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Quantum teleportation and dense coding by means of bright amplitude-squeezed light and direct
measurement of a Bell state
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Simple schemes to realize quantum teleportation and dense coding for continuous variables are proposed, in
that entangled EPR beams are produced by combining two bright amplitude squeezed beams. The measure-
ment of the “Bell state” is accomplished by means of direct detection for photocurrents and two rf power
splitters. As a local oscillator and balanced homodyne detector are not needed, the proposed system is easy to
realize experimentally.

PACS numbegps): 03.67.Hk, 42.50.Dv

Recent theoretical and experimental studies on quanturfore, a local oscillator is not needed. A realizable experimen-
communication through the use of nonlocal quantum corretal system to achieve continuous-variable teleportation by
lations of entangled states show great promise for establishmeans of bright EPR beams is described. Then a dense cod-
ing new kinds of information processing with no classicaling for a continuous variable based on using bright EPR
counterparts. One example of this is the concept of quanturi€ams and a direct detection of the Bell state is discussed.
teleportation which is the disembodied transport of an unThe transmitted phase and amplitude signals are modulated
known quantum state from one pla¢glice) to another ©n the phase and amplitude quadrature of one of the EPR
(Bob). Teleportation was originally proposed for discrete P€ams, respectively. Bob combines it with the other half of
variables in finite-dimensional Hilbert spacks, and later the EPR beam, and retrieves the original classical signal with

also for continuous variables in infinite-dimensional Hilbert & Precision beyond the standard quantum-lit§iQL) by a

spaces[2]. Discrete and continuous variable teleportationsggﬁ;} S)etdeecrtf: c%f dmg f%?”dizﬁt;e Egﬁaﬁggmrﬁe's d:r?;ia”y
have been performed experimentally for single-photon polar- = & . : §
ization stateg3] and coherent state of electromagnetic fieIdCOdlng capacity approaches twice that of coherent- and

. ) squeezed-state communications.
modes{4], respectively. In the experiment of Refd,5], an The schematic diagram for the direct measurement of the

entanglement source was built from two single-mode phasgg| state is shown in Fig. 1. Two bright coherently related
squeezed vacuum states combined at a beamsplitter. Thegnp)ityde squeezed beams with almost identical intensities
anced homodyne detectors and local oscillatt@’s). An-  ghift of #/2 is imposed on bearb, and then the beams are

other scheme proposed in RE] is a similar arrangement in - mixed on a 50% beamsplitter. The resulting output beams
which two bright squeezed sources were used to produce thgdd are given by

EPR beams, and a LO was needed at Alice for the Bell-state

measurement. Another example of the application of en- B V2 . B V2 .

tanglement to communication is dense coding, in that the €= 7(a+|b), d= 7(a—|b). (1)
single bit sent from Alice to Bob can successfully carry two i . )

bits of classical information if an entanglement pair of qubits /& define upper-case operators in the rotating frame about
was already shared previously by Alice and Baf. The the center frequencyy,

dense coding doubles the information capacity, and it is es- O(t)=o(t)e'“dt, 2)
pecially useful in some instances, such as when two bits

must be simultaneously sent but only one quantum channel with O=[a,b,c,d] and 0=[A,B,C,D]. By the Fourier

available. transformation we have

It is a common pursuit in scientific and technical fields to RF Splitter
find a more easily realizable scheme for quantum teleporta- X +X
tion and dense coding. In this paper, we consider a telepor- =@=o 2
tation scheme similar to that in Rd®] but using a simple D
Bell-state measurement at Alice instead of the typical two ' 1
balanced homodyne detectors. One of the EPR beams is % 50% BS Y.Y,
phase shiftedr/2, and then combined with an input beam of d RF Splitter
the same intensity on a 50% beamsplitter. The amplitude and ’D
phase quadrature are obtained from a direct detection imple- b c D,
mented with two photodetectors and two rf splitters; there-

a :|> /2 phase shifter
*FAX: +86-351-7011500. Email address: FIG. 1. Direct measurement of the Bell state. BS: 50% beam

kcpeng@mail.sxu.edu.cn splitter. D, andD,: detectors.
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1 produced from two OPA’s pumped by a laser or a ring OPA

o) = —f dt O(t)e ', (3)  with two outputs; the relative phase between these can be

J2m locked very securely using mature phase-locking technology

) . . . &4,5]. Two coherent amplitude squeezed beams were mixed

The fields are now described as funcuons .Of the modulat.|o n a 50% beamsplitter to form a pair of EPR beams. Because
frequency(). Thus we can consider any field as a carriery o coherently related amplitude squeezed bearaad b

O(0) oscillating at frequencyw, with an average valué o jntense, the amplitude quadratures of output beansl
equal to the steady-state field, surrounded by “noise sidea are given by

bands” O(Q) oscillating at a frequencyy+Q with zero

average values. The amplitude and phase quadrature can be 1

written as X(Q)= 2—__[<a)xa(ﬂ)—<a>Yb(Q)+<b)Ya(Q)
i

Xo(2)=0(Q)+0"(-Q), +H(0)Xp(Q)] "

1
Yo(Q)=+[0(Q) -0 (-Q)]. (4) 1
Xq(2)= Z—i—[<a>xa(9) +(a)Yp(Q2) = (b)Ya(2)

The two bright output beams can be directly detectedby

andD,. The discussed photocurrents are normalized with the +(b)Xp(2)].
average value of the field. The normalized output photocur- _
rents spectra are given by Here i =(c)=(d)=((a)?+(b)?)/2. In a similar way, the

phase quadratures are equal to

TC(Q)=if dte cte= %[xa(mwa(m—vb(m 1
(e Yo(0) = =[(a)Y4(0) —(@)Xp(Q) + (D) X4(0)
X, ()], (5) 21

S +(B)Yy(Q)], ®
(02) = £ [Xa( )~ Ya(©2) + Y5(Q) + Xp(Q) .

Equation(5) shows that the photocurrent of each arm of the Y4q(Q)= i[(a)Ya(Q)+<a>Xb(Q)—<b>Xa(Q)
50% beamsplitter consists of two parts. Pafterms 1 and 2i

4) consists of self-terms of two input field&,(2) and
Xp(Q) at the beamsplitter, and part 2 comprises interference
terms (2 and 3 including phase quadratureg,({2) and
Y,(Q) derived from thes/2 phase shifter. Equatio(b)
shows that the self-terms of two arms are correldtadin
phase, and that interference terms are anticorrelgt@dout 1
of phasé. Each of the photocurrents is divided into two parts (8(X+X9)?) == ((a)?Vy +(b)2Vy )—0, (9
through the rf power splitter. The sum and difference of the 2i2 2 °

divided photocurrents are

+(b)Yp(Q)].

From Egs.(7) and (8), we can readily write the cross-
correlation between the variances of two outgoing fields as

1
(8= Ya)?) = S5 (0 Vo, +(@)Vi) =0,

* 1 < * l
()= E[IC(QHId(Q)]: E[Xa(QHXb(Q)],
(6)  where(5(Xy)?)=Vx_and(8(X,)?)=Vy,. From Eq.(9) itis
obvious that if the amplitude squeezing of two input beams
Q) 1 are perfect, i.e.Vyx —0 andeb—>0, the two output beams
i - a

\/E[Ya(m Yo(D)]: are in a perfectly entangled state which will exhibit EPR-
type correlation$4,6,9. Correlations of the sum of the am-
We can see that the sum of the photocurrents of two @rms plitude quadrature and the difference of the phase quadrature
and d leaves only the self-term, which is the amplitude relate to the squeezed degree of the two amplitude-squeezed
quadrature of the signal field combined with one of the EPRoeams and the intensity of steady-state field, results little
beams; the difference photocurrent leaves the interferenddifferent from the those of Ref6], in which one of the
terms, which the EPR beams phase quadrature. Thus a Be#implitude-squeezed beams is much lower than the other one
state measurement of two beams is achieved with this simplga)>(b)~0); therefore, correlations of the sum of the am-
direct detection. plitude quadrature and the difference of the phase quadrature
In recent years, compact, reliable, bright squeezed sourcés Ref. [6] relate to the squeezed degree of one of the two
such as parametric amplifier have attracted attei@drWe  amplitude-squeezed beams, respectively. Usually a small un-
propose an experimental setup to generate bright EPR bearhalance of the 50/50 splitter can be corrected by aligning the
using two coherent amplitude squeezed beams that can ligcident angle, and the residual unbalance, that only slightly
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Then the photocurrents are sent to amplitude and phase
modulators in Bob, respectively. The amplitude and phase
modulators transform the photocurrents into the other thalf

of the EPR beams. The output beam from modulators is
found to be

1 - -
oul( )= 5Léad+ V1= &Gra+ 0.1 (Q)+ig_i_(Q)],

c /2 phase shift (12)
50% BS, d
Bright whereg, andg_ describes suitably normalized amplitude
Squeezed Beam 1 . .. .
b 2 phase shift and phase gain at the receiving station of Bob for the trans-

a Bob formation frqm the_ photocurrent to output beam, eﬁ_adis
o — the propagation efficiency of the EPR bednThe amplitude
Squeezed Beam 2 and phase variances of output beam are given by
FIG. 2. Schematic of bright amplitude squeezed beams for tele- VXsquee VY, quee

portation.(The bright amplitude squeezed beams 1 and 2 are coherVx = Q]'Zme+ (9' &+ &9)° 5 +(9'éc— £q)° 2

ent)

+0'2(1-E)+(1-E)+29'2(Un*-1)], (13

influences the precision of measurement, cannot destroy the

experiment like the situation in Refg4] and[5]. v v
The scheme for teleportation of continuous variables us =g’y + (g €t Eyg)? quuee+( T~ £g)2 Ysquee

ing direct detection of the Bell state and the bright EPR = out 9 Vv, TG & e T 9'6c™ 80 5

beams is shown in Fig. 2. One of the EPR beams is sent to ,2 5 » 2 a1 2

Alice to mix with an input signal beam of the same intensity O (A& +(1- &y +29" ("~ 1],

and the w/2 phase shift on the second 50% beamsplitter , 5

(BS2. The bright output beamsandf are directly detected Where 9:=9-=0. ¢ =gnl\2, , <5[Xa(9)]2>

by D, andD,. Considering the detection efficiency, the ~ =(Xo(2)])=Vx__ .. (AL Ya(Q)]7) = (L Ya(2)]%)

propagation efficiency¢, of the EPR beant, and (a;,) =VY, e (5[X0ut(Q)]2>=onut, (A YoulM) 1 =Vy

= &(c), according to Eq(1) we have (S Xin(0)2) =V , and(8[Y;n(2)]2)=Vy, . We can cal-

e= J;n[amﬂ(gcw ‘/1_§c27’c)]+ V1— 1721/9,

2
f= g"’][ain_i(gcc—" Vl_givc)]+ V1- 7]2Vea

(10

culate the fidelityF = |(a;,a,)|? characterizing the “qual-
ity” of teleportation with the variances of Eq13) [4]. If the
EPR beams are in a coherent state, the varia‘viggoeth

:Vyout:3 and the amplitudéa, ) =(a;,). Since the fidel-

ity FLe=0.5 is the boundary between quantum and clas-

sical teleportation for coherent-state inputs, to meet the re-

where v, and v, are the coupled vacuum noises due to thequirement of the quantum teleportati¢n>0.5 Alice and

losses. Each of the photocurrentsiz and D, is divided

Bob must share a quantum source of a nonlocal correlation

into two parts through the rf power splitter. The sum andEPR pair.

difference of the divided photocurrents are expressed as

In the past decade, a variety of squeezed state light has
been applied in optical measurements with a precision be-

. 1 yond that of the SQI[10]. However, in these measurements
i.(Q)= T[ 7Xin(Q) + nEX(Q) + 71— ngpc(ﬂ)] only one quadrature component was examined. Here we pro-
2 pose a scheme of dense coding in which simultaneous mea-
1 surements of phase and amplitude signals, with a sensitivity
+§[\/1_7]2XV9(Q)+ Jy1— nzYVe(Q) beyond that of the SQL, is achieved by means of bright
amplitude squeezed light and direct measurement of the Bell
+V1= 72X, (Q)—\1— 7Y, ()], (11)  state. As shown in Fig. 3, the classical amplitude and phase
f f signals are modulated on one of the entangled pair of EPR
beams, which leads to a displacemenagf
()= LY@~ 7£Ye @)~ V1 Y, ()]
i ( \/E 7 Yin cle ¢V, c'=ctay. (14)

1
+ SV 7P, () + 1= 7Y, (@)
— 1= 72X, () + 1= 7Y, ()],

Here a, is the signal sent via the quantum channel. From
Egs. (7) and (8) we know that the amplitude and phase
quadrature of EPR beams have a large n6is{eX.)?)— o,
(8(Y¢)?)—. The signal to noise rati® is given by
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where ([ X(Q)+Xq(Q)]3)—0 and (Y (Q)
—Y4(Q)1?)—0 under ideal conditions. Thus we obtain the
amplitude and phase quadrature for the signal beam with a
sensitivity below that of the SQL by simple direct detection.
In fact, the sum of the amplitude quadrature of the EPR
beams commutes with difference of its phase quadrature;
thus the variances in them can be below that of the SQL at
the same time, and not violate the uncertainty princfifl.

The signal-to-noise ratio of the detected signal is given by

G S 0 Al S
XA XD) T (8(Ye— YD)
17

FIG. 3. Schematic of bright amplitude squeezed beams folVe can see that the original signal is retrieved with a high

dense coding.

(8(X9)?) 0 _(8(Y9?)

_ 0, Ry= —0. (15
*{8(X0)?) T8(YY) (49

fidelity with the help of the other EPR beam. Compared with

Ref.[10], the simultaneous measurement of the small phase
and an amplitude signal beyond the shot-noise limit can be
achieved by using EPR beams. Hence it can be said that the
coding capacity of this scheme is twice that of the measure-

No one other than Bob can gain any signal information fromments completed in Ref10].

the modulated EPR beam under ideal conditions, because the In summary, we proposed a simple direct measurement
signal is submerged in large noises. The signal is demoduscheme for the Bell state, and a system producing an EPR
lated with the aid of the other half of the EPR beams, whichpair, by combining two bright amplitude squeezed lights. We

is combined with the modulated first half of the EPR beamsheoretically demonstrated that the proposed protocol can be
on another 50% beamsplitté8S2), and before combination ysed to accomplish quantum teleportation of continuous vari-
a w/2 phase shift is imposed between them. The two brighgples, and dense coding. Mature techniques for producing

output beams are directly detectedDy andD,. Each pho-

coherent amplitude squeezed beams from the parametric

tocurrent ofD, andD; is divided into two parts through the - 44,y converter and the electronic phase locking, as well the

power splitter. The sum and difference of the divided pho-,

tocurrents are expressed by

. 1 1
()= E[XC(Q)ﬂLXd](QHXs(Q)] = EXS(Q),

(16)

a 1 1
()= —=[Y(Q)=Yq(Q)+Ys(Q)]= —ZYs(Q),

V2 V2

simplicity of direct measurement, make the scheme valuable
for performing experiments.
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