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Abstract —Decoherence is the process that a quantum
particle loses its integrity by interacting with the surrounding
environment. The problem of decoherence restricts the time
available for implementing a given quantum computation
process. This phenomenon has a major impact on the
performance of quantum computers. In this paper, we
propose a scheme to solve this problem. We use a circuit
approach to protect our quantum bits (qubit) from
decoherence. This results in a quantam memory that has
many applications in quantum information science.

Index Terms — qubit, coherence time, guantum siate,
superposition, control-not gate, eigenstate.

I. INTRODUCTION

There are many fast and powerful quantum algorithms
have been proposed to solve classical time-conswming
problems. For examples, Deutsch’s algorithm [1] can
identify a function as balanced or constant in a single
query, Grover’s algorithm [2] reduces the time complexity
of unordered database search to O(+/~ ), and Shor’s
algerithm [3] solves the factorization problem in
polynomial time. Although these algorithms achieve better
performance than their classical counterparts, physical
implementation of large-scale quantum computers is still a
daunting challenge due to the problem of decoherence,

Driven by quantum fluctuations, a qubit may randomly
emit or absorb a photon and lose its coherence [4]. This
rapidly destructs the superposition so the system is not
able to carry out the correct quantum operation and
measurement. This and so our information is lost and we
have to start again if this happens.

In a quantum computation system, a qubit can be used to
carry quantum information for a period of time during
which the quantum state of this qubit is not changed. All
operations have to be finished in this duration. This is
called the coherence time of this qubit. Although scientists
can now create and maintain quantum particles in
superpositions for a significant period of time, how to
maintain the coherence is still a problem in realizing large
scale quantum computing systems.

[1. METHODS OF AVOIDING DECOHERENCE

There are two main categories on coherence control
mechanisms, according to the form of interaction with the
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system. One of these mechanisms is called open loop
technique, the controller acts on the system without
obtaining any information about its state. The other is a
closed loop technique, the controller acts on the basis of
quantum states that obtained by the system. When
implementing this quantum device, we have to know the
quantum state of the qubit we want to keep. However, this
technique is seriously limited by non-ideal detection,
Because we can’t get the quantum state exactly if the
quantum state we measure is not in the eigenstate [0> or
[1>. Because a measurement on ¢« [0> + 3|1> won’t get
a|0>+ F1=, but its eigenstate |0> or |1>,

Open-loop techniques are able to decoupl¢ an open
quantum system from time-varying environment. There are
some popular open-loop methods, such as quantum error
correction codes and error-avoiding codes. In quantum
error correction codes [5]-[7], the errors are mapped onto
orthogonal subspaces so that they can be diagnosed and
reversed. On the other hand, error-avoiding codes [8]-[12]
are based on encoding the state into carefully selected
decoherence-free  subspaces. However, their main
drawback is a large amount of extra-space resources
required. There is also a new method which can suppress
decoherence by using decoupling pulses {13]. Moreover,
these methods can be combined into applications, and
sometimes they can overcome both decoherence and
design problems [14]-[15]. Our proposal, which is based
on a circuit approach, is one kind of the open-loop
techniques.

HI. HOw TO MAINTAIN THE QUANTUM STATE WITH QUR
QUANTUM CIRCUTT

We assume that the time for a new qubit to maintain its
coherence under certain technology is T. Thus, if we
iransfer the quantum state of the original qubit to a new
qubit before it loses its coherence, the new qubit can be
regarded as the carrigr of the correct information. Because
the new qubit is newer than the original one, the
information can be stored longer by swapping the states of
these two qubits, as shown in Fig.1. In other words, we can
transfer the information to a new qubit and make the
coherence time longer simply by swapping the state
between two particles. In this way, the information won’t
be destroyed and a longer computation process is feasible.
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Fig. . Maintain the quaﬂtum information by swapping
the quantum states between the original qubit and the
new qubit,

IV. CIRCUIT DESIGN

A. Quantum state keep circuits for eigenstates

If the quantum state to be maintained is an eigenstate (i.e.

either 0> or |1>>), a single control-not gate can be used to
perform the swap operation, as shown in Fig.2. In this
circuit, Q, is the initial information carrier and Q, is a
temporary information holder. Initially, Q; is set to be [0>
before cach swap operation. The first control-not gate
swaps the quantum information from Q, to Q,, a new qubit
with longer coherence time.
CN([0>q @ [0>1)
= CN(|00>qr) (1)
= |00>qr
=|0>q @ [0>r
or
CN( [1>q ® 10>1)
= CN( {10>¢r) . 2)
=[11>qr
={1>0 ® [1>r

Afier the information is transferred to a new qubit, Q, is
reset to its ground state |0> and can be used as the
temporary information holder next time. This process can
be repeated again to switch the information back to Q,,
which has a longer coherence time now.
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Fig. 2. The quantum state keeper for [0> or|1>.

B.  Quantum state keep circuits for superpositions

Similarly to the case shown above, a single qubit in an
arbitrary state can be maintained by swapping the
information between two qubits. As shown in Fig.3, an
auxiliary qubit can be used as the temporary information
holder by setting it to [0> first. After the first two control-
not gates, the quantum state of these two qubits are
swapped, whatever the quantum state of the initial
information holder is.

CN((af0>o + fl1>q) @ |0>T)
= CN( a|00>qr + #{10>qT)
= a|00>gr + S|11>g1

3)
CN( @|00>1q + Ali1>TQ)
= @|00>1¢ + S|10>10
=(al0>1+ g]1>1) @ |0>¢
0> + BlL +B- 0> B &
o> DA——D- a0+ Bl1>

Fig. 3. The circuits for Iﬂaintaining a single qubit of
general quantum state,

V. ANALYSIS

The telation between the coherence time and the swap
frequency is shown in Fig4. If T1 decreases, the
frequency of swap operation will increase, then more
computation energy or resources will be used. If T1
increases, the frequency of swap operation decreases. This
results in a short T2, which means the swap operation is
closer to the coherence time limit and the information may
not be safe. So, there is a trade-off between the resources
used in implementing the circuits and the risk of losing the
information. Besides, the length of coherence time of each
qubit may not be the same under various technologies. We
must take this into consideration. As a result, to keep the
information for a duration T, the lower bound on the
number of swap operations to be performed is T/T1.
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Fig. 4. Analysis on the freciuency of swap operations.

V1. APPLICATIONS

The subject of decoherence is a serious problem of
implementing quantum memory. We have to make sure the
data can be stored for a long time and won’t be influenced
by the environment. The mechanism we proposed can be
generalized to protect more qubits from decoherence. In
addition, we can reuse the temporary qubits tc save
resources.

As shown in Fig.5., the temporary qubit can be reused in
a row of quantum memory cells as a temporary swapping
information holder. Notice that the temporary qubit must
be set to its ground state before each swapping operations.
Afier applying to the end of the quantum memory, we take
the temporary qubit back again as the information holder
for the first qubit. Thus, we need only one temporary qubit
for one-dimension quantum memory. Notice that the total
time of the swap operations must not exceed the coherence
time of the first qubit,
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Fig. 5. Tcmpbrary qubit reused for one-dimension
quantum memory.

VII. CONCLUSION

How to maintain quantum coherence of a qubit is an
important issue in physical realization of quantum
computers. There are also many other applications that
need to maintain the qubit coherence, for examples,
quantum circuit delay, qubit communication channel and

326

quantum error correcting devices. As a result, we know
that the requirement and importance of finding the way to
solve the coherence problem, when we want to realize
quantum devices. Fortunately, we have many choices that
can be used to avoid qubit decoherence. We can choose
the most applicable ones according to the technology we
have and the resources it costs. The circuits we proposed
in this paper can be used to solve the decoherence problem
with reasonable resources. The only resources required
are one temporary qubit and control-not gates. We
believed that this is a practical way of implementing
guanium memory.
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