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 2009 December 10Remote preparation of N photon GHZ polarization entangled stateswithin a networkY.Xia1), J. Song+, Y.Ning, P.-M. Lu, H.-S. Song+Department of Physics, Fuzhou University, 350002 Fuzhou, China+School of Physics and Optoelectronic Technology, Dalian University of Technology, 116024 Dalian, ChinaSubmitted 14 October 2009We propose a new linear optical protocol for remote state preparation (RSP) between two parties undercontrol of a number of controllers in terms of optical elements. The proposed setup involves simple linearoptical elements, a N -photon polarization entangled state, and photon detectors, witch have been widely usedin experiment. The realization of this protocol is appealing due to the fact that quantum state of light isrobust against the decoherence and photons are ideal carriers for transmitting quantum information over longdistances.PACS: 03.65.Ud, 03.67.HkA principal goal of quantum information theory isunderstanding the resources necessary and su�cient forintact transmission of quantum states. Using the the-ory of quantum mechanics in the �eld of information inthe recent years has produced many interesting devel-opments, for example, quantum teleportation, proposedby Bennett et al. [1], provides a scheme whereby theunknown state of a qubit can be completely transferredfrom one place to another through a previously entan-gled two-bit channel. This process is a critical founda-tion for quantum communication and large scale quan-tum computers. Di�erent from quantum teleportation,recently, Lo [2], Pati [3] and Bennett et al. [4] havepresented an interesting new method to transmit pureknown quantum state using a prior shared entangle-ment and some classical communicationwhen the senderknows completely the transmitted state. This communi-cation protocol is called remote state preparation (RSP).The main di�erence between RSP and teleportation arein that, (1) in RSP, the sender Alice knows the statethat she wants the receiver Bob to prepare, in partic-ular, Alice need not own the state, but only know theinformation about the state, while in teleportation Al-ice must own the teleportted state, but she need notknow the state; (2) in RSP, the required resource canbe traded o� between classical communication cost andentanglement cost while in quantum teleportation, twobits of forward classical communication and one ebit ofentanglement (an EPR pair) per teleportted qubit areboth necessary and su�cient, and neither resource canbe traded o� against the other [4, 5].1)e-mail: xia-208@163.com

RSP has attracted much attention [2 { 12] in theoriesand experiments using many kinds of methods in recentyears. A variety of theoretical suggestions and experi-mental e�orts have been made in this realm. For exam-ple, Pati [3] has showed that for some special ensembleof qubits chosen from the equatorial or polar great cir-cles on the Bloch sphere, RSP requires only one classi-cal bit from Alice to Bob, unlike the case in standardteleportation where two classical bits are needed. More-over, Lo [2] and Bennett et al. [4] have investigatedthe classical information cost in the protocol for RSPof general states and considered the trade-o� betweenthe required entanglement and classical communication.They showed that in the presence of a large amount ofpreviously shared entanglement, the asymptotic classi-cal communicatiton cost of RSP for general states is onlyone bit per qubit. In addition, some authors have alsoinvestigated the RSP protocols via using di�erent quan-tum channels such as partial EPR pairs [7] and three-particle Greenberger-Horne-Zeilinger (GHZ) entangledstate [8]. Zeng et al. [9] have proposed a protocol forRSP in higher dimension and the parallelizable man-ifold Sn�1. Zhang et al. [11] have proposed a RSPprotocol using Control-NOT (CNOT) gate. Comparedto the previous protocols, both classical communicationcost and required quantum entanglement in this proto-col are remarkably reduced. Very recently, Liu et al. [12]demonstrate an experiment for remote preparation of ar-bitrary photon polarization states. In this protocol, withlocal operations, polarizationmeasurement, and one wayclassical communication, any states lying on and insidethe Poincar�e sphere can be remotely prepared.830 �¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



Remote preparation of N photon GHZ polarization entangled states within a network 831In this paper, motivated by the protocol [12] of Liuet al., we propose a protocol to remote preparation of Nphotons polarization GHZ entangled state within a net-work consisting of an arbitrary N � 3 remote partiesnamed P1, P2, : : : , PN : a known photon polarizationGHZ entangled state needs to be remote preparation be-tween any two parties under control of all the remainingparties. The realization of this protocol is appealing dueto the fact that quantum state of light is robust againstthe decoherence and photons are ideal carriers for trans-mitting quantum information over long distances. Forconvenience, in the revised version we will quote somedescriptions and notations in the original Liu et al.'sprotocol [12].Without loss of generality suppose that P1, PN ,and P3, P4,: : : ,PN�1, are the sender, receiver and con-trollers, respectively. Before performing the networkRSP, the parties should share an N -photon entangledpolarization state of the formj�iABC = 1p2(jHi
N + jV i
N )12:::N ; (1)where photons 1, 2, : : : , N are in possession of P1, P2,: : : , PN , respectively.Let us assume the sender P1 wishes to help the re-ceiver PN remotely prepare polarization the statej T i = �jHi
N + �ei�jV i
N ; (2)with �, � and � are real and j�j2 + j�j2 = 1. It is rea-sonable to assume that �; � � 0 with � 2 [0; 2�). jHidenotes the horizontal polarization state and jV i denotesthe vertical polarization state.Now we turn to an experimental setup for the net-work RSP. The kinds of operations to be performed bythe sender P1 and a controller Pn (n = 2; 3; : : : ; N �� 1) are di�erent. As for the controllers Pn (n == 2; 3; : : : ; N � 1), each of them proceeds as follows:In order to help the sender P1 to remotely prepare thequantum state of Eq.(2), the controller (P2) �rst sendshis/her photon 2 through a half-wave plates (HWP). Af-ter HWP, the state of the channel in Eq.(1) changes intoj�iABC = 12fjHi2(jHi
N�1 + jV i
N�1)134:::N ++ jV i2(jHi
N�1 � jV i
N�1)134:::Ng: (3)Then P2 sends the photon 2 pass through a PBS, whichtransmits horizontal polarization and re
ects verticalones. At the outputs of PBS we obtainj�iABC = 12fjHia02 (jHi
N�1 + jV i
N�1)134:::N ++ jV ib02 (jHi
N�1 � jV i
N�1)134:::Ng; (4)

where a' and b' are output paths of PBS, as are shown inFig.1. In order to realize the network RSP, P2 performs
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Fig.1. Schematic diagram for RSP of N photon polariza-tion GHZ entangled states within a network. Beam split-ter's (BS) re
ection and transmission coe�cients are �and �, respectively. Polarization analyzer (PA) are sin-gle photon detectors. HWP denotes the Half-wave plates,PBS denotes the polarization beam spliter, and D1(2) areconventional photon detectorsa measurement with the conventional photon detectorsD1(2) (see Fig.1). The conventional photon detector canonly distinguish between the presence and absence ofphotons, and no information on the exact number ofphotons can be obtained. P2 will inform the sender P1and the receiver PN of his/her measurement result V viaa classical communication. If his/her measurement re-sult is D1 register a photon, C = 0; if the measurementresult is D2 register a photon, C = 1. The communica-tion costs is 1 cbit since there are two possible results.After that, All the other controller repeat this processfor the photons 3; 4; : : : ; N � 1, respectively, and informthe sender P1 and the receiver PN of their measurementresults Cn (n = 3; 4; : : : ; N � 1) via classical communi-cation. The total communication costs are N � 2 cbits.P1 carries out the following calculation:C23:::N�1 = C2 � C3 � � � � � CN�1; (5)where the � denotes an addition mod 2. If C23:::N�1 == 0, the channel Eq.(1) will be transformed intoj�i1N = jHHi1N + jV V i1N ; (6)�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



832 Y.Xia, J. Song, Y.Ning, P.-M.Lu, H.-S. Songif C23:::N�1 = 1, the channel Eq.(1) will be will be trans-formed intoj�i1N = jHHi1N � jV V i1N ; (7)which can be transformed into Eq.(6) by applying a �=2-phase shift P to change the sign of the polarization statejV i. Then, after the operations of all controllers P2, P3,� � � , PN�1, the channel between P1 and PN is thatj�i1N = 1p2(jHHi+ jV V i)1N : (8)In the following, we will show P1 how to help PNremotely prepare the quantum state of Eq.(2). In orderto help PN to remotely prepare the quantum state ofEq.(2), P1 put a polarization independent beam splitter(BS) on the line (see Fig.1). The BS's re
ection andtransmission coe�cients are � and �, respectively. Af-ter photon 1 passing through the BS, the state of thechannel Eq.(8) changes intoj�i1N = 1p2(�jHaHi1N + �jHbHi1N ++ �jVaV i1N + �jVbV i1N ): (9)The subscripts a, b represent the possible paths of pho-ton 1. P1 puts a phase modulator one line b to producea relative phase shift of �, and lets the both paths (a andb) cross for interference on another PBS. After passingthrough the PBS we obtainj�i1N = 1p2(�jHa0Hi++ �ei�jHb0Hi+ �jVb0V i+ �ei�jVa0V i)1N ; (10)where a0 and b0 are output paths of PBS, as is shownin Fig.1. The following half-wave plates (HWP), whoseaction is given by transformation jHi ! 1p2 (jHi+ jV i)and jV i ! 1p2 (jHi� jV i), is set to change the polariza-tion state intoj�i1N = 12fjHib01(�jV i+ �ei�jHi)N �� jV ib01(�jV i � �ei�jHi)N ++ jHia01(�jHi+ �ei�jV i)N ++ jV ia01(�jHi � �ei�jV i)Ng: (11)P1 performs a measurement on photon 1 with the po-larization analyser (PA). Then he/she informs PN ofhis/her measurement results through a classical infor-mation (2 bits). According to P1's classical communica-tion, PN take corresponding operations on his/her pho-ton N , see Table. Through adjusting the parameters �,�, and �, arbitrary states on the Poincar�e sphere can be

Corresponding relations among P1's measurementresults and P2's operations.P1's measurement results P2's operationsjHib0 IjV ib0 �zjHia0 �xjV ia0 i�yobtained. After above operations, the state of photon Nbecome j iN = �jHiN + �ei�jV iN : (12)PN introduces N � 1 ancillary photons b1; b2; � � � ; bN�1in the initial state jHH � � �Hib1b2���bN�1 and let pho-tons (b1; b2; � � � ; bN�1) pass through a half-wave plate(HWP), respectively (see Fig.2). The HWP's action is
PBS'

PBS'

mirror

mirror

HWP

HWP
M

N – 1
b

N – 1

M1
b1

M
N

N

Fig.2. Schematic demonstration for reconstructing the N -photon polarization GHZ entangled stategiven by transformation jHi ! (1=p2)(jHi + jV i) andjV i ! (1=p2)(jHi � jV i). After the HWP,j�ib1���bN�1 = jHH � � �Hib1���bN�1 !! (1=p2)N�1(jHi+ jV i)b1 � � � (jHi+ jV i)bN�1 : (13)Then, photon (N and b1; b2; � � � ; bN�1) will meetPBS0 (see Fig.2), which always transmits jHi polarizingphotons and re
ects jV i polarizing photons (all PBS inthe paper work in this way). Thus at the outputs ofPBS0, the joint state will becomej�iNb1���bN�1 = (1=p2)N�1(�jHi+ �ei�jV i)N �� (jHi+ jV i)b1 � � � (jHi+ jV i)bN�1 (N�1)PBS0��������!(N�1)PBS0��������! (1=p2)N�1[(�jHiM2 jHiM1 ++ �jHiM2 jV iM2 + �ei�jV iM1 jHiM1 ++ �ei�jV iM1 jV iM2)Nb1 
 � � �� � � 
 (jHiMN�1 + jV iMN )bN�1]: (14)We consider only those terms that contain one photon ineach of the modes M1;M2; : : : ;MN , hence we have dis-�¨±¼¬  ¢ ���� ²®¬ 90 ¢»¯. 11 { 12 2009



Remote preparation of N photon GHZ polarization entangled states within a network 833carded the bunching outcomes in Eq.(14). Then Eq.(14)changes into j�i0Nb1���bN�1 == ( 1p2)N�1[�jHiM1 jHiM2 
 � � � 
 jHiMN ++ �ei�jV iM1 jV iM2 
 � � � 
 jV iMN ]Nb1���bN�1 ; (15)with the probability P = (50%)N�1. This is the statewhich P1 wants to help PN to prepare remotely. TheRSP has been successfully completed.Till now, we have proposed a protocol to remotelyprepare a N photon polarization GHZ entangled statewithin a network using linear optical elements. To real-ize the RSP protocol, we need the help of the controllersPn (n 2 (2; 3; � � � ; N � 1)). Without the help of the con-trollers, the sender P1 and the receiver PN can not sharethe two-photon quantum channel, so the RSP protocolfailed. That is, if P1 and PN want to realize the RSPprotocol, Pn take the responsibility to decide whetheror not and when the task should be done. For somereasons, one of the controllers Pn does not agree on thetask, P1 and PN are unable to start it. That is, P1 andPN could go only when all the controllers agree. In thispoint of view, the RSP protocol is safer than its ordi-nary counterpart. We now give a brief discussion onthe experimental feasibility of protocol with the currentexperimental technology. 1) In this protocol, what weused consists of linear optical elements [13], which havebeen widely used to entangled photons [14]. In partic-ular, the similar optical setups have been used to suc-cessfully prepare W (GHZ) states of photons in experi-ment [15] ([16]). 2) The protocol presented here requiresthe conventional photon detectors and the polarizationanalyser. For conventional photon detectors, it can onlyto distinguish the vacuum and nonvacuum Fock num-ber states, and no information on the exact number ofphotons can be obtained. Experimental techniques forsingle-photon detection have made tremendous progress[17]. A photon detector based on a visible light photoncounter has been reported, which can distinguish be-tween single-photon incidence and two-photon incidencewith high quantum e�ciency, good time resolution, andlow bit-error rate [18]. For polarization analyser, it hasbeen used to realize RSP of photons in experiment [19].Therefore, our protocol might be realized in near future.But, some technical di�culties with the present protocolshould be pointed out. (1) To realize the RSP protocol,N -party should share an N -photon GHZ polarization-entangled state Eq.(1), but, in practice, it is di�cultyto realizeN -party share anN -photon GHZ polarization-entangled state. This problem needs further investiga-tion. (2) In terms of practical applicability, our demon-
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