The system of claim 1, wherein the quantum oscillator 
includes a Greenberger, Home and Zeilinger (GHZ) state 
oscillator (GSO), including: 

a first stage comprising a first GHZ state generator, 
including a first Hadamard gate, a first CNOT gate and 
a second CNOT gate, the first Hadamard gate having an 
input and an output, the first CNOT gate having an 
input and an output and the second CNOT gate having 
an input and an output; 

a second stage comprising a second GHZ state generator, 
including a second Hadamard gate, a third CNOT gate 
and a fourth CNOT gate, the second Hadamard gate 
having an input and an output, the third CNOT gate 
having an input and an output, and the fourth CNOT 
gate having an input and an output, wherein the input 
of the second Hadamard gate is coupled to the output 
of the first Hadamard gate of the first GHZ state 
generator, the input of the third CNOT gate is coupled 
to the output of the second CNOT gate of the first GHZ 
state generator and the input of the fourth CNOT gate 
is coupled to the output of the second CNOT gate of the 
first GHZ state generator; 

a third stage comprising a third GHZ state generator, 
including a third Hadamard gate, a fifth CNOT gate and 
a sixth CNOT gate, the third Hadamard gate having an 
input and an output, the fifth CNOT gate having an 
input and an output and the sixth CNOT gate having an 
input and an output, wherein the input of the third 
Hadamard gate is coupled to the output of the second 
Hadamard gate of the second GHZ state generator, the 
input of the fifth CNOT gate is coupled to the output of 
the third CNOT gate of the second GHZ state generator 
and the input of the sixth CNOT gate is coupled to the 
output of the fourth CNOT gate of the second GHZ 
state generator; and 

a fourth stage comprising a fourth GHZ state generator, 
including a fourth Hadamard gate, a seventh CNOT 
gate, and a eighth CNOT gate, the fourth Hadamard 
gate having an input and an output, the seventh CNOT 
gate having an input and an output, and the eighth 
CNOT gate having an input and an output, wherein the 
input of the fourth Hadamard gate is coupled to the 
output of the third Hadamard gate of the third GHZ 
state generator, the input of the seventh CNOT gate is 
coupled to the output of the fifth CNOT gate of the third 
GHZ state generator, and the input of the eighth CNOT 
gate is coupled to the output of the sixth CNOT gate of 
the third GHZ state generator, and wherein the feed
back circuit path is formed from the coupling of the 
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input of the first Hadamard gate of the first GHZ state 
generator to the output of the fourth Hadamard gate of 
the fourth GHZ state generator, the coupling of the 
input of the first CNOT gate of the first GHZ state 
generator to the output of the seventh CNOT gate of the 5 

fourth GHZ state generator, and the coupling of the 
input of the second CNOT gate of the first Bell State 
generator to the output of the eighth CNOT gate of the 
fourth GHZ state generator. 

6. A system for the quantum coherence preservation of a 10 

qubit, comprising: 
a first quantum oscillator, comprising a first plurality of 

cascaded stages, each stage including a first quantum 
circuit having an input and an output and adapted to 

15 
evolve a qubit between a first state on the input and a 
second state on the output wherein the stages are 
cascaded such that the input of one stage is coupled to 
the output of a previous stage to form a first feedfor
ward circuit path and the input of the first stage is 20 

coupled to the output of the last stage to form a first 
feedback circuit path; 

second quantum oscillator, comprising a second plurality 
of cascaded stages, each stage including a second 
quantum circuit having an input and an output and 25 

adapted to evolve a qubit between a first state on the 
input and a second state on the output wherein the 
stages are cascaded such that the input of one stage is 
coupled to the output of a previous stage to form a 
second feedforward circuit path and the input of the 30 

first stage is coupled to the output of the last stage to 
form a second feedback circuit path; and 

a Fredkin gate coupling the first feedforward circuit path 
of the first quantum oscillator and the second feedfor-
ward circuit path of the second quantum oscillator. 35 

7. The system of claim 6, further comprising error cor
rection circuitry coupled to the first feedback circuit path of 
the first quantum oscillator or the second feedback circuit 
path of the second quantum oscillator and adapted to apply 
a deterministic error correction to the first quantum oscilla- 40 

tor or the second quantum oscillator based on a difference 
between a measured state of an error detection qubit in the 
first quantum oscillator or the second quantum oscillator and 
an expected state of the error detection qubit. 

8. The system of claim 6, wherein the first quantum 45 

oscillator is a different type of quantum oscillator than the 
second type of quantum oscillator. 

9. The system of claim 8, where the first quantum circuit 
or the second quantum circuit for each stage is a square root 
of NOT gate. 50 

10. The system of claim 8, where the first quantum circuit 
or the second quantum circuit for each stage is a Hadamard 
gate. 

11. The system of claim 8, wherein the first quantum 
oscillator or second quantum oscillator includes a Bell State 55 

oscillator (BSO), including: 
a first stage comprising a first Bell State generator, includ

ing a first Hadamard gate and a first CNOT gate, the 
first Hadamard gate having an input and an output and 
the first CNOT gate having an input and an output; 60 

a second stage comprising a second Bell State generator, 
including a second Hadamard gate and a second CNOT 
gate, the second Hadamard gate having an input and an 
output and the second CNOT gate having an input and 
an output, wherein the input of the second Hadamard 65 

gate is coupled to the output of the first Hadamard gate 
of the first Bell State generator and the input of the 

38 
second CNOT gate is coupled to the output of the first 
CNOT gate of the first Bell State generator; 

a third stage comprising a third Bell State generator, 
including a third Hadamard gate and a third CNOT 
gate, the third Hadamard gate having an input and an 
output and the third CNOT gate having an input and an 
output, wherein the input of the third Hadamard gate is 
coupled to the output of the second Hadamard gate of 
the second Bell State generator and the input of the 
third CNOT gate is coupled to the output of the second 
CNOT gate of the second Bell State generator; and 

a fourth stage comprising a fourth Bell State generator, 
including a fourth Hadamard gate and a fourth CNOT 
gate, the fourth Hadamard gate having an input and an 
output and the fourth CNOT gate having an input and 
an output, wherein the input of the fourth Hadamard 
gate is coupled to the output of the third Hadamard gate 
of the third Bell State generator and the input of the 
fourth CNOT gate is coupled to the output of the third 
CNOT gate of the third Bell State generator, and 
wherein the feedback circuit path is formed from the 
coupling of the input of the first Hadamard gate of the 
first Bell State generator to the output of the fourth 
Hadamard gate of the fourth Bell State generator and 
the coupling of the input of the first CNOT gate of the 
first Bell State generator to the output of the fourth 
CNOT gate of the fourth Bell State generator. 

12. The system of claim 8, wherein the first quantum 
oscillator or second quantum oscillator includes a Green
berger, Home and Zeilinger (GHZ) state oscillator (GSO), 
including: 

a first stage comprising a first GHZ state generator, 
including a first Hadamard gate, a first CNOT gate and 
a second CNOT gate, the first Hadamard gate having an 
input and an output, the first CNOT gate having an 
input and an output and the second CNOT gate having 
an input and an output; 

a second stage comprising a second GHZ state generator, 
including a second Hadamard gate, a third CNOT gate 
and a fourth CNOT gate, the second Hadamard gate 
having an input and an output, the third CNOT gate 
having an input and an output, and the fourth CNOT 
gate having an input and an output, wherein the input 
of the second Hadamard gate is coupled to the output 
of the first Hadamard gate of the first GHZ state 
generator, the input of the third CNOT gate is coupled 
to the output of the second CNOT gate of the first GHZ 
state generator and the input of the fourth CNOT gate 
is coupled to the output of the second CNOT gate of the 
first GHZ state generator; 

a third stage comprising a third GHZ state generator, 
including a third Hadamard gate, a fifth CNOT gate and 
a sixth CNOT gate, the third Hadamard gate having an 
input and an output, the fifth CNOT gate having an 
input and an output and the sixth CNOT gate having an 
input and an output, wherein the input of the third 
Hadamard gate is coupled to the output of the second 
Hadamard gate of the second GHZ state generator, the 
input of the fifth CNOT gate is coupled to the output of 
the third CNOT gate of the second GHZ state generator 
and the input of the sixth CNOT gate is coupled to the 
output of the fourth CNOT gate of the second GHZ 
state generator; and 

a fourth stage comprising a fourth GHZ state generator, 
including a fourth Hadamard gate, a seventh CNOT 
gate, and a eighth CNOT gate, the fourth Hadamard 
gate having an input and an output, the seventh CNOT 
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gate having an input and an output, and the eighth 
CNOT gate having an input and an output, wherein the 
input of the fourth Hadamard gate is coupled to the 
output of the third Hadamard gate of the third GHZ 
state generator, the input of the seventh CNOT gate is 5 

coupled to the output of the fifth CNOT gate of the third 
GHZ state generator, and the input of the eighth CNOT 
gate is coupled to the output of the sixth CNOT gate of 
the third GHZ state generator, and wherein the feed
back circuit path is formed from the coupling of the 10 

input of the first Hadamard gate of the first GHZ state 
generator to the output of the fourth Hadamard gate of 
the fourth GHZ state generator, the coupling of the 
input of the first CNOT gate of the first GHZ state 
generator to the output of the seventh CNOT gate of the 15 

fourth GHZ state generator, and the coupling of the 
input of the second CNOT gate of the first Bell State 
generator to the output of the eighth CNOT gate of the 
fourth GHZ state generator. 

* * * * * 
20 
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