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Abstract We present a scheme for implementing discrete quantum Fourier transform
(DQFT) with robustness against the decoherence effect using weak cross-Kerr non-
linearities (XKNLs). The multi-photon DQFT scheme can be achieved by operating
the controlled path and merging path gates that are formed with weak XKNLs and
linear optical devices. To enhance feasibility under the decoherence effect, in prac-
tice, we utilize a displacement operator and photon-number-resolving measurement
in the optical gate using XKNLs. Consequently, when there is a strong amplitude of
the coherent state, we demonstrate that it is possible to experimentally implement
the DQFT scheme, utilizing current technology, with a certain probability of success
under the decoherence effect.

Keywords Discrete quantum Fourier transform - Cross-Kerr nonlinearity -
Decoherence effect

1 Introduction

Discrete quantum Fourier transform (DQFT) [1], which is a linear transformation
on qubits, can implement various quantum algorithms to solve problems like the
factoring problem [2], the search problem [3], the phase estimation problem [4] and the
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hidden subgroup problem [5,6]. Therefore, practical DQFT, which is experimentally
implemented with current technology, is an important topic for quantum algorithms
and computations. Many physical schemes have been proposed to realize DQFT based
on cavity quantum electrodynamics [7—10], nuclear magnetic resonance [11,12], ion
trap systems [13—15], superconducting circuits [16], linear optical systems [17-20],
and nonlinear optical systems [21-24].

In particular, optical nonlinearities can assist indirect interaction between pho-
tons for quantum information processing. Cross-Kerr nonlinearities (XKNLs) have
been widely researched, both theoretically and experimentally, for feasible optical
multi-qubit gates. After Nemoto and Munro [25] proposed a nearly deterministic
controlled NOT gate using weak XKNLs, X-homodyne measurements, and linear
optical elements, many researchers tried to increase the feasibility of quantum infor-
mation processing schemes by suggesting various methods for optical multi-qubit
gates (controlled gates). They include compositions of weak XKNLs, X-homodyne
measurements [26—30], and weak XKNLs, coherent superposition states, P-homodyne
measurements [31-33], and weak XKNLs, quantum bus beams, photon-number-
resolving (PNR) measurements [34—42]. However, in practice, the decoherence effect
of optical multi-qubit gates (by loss of photons) is unavoidable in optical fiber. Because
the states of photons evolve into a mixed state after homodyne measurement [43—47],
the fidelity of the optical multi-qubit gates will decrease. Fortunately, Jeong [44,45]
demonstrated that the decoherence effect can be made arbitrarily small simply by
increasing the amplitude of the coherent state and by applying a displacement opera-
tor to the coherent state and the PNR measurements.

In this paper, we propose an optical DQFT scheme that can experimentally imple-
ment the operation of DQFT on qubits for quantum algorithms using nonlinearities.
Our DQFT scheme is composed of the CPRKMP [controlled path- R (CPRk) + merg-
ing path (MP)] gates which are consecutively operated a controlled path- R (CPRk)
gate and a merging path (MP) gate. Our CPRk and MP gates are based on a controlled
path and a merging gates, which utilized weak XKNLs, and X-homodyne detections
[26] or quantum bus beams and the PNR measurements [35-37]. However, the con-
trolled path and merging gates in [26] are vulnerable (evolving the output state to mixed
state) against decoherence effect due to the X-homodyne measurement [43—47]. Also,
the controlled gates in Refs. [35-37] which used the quantum bus beams and the PNR
measurements, for the reliable performance of the controlled path operation of the
output state, the interactions of XKNL should be employed the maximum two times,
compared with the scheme in [26], on account of the structure of the quantum bus
beams. Thus, in the proposed DQFT scheme, we will design our CPRkKMP (CPRk +
MP) gate using weak XKNLs, the displacement operators and the PNR measurements
[43-47], a single photon R-k (U Rk) operator and linear optical operators, to acquire
the advantages of the robustness against decoherence effect and less consumption of
the interactions of XKNL, compared with the optical gates in Refs. [26,35-37]. Then,
we demonstrate that our CPRKMP gate, which is critical component in our DQFT
scheme, can obtain the robustness against the decoherence effect by only using the
strong amplitude of the coherent state, in accordance with the analysis and simulation
from the master equation (describing open quantum system) [44,45]. Further, this
means that our DQFT scheme can be enhanced the feasibility under the decoherence
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effect compared with the existing DQTF scheme [24], which is constructed using
controlled path, eraser and merging gates via XKNLs, when experimentally realized.

2 Discrete quantum Fourier transforms based on photon gates

2.1 Discrete quantum Fourier transform using qubit operations (controlled- Ry
and swap)

We introduce the DQFT operation, based on qubits, as described in Fig. 1 [1]. For a
given state of n qubits|j) = |ji)........ |jn), where j,, € {0, 1}, it is transformed by
the controlled- Ry and swap (CRkS) and Hadamard operations as follows:

)= 7 Z M k) = — (10) + 27O 1)) @ (10)
4 /27 (0. jin— l]n) |1>) ............ ® (|()) 4 /2w O j1j2- Jn=1Jn) |1>) ,

ey

where 0.1 2+« ju—tjn = j1/2V + j2/2% + - Hju1/27 4 /2
Then, an arbitrary quantum state |¢) = Z?’:_ol aj|j) can be transformed to
Upqrr |9) Z ,Bk |k) via CRkS and Hadamard operations, where fB; =

(Z?]:_ol o je’Z”fk/ N ) /~/N. The critical element is CRKS operation Ucgks, which
is shown in Fig. 1, for DQFT of quantum states. Suppose that the initial state of two
qubits is |@)in = x010)1 [0)2 + x110)1 [1)2 + x21)1[0)5 + x3 (1)1 [1)5. After state

|@)in: Passes through the CRkS operation, Ucrks, this state can be transformed to

) - =— (o) &> >)/«f
) —— R R e —— —Uo>+ w01 1))/ 2
|7,) ‘ e/ +— . (|0> +elm0/,,z/,ﬂ/n >) /42
/’,,:_1> i R:RnS (|O>+ei2,7|:0-1‘z:"'jn) 1))/\6
g L (o)< )2
Hadamard:lly=%(|0>(0|—|0>(1|—|1>(0|—|1)<1|) _cperaﬁoi ) (1) 2 (1) 2
U, 17,)~{[0)+ == |1)) /42 _ ‘ | T Y010 o0 |
000 /%

Fig.1 The quantum circuit (on qubits) for implementation of the DQFT operation. This circuit is comprised
of controlled-R; (k =2.....n) operations and Hadamard operations for DQFT of n qubits. The red box
denotes the CRkS operation in which controlled-R; and swap operations are consecutively performed
(Color figure online)
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: k
10} fin = X010} 10)5 + x1 [1) 10)5 + 22 [0}y [1)5 + x3e™Z 1) [1)5.  (2)

The CRKS operation comprises consecutive a controlled- Ry operation with target qubit
1 and control qubit 2, swapping the two modes of the qubits. Because DQFT is based
on the CRkS operation, it is important that the CRkS operation is experimentally
implemented with nearly deterministic performance for DQFT having a probability
of success and feasibility of realization.

2.2 Discrete quantum Fourier transform using optical gates (controlled path- Ry,
and merging path)

We propose a deterministic and experimentally feasible CPRKMP gate, an optical
multi-photon gate, which can be directly implemented in the CRkS operation described
in Sect. 2.1. This gate is composed of consecutive operations of a controlled path-
Ry (CPRk) gate and a merging path (MP) gate, based on the controlled path gates
and the merging gates in Refs. [26,35-37], which employ the weak XKNLs, the
displacement operators and the PNR measurements [43—47], and the linear optical
operators (Ug, and U: phase-flip). Let us consider two types of polarization: linear
polarization (| H) is horizontal, and |V') is vertical) and circular polarization (|R) is
right- and | L) is left-circular). The linearly polarized states and the circularly polarized
states of a single photon correspond to the eigenstates of oz : {|H) = |0), |V) = [1)}
andoy : {|R) = |+),|L) = [-)}.

Before explaining our CPRKMP gate, we introduce XKNL. The XKNL’s Hamil-
tonian is Hgerr = hix N1 N3, where N; is the photon number operator, and yx is the
strength of nonlinearity in the Kerr medium. Let us assume that |n*); represents a
signal state of n photons and polarization s, and |&) ; is a coherent state (probe beam).
After passing through the Kerr medium, the signal-probe system’s state is changed
t0 Ukerr [n°)1 )y = e/ ®N1N2 n%) ), = [n®); [@?),, where 6 = xt, and 7 is the
interaction time.

Now, we propose a deterministic CPRkKMP gate comprised of the consecutively per-
forming a CPRk gate and a MP gate, which employ the weak XKNLs, the displacement
operators and the PNR measurements, and the linear optical operators (Ug,, U) and
the process of the crossing-path (swapping paths with each other). We assume that
the initial state of two photons is [$);, = xo [0)2 [0)P + x1 [0)2 [1)P + x5 [1)2 [0)P +
x3 D3 1)P, where we denote {lH) V)L IR ILY ) = {10y, 107, [+, 1-)}
and i represents a path of the photon, conventionally.

In the CPRk gate, first, as shown in Fig. 2, the initial state |¢);,, of two photons
passes through the Beam splitter (BS) on path a and the polarizing beam splitter

(PBS) on path b. Here, the action of a BS is described by ¢;f — (a; + aj) /N2

and a; — (a,‘}' - a;) /~/2 [48] where ai+ is the creation operator of a photon on

path i (uis an up path and d is a down path). Also, when passing through the PBS,
|H) = |0) is transmitted and |V) = 1) is reflected. Then, the phase shifts 6 and —6,
which are generated by two photons, are induced in the probe beam |«) , in Kerr media
(XKNLs). Then, displacement operation D (—) is performed on the probe beam. The
transformed state |¢) p, of the signal-probe system is given by
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CPRKMP gate

|
|a)p 5}-o}pHPNR] . feed-forward |a)q\feed—forward
a Y Wy a1 a
= |
b v b
[} =8
b1 b i b L .
Crossing-path
b.0
Controlled Path-Rj, gate: CPRk gate =~ Merging path gate: MP gate
PBS —  BS IE Displacement operator CPRKMP gate
a 2.0] la.
Photon-number-resolving measurement CPRk [ MmP
b | gate [1]gate b
Linear phase-shifter @ Path-switch | [

1 0 1 0
- : = Phase-fli tor: U =
R-k operator : URk [0 eizn/z"] ase-flip operator [0 _1]

Fig.2 The CPRKMP gate (red box) is comprised of the consecutive operation of a controlled path gate (blue
box) and a merging path gate (black box) using XKNLs, the displacement operators, the PNR measurements,
feed-forwards and a U, operation (blue box). This CPRKMP gate experimentally implements the CRkS
operation as described in Fig. 1 (Color figure online)

1
90 = —= [ (01020 10)° + 22 1)2010)P) @10}, + (31 0> 1)P

N
+a* 1)) @ 0), ]
+ % [(xo 0110 + 22 [1#110)°) @[ (e - 1)) +
+ezm2 sin6 (Xl |0)a,0 |1>b +x3 |1>a.0 |1>b) Q ’ot (eie _ 1)>pi| , 3)

where D (—a) |aeii0) — phia?sing ’a (eiie _ 1)) and ’a (eiie _ 1)) — o—@*(1—cos6)
Q0 n(aEif _ 1)\

0% |n) for « € R. Subsequently, we utilize the measurement strategy
n=0 '
of PNR detection (i.e., the converted voltage or current) on the probe beam. If the
outcome of the measurement is |0) ,, then the output state [¢)cp is given by |@)cp =
x0 10020 10) 451 10)21 1P 425 1120 10)b x5 131 1) in Eq. 3. Otherwise, the
output state can be transformed into state |¢)p by feed-forward operation of the linear
phase shifter &, and path-switch S, according to the results |7) » n=1,2...... ) from
the PNR measurement. Then, the state |¢)cp passes through a Ug, operator on path
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a.l. If the state of a photon is | 1)a 1 (vertical polarization), the Ug, operation is linearly

shifted from the phase of state 1)1 to ¢i27/2 |1)2-1_ Then, the output state of the
CPRk gate is given by

: k
$hcrri =20 10020 10)° + 211021 [1)P + 25 120 10)P 4 272 T P,
“)
where the path of first photon is divided into the two paths a.0 and a. 1. So, we should use
the MP gate to merge the split path of the first photon to a single path. The probability
of error of the CPRk gate, Pg_rPRk, which is the probability of detecting [0), (no

photon) in |or (e — 1)) - in Eq. 3 is calculated as PCPRE — ¢—2a(1—cos6) /3 where

1 —cosf ~ 62/2 for the weak XKNL (¢ << 1), and PSTPRI‘ is approximated as

ef"‘zg2 /2. Whenaf > 7, PecrrPRk is smaller than 10~ that indicates that if we choose
amplitude o of the coherent state to be sufficiently large, the weak XKNL (0 << 1)
can be utilized for the CPRk gate. Thus, by using weak XKNLs, a displacement
operator and PNR measurement with the condition «f > 1, this CPRk gate is nearly
deterministic with a certain probability of success (PSPRE — 1),

In the MP gate, second, as shown in Fig. 2, the output state of the CPRk gate,
|®) cpri» passes through the BS on between path a.0 and a.1 and the phase-flip operator
(U =|H)(H|—|V){(V|=10) (0] — 1) (1]) on path b. Then, the linear phase shift
—0 and the controlled phase shift & (XKNL), which is generated by one photon,
are induced in the probe beam |a),. And then, displacement operation D (—«) is
performed on the probe beam. The transformed state |¢)  of the signal-probe system
is given by

1
0= —= [ (0 110" + 1110 1) 422 1 10)°

; k
+ e A 1P) @ j0),

et s 2.0 )b 2.0 )b 2.0 )b
[ (010010 = 02010 + 2 120 0
— xR0 1P) @ o (677 — 1)” . 5)

Subsequently, we utilize the measurement strategy of PNR detection (i.e., the con-
verted voltage or current) on the probe beam. If the outcome of the measurement is
10),,, then the output state |¢)yp is given by [@)yp = x0 [0)3 1 [0)P +x; j0)2 1 1)P
x IDAL10)P 4 xge27/2° a1 b iy Eq. 5. Otherwise, the output state can be
transformed into state |¢)\p by feed-forward operation of the path-switch S and
the phase-flip U operator. The probability of error of the MP gate, PMP, which is

. err
the probability of detecting |0), (no photon) in ’a (e_’g — 1))4, in Eq. 5 is calcu-
lated as PMP = e 2% (1—cos6) /2. This error probability, PMP_ is exactly same as

PEPRE — ¢=a0 /3 of the CPRK gate for the weak XKNL (0 << 1). So, this MP gate
is also nearly deterministic with a certain probability of success (PMP — 1) because
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CR2S

|/1> (|0>+e,2x|0~iz)|1>)/\/§ Hadamard operation
i) — (e ) E o=l )ol-h)a)
CPR2MP gate
R 1 g o sy )2 e (o)
e o M o b_(|0>h+e:zx(0./‘,/‘z)|1>h) Iz UWP=%(|H><H|+|H>(V|+|V><H|—|V><V|)

Fig.3 The two-qubit DQFT using CR2S and two Hadamard operations is equivalent to two-photon DQFT,
which is implemented by a CPR2MP gate and two HWPs. The Hadamard operation can be fulfilled with
an HWP, which rotates the polarization of a photon

PMP is smaller than 10~* when @6 > 7. Then, we finally cross the two paths of the
state |)yp (the crossing-path in Fig. 2). The output state, |®)g,,, of the CPRKMP
gate is given by

: k
@) = x0 102 10)° 4+ x1 12 10)P + 27 10)2 1)P 4+ x3e27/2 13 NP (6)

where the paths of two photons are swapped with each other. Consequently, this state
|®)fn, in Eq. 6, which is transformed via the CPRKMP gate using the XKNLs, the
displacement operators and the PNR measurement, is identical to the state |¢) gy, in
Eq. 2 by the CRKkS operation (Ucgrks) in Fig. 1.

For the simple example, we consider two-qubit DQFT, which employs a CR2S
operation and two Hadamard operators. The two-qubit DQFT is deterministically
realized using the proposed CPR2MP (CPR2 + MP) gate and two half-wave plates
(HWPs), as described in Fig. 3. Furthermore, the construction of two-photon DQFT
can be generalized to realize n-photon DQFT by the composition of the CPRkKMP
gates (k =2, .....,n) and HWPs.

Consequently, DQFT, in Fig. 1, based on the CRkS operations, is experimen-
tally simulated by the CPRKMP gates in Fig. 2. Our CPRKMP gate is consisted
of the consecutive operation of the CPRk gate and the MP gate. We utilize the
weak XKNLs, the displacement operators and the PNR measurements for our opti-
cal gates. The fundamental concepts of our gates (CPRk and MP) are affected from
the controlled path gates and the merging gates as described in Refs. [26,35-37].
However, compared with the existed optical gates in Refs. [26,35-37], we designed
our gates using the displacement operators and the PNR measurements to consider
of the experimentally implementation under the decoherence effect, and to pre-
vent evolving to mixed state by the photon loss and the dephasing in the practical
optical fiber [44,45]. Thus, in the next section, we will show the detail analysis
of our gate under the decoherence effect when implemented the CPRKMP gate in
practice.
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3 Controlled path- R; gate and merging path gate using XKNLs under
decoherence effect

In a practical implementation of the CPRk gate and the MP gate, the transformed states
|¢) p,in Eq. 3, and |¢) p, in Eq. 5, of the signal-probe system will be mixed states due
to the decoherence effect in the nonlinear media (XKNLs: 6 and —6) of the CPRk
gate and the MP gate. The important factor about decoherence in states |¢) , and |@) p
is photon loss (energy decay) in the probe beam. We consider the decoherence effect
in the Kerr medium. The decoherence effect of the state is described by solving the
master equation [49]:

P A
8—’; =Jp+Lp,Jp=yapa®, Lp= —g (a*ap + pa*a), ©)

where y is the energy decay rate. The solution to Eq. 7 can be written as p () =

e[(lJrL)t] p (0),wheret (= 6/ x) is the interaction time. Thus, the probe beam |«) loses
photons in the first nonlinear medium as | A;«) where A; = e~ 71/2 (the photon decay
ratez. If the initial density operator is |«) (8], decoherence effect D Az can be described
as Da; (Jo) (Bl) = exp[— (1 — e 72) {=ap* + (la* + IB) /2}] 1A arc) (AniBl
for At. Note that decoherence effect D Ar simultaneously occurs with XKNL interac-
tion X a; by the Hamiltonian Hxe, in the nonlinear medium. This process (decoherence
+ XKNL) can be modeled as follows [44,45]:

([)A,izm) 1°) (0] @ |at) (]

= exp [—a2 (1—e7749) (1 - eiAg)] |1°) (0] ® ‘AAt(XeiA9> (Aare|,  (8)

where signal state |1°) (here, 1° means a single photon and the polarization s) is
a control photon to drive the phase shift of the XKNL interaction, which can be
described as X (|1°) (0] ® |a) (e]) — [1¥) (0] ® |ae’®?) (| where A® = x At for
a € R. Also, exp [—a? (1 — e™727) (1 — e/4%)] is the coherent parameter to quantify
the degree of dephasing by this process (decoherence + XKNL). We assume that
interaction time Az of D (decoherence) and X (XKNL) is arbitrarily small to obtain a
good approximation of this process. In our analysis, as described in Jeong [44,45], we
chose N = 10% of time 7 (= NAr) and = xt = NAO = x N At for this process.
This value gives a good approximation against the induced coherent parameters in the
CPRk gate and the MP gate of the proposed CPRKMP gate for the whole range (the
amplitude of the probe beam) of «. For example, if the initial state |1°) (0| ® |o) (|
of the signal-probe system, as in Eq. 8, evolves by this process for time # (= N At), it
is given by

~ o~ N
(DarXar) 1) (01 © la) (ol
N

= exp [_aZ (1 _ e*)’Al‘) Zefy(l’l*])At (1 _ einA9)1||1S> <O| ® )A,aei0>(A,a| ,

n=1

&)
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where A; = e 7!/2,0 = NAG,and N = 10°. We can quantify the degree of dephasing
N .
by the coherent parameter C = exp |:—a2 (1 —e7A) > emv(=DAr (] — e”’A@)].

As we mentioned in Sect. 2.2, our gates employed tﬁe displacement operators and
the PNR measurements to acquire the robustness against the decoherence effect. If
the measurement strategy of the homodyne (X or P) is applied to the optical gates
as describe in [26-30], the output states of the optical gates will be mixed states
due to the photon loss and the dephasing, and then the fidelities of the optical multi-
qubit gates will decrease [43—47] in practice. Therefore, we analyze our gates (CPRKk,
MP) using the simulation of the photon loss and the dephasing, which can be mod-
eled as the process (decoherence + XKNLs) [44,45] in Egs. 8 and 9. And then, we
demonstrate that the deterministic CPRk gate and MP gate, (PgTPRk =pPMP ~ 1074
for w6 = ), which utilize the XKNLs, the displacement operators and PNR mea-
surements as described in Sect. 2.2, can obtain to decrease the photon loss and the
dephasing due to the decoherence effect by increasing the amplitude of the probe beam
(o) when experimentally implemented.

In alaboratory, when we realize the experimental implementation of our gates using
the optical fiber and Kerr medium, it is known that an optical fiber of about 3000 km is
needed for phase shift & =  of the XKNL [50,51]. Thus, the amplitude (photons) will
reduce atrate e 7’, while = 7 is obtained for 3000 km, according to x /¥ = 0.0303.
This value (x/y = 0.0303) corresponds to the signal loss (0.15dB/km), which is
achieved using pure silica core fibers [52] in the current technology. When operating
our CPRk gate and MP gate in practical terms, first we consider photon loss (without
dephasing) of the decoherence effect for a fixed «f = m, as in Sect. 2.2. The resulting
states |¢)p of Eq. 3 and |¢) p of Eq. 5 should be modified to allow for photon loss
(A; = e~ 7!/?). The modified resulting state ‘qﬁ’ ) p of the CPRKk gate is given by

|¢/>D — L |A) |0),7 + |B) |O>p + e—iA;‘azsinO |C) Atzoc e_,‘9 1
p

V2
_i_ei/\?otz sin 6 |D> ‘Atza (ei9 _ 1)>p:| , (10)

where we denote |A) = x0|002010)0 + o 110201000, 1B) = x 10021 1P +
AP ey = 11021102 + 1210 and D) = X 10)20 )P +
X3 |1)a'0 |1)b, conventionally, in Eq. 3. Also, because of the photon loss by the deco-

herence effect, we should utilize the displacement operator D (—A?«) IAtzaeiie)p =

etinja?sing |AZa (e*? — 1)) instead of D (—a). And the modified result state |¢’)
7 » D
of the MP gate is given by

1

Nyl —in2a?sing | —\20 | o (—io _
|¢)D_¢§[|M> 10), +e |M™) )A, (e 1)>q], (11)

T = x1002%10)° + x 0)2% )P 4 6y (1)3X 1000 +

x3ei2”/ 2 [1)8-X |1)b, conventionally, in Eq. 5. And we should change the displace-

where we denote |Mi
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( // ----------------------

: / : A;
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0 500 1000 1500 2000 2500 3000
a

Fig. 4 When only considering photon loss by the decoherence effect and the fixed value 6 = m via the
optical fiber with x /y = 0.0303 (0.15 dB/km), the probabilities of success PSCulc’élk (black dotted line) of
the CPRk gate and Psl}ldclz (black line) of the MP gate, and the rates of photon loss A;‘ (red dotted line) and
At2 (red line) are plotted depending on the amplitude of the probe beam, «. For « < 500, the plot shows

PEPRE ~ pMP 1073, and Af < 0.66 and A,2 < 0.8 (Color figure online)

ment operator D (—a) to D (—A;@) ]A,ae_ie)q — ¢—iAfa?sing |AZa (e70 — 1))q in
Fig. 2. For the fixed o6 = m in the optical fiber having the signal loss (0.15 dB/km),
we calculate the probabilities of success, PSERK (in the CPRk gate) and PMP (in the
MP gate), of the performance after taking the PNR measurement and the values of Af
(in CPRk gate) and A[2 (in MP gate) due to photon loss A;, according to the increasing
amplitude of the probe beam («), as shown in Fig. 4. The probabilities of success
PSPRE (=1 — PSPRK) and PMP (=1 — Pe“r/ip), which are obtained from probabili-
ties of error PSFRK to detect [0) , in |Afar (e — 1)), of Eq. 10 and PMP 1o detect

[0), in }A‘;‘ (e_m - 1))q of Eq. 11, are given by
PEPRE = | —exp[—Af - (@6)?]/2 = 1 — exp[—e 27/ (00303)a . 7275

PMP — | —exp[—A? - (@0)?]/2 = 1 — exp[—e ™/ Q0303 « . 7275

err

12)

for the fixed values «f = axt = 7w and x/y = 0.0303 (0.15dB/km) where A; =
e~ 7!/2 (the photon decay rate). This means that if the amplitude of the coherent state is
o < 500, the probabilities of error ng’RK, Pel\r/[rP for our CPRk and MP gates are larger
than 1073 because of the rapidly decreasing values of Af and A,2 (increasing the rate
of photon decay). Thus, we can obtain the reliable CPRk and MP gates, against the
photon loss, by increasing the amplitude of the probe beam.

Furthermore, in practical performance of the gate, we also have to consider that
photon loss coincides with dephasing in our CPRKMP gate. This can be modeled as
the process (decoherence + XKNLs) [44,45] in Eqs. 8 and 9. Thus, the output state
(Eq. 3) of the CPRk gate, which evolves by photon loss and dephasing, will be mixed
state pgp Rk (a density matrix) as follows:
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1 K*.C* L - eiAfotz sin 6 o*.C* - efiA;’oz2 sin 6
— K-C 1 O.C .eiAta?sing L* . e—iAja?sing
Pp = 2 L*. efiA;‘oz2 sin @ o*.C*- eﬂ'Aj‘@(2 sin @ 1 M* . C* - ef2iAfa2 sin 6
O.C .ciAta?sing L . eiAfa?sind M. C . e2iffa?sing 1
(13)

where the basis states of the signal-probe system are |A) |0) ,, |B) |0}, |C) |A2
. (e_ie - 1))pand |D) |A2 ( i _ 1)) from left to right and top to bottom. Also,

C= exp[ Z(1—e7rd) Z e v(1=DAT (1 — einA%) | and the other coherent para-
=1
meters (K, L, M and O) of the off-diagonal terms, which are calculated by the

decoherence (D,) and the XKNLs (X 1) [44,45], are given by

- N
K =exp|—a’e ™! (1—e74) Zeﬂ’("*l)m (1 - ei'("Aee)):| ,

n=1

N
L=exp|—a’e? (1—e ") Ze_y'(”_l)m (1 - ei"AQ):|

n=1

N
M =exp | —a’e " (1 —e 72 Ze_”("_l)m (1 - ei'(”A9+9)):| )

N
O =exp | —ate " (1 —e 74 (1 - eie) Ze_y(”_”m:| (14)
n=1

And the output state p%IP, which is evolved to a mixed state by the decoherence effect,
of the MP gate is given by

1 1 ok .eiA?otz sin 6
MP
Pp = E(C,e—iA,%ﬂsino 1 ’ (15)

where the basis states of the signal-probe system are |M+> |O and |M >a.0

|A‘t" (e‘ie — 1))q from left to right and top to bottom, and C = exp [ (1 —e VA’)

N .
> e~ v(n—DhAr (1 — e’"M)i|. From the coherent parameters (C, K, L, M and O,
n=1

in Eq. 14), we can obtain a good approximation of the coherent parameters for

t = NAt, 9 = NAO and N = 10° And for the fixed f = axt =

(PCPRk PMP ~ 10~ ) our CPRk and MP gates operate in optical fiber with
signal loss 0.15dB/km (x/y = 0.0303) [52]. If we use the strategy measurement of
homodyne without the displacement operator in our gate, like as Ref. [26], the absolute
values of coherent parameters rapidly decrease to zero [44,45]. This means that the
completely dephased states (the output states, pCPRk and p%IP, of the CPRk and MP
gates) of the signal-probe system are no longer the pure quantum states; i.e., the DQFT
gate completely fails.
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Fig. 5 When considering photon loss and dephasing by the decoherence effect, and XKNLs for the fixed
values @6 = 7 and N = 10° via the optical fiber with x /y = 0.0303 (0.15 dB/km), the absolute values
of coherent parameters in ngRk and p%IP are plotted depending on the increase in amplitude of the probe
beam, «. This means that the increasing o can converge coherent parameters at 1 in our CPRKMP under

the decoherence effect (Color figure online)
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Fig. 6 When the fixed «f = axt =« (Perr ~ 10_4) and x/y = 0.0303 (0.15dB/km), the absolute
values of the coherent parameters in pSPRk (Eq. 13) and p%[P (Eq. 15) are expressed for increasing the
amplitude of the probe beam, @, in (1), (2), (a, b). Also, the fidelities FC of pEPRK (the output [¢),,
in Eq. 10) and F M of p%“) (the output |g0’ ) p in Eq. 11), according to amplitudec, are calculated by

FC€ = ‘, /<¢’| ngRk |¢’)D \ /((p/| p%ﬂ) ‘(p/)D ‘ For reliable performances of the CPRk and

MP gates under the decoherence effect, the amplitude « should be increased in accordance with fidelities
(Color figure online)

/2 and FM =
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Figure 5 shows that our CPRKMP gate, which employs displacement operators,
D (—Atza) in the CPRk gate and D (—A?‘) in the MP gate, and the PNR mea-
surements, does not suffer the rapid dephasing of the off-diagonal terms in Egs. 13
(ngRk) and 15 (p%lp). When increasing the amplitude of the probe beam, «,
using optical fiber having signal loss 0.15dB/km (x/y = 0.0303) [52] for a fixed
af =axt =n (PSPRK = PMP ~ 107%), the absolute values of coherent parame-
ters can approach 1, where t = NAf, 0§ = NAO,and N = 10°. Thus, our gate,
using the displacement operators and PNR measurements, prevents the decreasing
degree of the dephasing coherent parameters by increasing amplitude of « under
the decoherence effect and XKNLs. Furthermore, the analysis of the performances
of the CPRk and MP gates in the CPRKMP gate is important under the decoher-
ence effect, because the proposed DQFT scheme is composed of our CPRKMP gates.
When fixed af = 7 (Per &~ 107%) in optical fiber has signal loss 0.15dB/km
(x/y = 0.0303) [52], Fig. 6 shows the needed 6 (phase shift: XKNL) and the length
of the optical fiber in terms of the increasing amplitude of the probe beam, «. Also
(1), (2), (a) and (b) represent the absolute values of coherent parameters in ngRk (in
Eq. 13) and ,OI\D/IP (in Eq. 15), depending on the amplitude of «. For experimentally
reliable performances of the CPRk and MP gates, the output states should be the pure

states, which has off-diagonal terms (coherent parameters) of 1, as |¢’ ) D and |(p/ ) D

in Eqgs. 10 and 11. If the output states are mixed state ,oSPRk and pl\D/IP (the values

of off-diagonal terms are not 1) by photon loss and dephasing, these can approach
the pure states as |¢/ ) p and |g0’ ) p (the off-diagonal terms of 1) by the increasing
amplitude of the probe beam, «. For this and reliable performance of our CPRkMP
gate, we can calculate the fidelities (FC: CPRk gate, FM: MP gate) that give a useful
metric to quantitatively analyze the proposed gate. In Fig. 6, we prepare for the ini-
tial amplitude of the probe beam, «, to be larger, %l,a) < %2,b) = 1 x 10%, and

the output states ngRk and p%ﬂj to be closer to the pure states |qb’) p and |<p/ ) p for

Fg) < F(g) ~ 0.999 and Fjy| < F(f‘g) ~ 0.999 where F€ = |,/(¢'| pSR |¢/) p| /2
and FM = | /(¢/| p%lp l¢')p|- When a fixed a6 = 7 (Perr = 10~%) in the optical

fiber has a 0.15dB/km signal loss (x/y = 0.0303), our CPRk and MP gates can
attain reliable performance (FC, FM — 1) by the increasing amplitude of « with the
displacement operators and PNR measurements under the decoherence effect.
Consequently, our CPRKMP (CPRk + MP) gate is based on the controlled path
and merging gates in [26,35-37]. But our gate employed the displacement operators
and the PNR measurements, unlike [26,35-37], to decrease the decoherence effect.
Compared with the existing gates in [26,35-37], in our gate, we considered of the
photon loss and the decreasing coherent parameters (dephasing) due to the decoherence
effect, and simulated to analyze the performance of our gate using the model of the
process (decoherence + XKNL) as [44,45] in practice. By the increasing amplitude of
o with the displacement operators and PNR measurements, instead of the homodyne
detection [26], our gate has the reliable performance (the high fidelity of gate in the
optical fiber) against the decoherence effect. Also, the number of the interaction of
XKNLs in our CPRk gate (two times) is identical with the controlled path gate in Ref.
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[26] in comparison with the number of the interaction of XKNLs in the controlled
path gates (four times, due to the structure of quantum bus beams) of Refs. [35-37].
It shows that our gate enhances the efficiency in terms of the interaction of XKNLs
with the robustness against the decoherence effect. Furthermore, our gate can decrease
the magnitudes of the phase shifts (9 and —6) by XKNL because of the increasing
amplitude of « for decreasing the decoherence effect, as shown in Fig. 6. Therefore,
compared with the existing DQFT schemes [21-24] using nonlinearities, our DQFT
scheme based on the proposed CPRKMP gate is experimentally implemented with
feasibility.

4 Conclusion

So far, we have proposed an optical DQFT scheme that can experimentally implement
the operation of DQFT on qubits for quantum algorithms and quantum computations
[4-6]. This DQFT scheme is composed of CPRKMP gates, which utilize weak XKNLs
(nonlinearities) and HWPs described in Sect. 2.2. Compared with linear optical sys-
tems [17-20], the nonlinear optics system (XKNL) can implement some tasks of
quantum information processing, including DQFT, [21-47] to assist indirect interac-
tions between photons. Also, by using only the linear optical model, the probability
of success for quantum information processing schemes [53-55] is less than unity, in
theory. Thus, we utilized XKNLs in our CPRKMP gate, which can realize the opti-
cal DQFT scheme, to be nearly deterministic with a certain probability of success
(PSPREAMP 1) Furthermore, we employed the displacement operators and the
PNR measurements to design a CPRKMP gate robust against the decoherence effect.
In practice (in optical fiber), there is photon loss and dephasing by the decoherence
effectin the performance of our CPRKMP gate. It inevitably leads to decreasing fidelity
of the CPRKMP gate, and then our DQFT gate will totally fail. For analysis of the
decoherence effect, we simulated photon loss and dephasing, which occurred in our
gate, using the master equation [44,45]. Subsequently, we showed that the efficiency
(decreasing the magnitudes of the phase shifts) in terms of the interaction of XKNLs
with the robustness (decreasing the dephasing coherent parameters) against the deco-
herence effect in our optical gate can be enhanced via increasing amplitude of «
with the displacement operators and the PNR measurements through the analysis as
described in Sect. 3. Thus, our CPRKMP (CPRk + MP) gate can experimentally realize
CRKS operation and augment the robustness with respect to decoherence by using the
proposed techniques (the strong coherent state, the displacement operator, and PNR
measurement).

In this paper, the basic structure of our gate (CPRk + MP) bases on the controlled
path and the merging gates, which used the homodyne measurements or quantum
bus beams and the PNR measurements, as described in Refs. [26,35-37]. However,
as the above-mentioned statements, we utilized the weak XKNLs, the displacement
operators and the PNR measurements in the CPRk and MP (CPRkMP) gate to obtain
the robustness against the decoherence effect by increasing amplitude of «. Compared
with the optical gates in [26,35-37] and the proposed CPRKMP gate, first, the strategy
measurement of homodyne in the optical gate [26] cannot prevent evolving the output
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state to a mixed state by the decoherence effect [43—47]. Second, other optical gates
in [35-37], which employed the quantum bus beams and the PNR measurements for
the controlled operation of the output state, required four the interactions of XKNL
(due to the structure of quantum bus beams) to avoid the induced —6 phase shift (not
easy realization according to [56]). Here, the advantages of the CPRKMP gate are as
follows:

1. We designed our gate to enhance the robustness against the decoherence effect
using the displacement operators and the PNR measurements, unlike the gate in
[26]. So, our gate will be more feasible and robust, using the strong amplitude of
o, than the optical gates in [26] under the decoherence effect.

2. According to Sect. 3 (the analysis, in Eqgs. 8 and 9, of the photon loss and the
dephasing), if the number of the interaction XKNLs increases (two times — four
times), the probabilities of success of the optical gates decrease and the output
state rapidly evolves from the pure state to the mixed state. Namely, the simulation
by the master equation (as Eqs. 8 and 9) shows that the number of the coherent
parameters will rise by two times when increased the interactions (XKNLs), as the
optical gates in Refs. [35—-37], and then the absolute values of coherent parameters
(the off-diagonal terms in density matrices of the output states of the optical gates
in [35-37]) rapidly decrease to zero more than the output state of our CPRk gate.
Therefore, we constructed the CPRk gate to minimize the number of the interac-
tions of XKNL (two times: # and —6) using the displacement operator and the
PNR measurements without quantum bus beams, unlike the controlled path gate
(four the interactions of XKNL) in [35-37]. Unfortunately, Kok [56] has shown
that it is generally not possible to change the sign of the conditional phase shift
(—0). However, in the CPRk gate, to decrease the decoherence effect, we should
increase the amplitude of «. And as a result, we can extremely reduce the magni-
tudes of the phase shifts (including the minus phase shift) as illustrated in Sect. 3,
ie.,0 =3.14 x 107® when o« = 1 x 10%, as shown in Fig. 6. Although our CPRk
gate needs the minus phase shift, the magnitude of the phase shift will be small
by the increasing amplitude of « to reduce the decoherence effect. And we expect
this advantage (small phase shift) of our CPRk gate to contribute the near future
development for the implementation of the minus phase shift.

In conclusion, our DQFT scheme based on CPRkMP gates, which have the advan-
tages as above, is experimentally applicable with a certain probability of success under
the decoherence effect beside previous DQFT schemes [21-24] via nonlinearity opti-
cal systems.
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