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Abstract—We investigate continuous variable quantum tele-
portation. We discussthe methodspresentlyusedto characterize
teleportation in this regime, and propose an extension of the
measures proposedby Grangier and Grosshans[1], and Ralph
and Lam [2]. This new measure, the gain normalized conditional
variance product M, turns out to be highly significant for
continuous variable entanglement swapping procedures, which
we examine using a necessaryand sufficient criterion for entan-
glement. We elaborate on our recent experimental continuous
variable quantum teleportation results[3], demonstrating success
over a wide range of teleportation gains . We analyze our
resultsusingfidelity; signaltransfer, and the conditional variance
product; and a measurederived in this paper, the gain normalized
conditional variance product.

Index Terms— Entanglement,squeezingguantum information,
teleportation.

I. INTRODUCTION

UANTUM teleportationwasfirst proposedy Bennettet
Q al. [4] in the discretevariableregime of single photon
pol@rization states.They showved that, by utilizing entangle-
ment, it was possibleto perform a perfect quantumrecon-

struction of a statefrom classicaldestructve measurements.

This techniquein now of significant relevanceto quantum
information systemsin termsof both communicating5] and
processing[6] quantuminformation. The first experimental
demonstration®of quantumteleportationwere performedin
1997 on the polarizationstateof single photons[7]. Quantum
teleportatiorhasnow beengeneralizedo mary otherregimes,
and has been demonstratedusing liquid NMR ensembles
[8], and optical field states[3], [9], [10]. Here we consider
teleportationof the quadratureamplitudesof a light field [2],
[11], [12].

Sincethe first demonstratiorof optical field statetelepor
tation by Furusava et al. [9], there has been considerable
discussionabouthow continuousvariable quantumteleporta-
tion may be performedusingdifferentsystemd?2], [12], [13],
[14]; appliedto differentinput stateq15], [16]; generalizedo
multi-party situationg17]; andcomprehensely characterized
[18], [19]. Giventhisintenseinterestiit is somavhatsurprising
thatfurther continuousvariableteleportationexperimentshave
only been performedvery recently Zhang et al. [10] per
formeda detailedanalysisand presentechew resultsfrom the
Furusava et al. setup;and Bowen et al. [3] presentedesults
from a new teleportationexperiment. This paperattemptsto
summarizesomeof the discussiorabouthow bestto character
ize continuousvariableteleportationdividing the processnto
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two regimes:unity gain,andnon-unitygain. We discussexist-
ing methodsto characterizecontinuousvariableteleportation
within eachregime, andintroducea newv measurdor the non-
unity gain regime, the gain normalizedconditional variance
product. A necessaryand sufficient analysisof continuous
variable entanglementswappingis given to emphasizethe
importanceof the non-unity gain regime, andto demonstrate
the significanceof the gain normalizedconditional variance
product. We elaborateon our experimentaldemonstratiorof
continuousvariable teleportationof the amplitudeand phase
guadraturesof an optical field, first publishedin [3]. We
provide additionalexperimentalresultsandan analysisof our
resultsusingthe gainnormalizedconditionalvarianceproduct.

The teleportationprotocoldemonstratedherewas, in mary
ways, similar to the one used by Furusava et. al [9]. It
consistedof threeparts: measuremenfAlice), reconstructior
(Bob), and generationand verification (Victor). There were
some notable differences,however, in both the methodsof
input state measuremenand of output state verification. In
our experimentthe input and outputstateswere both analyzed
by Victor in the samehomodynedetectoy and in a location
spatiallyseparatedrom Alice andBob. This spatialseparatior
is in line with the original conceptof quantumteleportation.
and is important to ensurethat Alice and Bob obtain no
informationabouthow Victor encodeghe input state.If they
do obtain information about the encodingthey canuseit to
artificially improve the quality of Bob'’s reconstructedstate.
Our experimentis basedon a Nd:YAG laser that produces
two squeezedbeamsin two independentlypumped optical
parametricamplifiers (OPAs). Using independentOPAs re-
ducesthe degradationof squeezingcausedoy green-induced
infrared-absorptionwhich is presently one of the limiting
factorsin the Furusava et al. teleportationsetup [20]. We
use a more compactconfigurationfor Alice’s measurement
which relieson only two detectorsand one electroniclocking
loop, as opposedto the four detectorstwo local oscillators,
andtwo locking loopsusedin the Furusava et al. experiment.
The useof two independenmodulatorseachfor encodingof
Victor'sinput stateandBob’s reconstructedutputstateallows
the phasespaceof the input stateto be completelyspanned
andthe amplitudeand phasequadratureeleportationgainsto
be accuratelyexperimentallyverified. The fidelity especially
is extremely sensitve to gain, so that in our experimenta
posteriori verification of the applied gain was essentialto
confirm ary fidelity results.

We analyzedthe efficagy of our experimentusing three
measuresfidelity F; a T-V diagram of the signal transfer
T, andconditionalvarianceproductV;, betweerthe input and
output states;and the gain normalized conditional variance



productM. In theunity gainteleportatiorregime we usedthe
fidelity, F, betweentheinput andoutputstatesto characterize
the teleportationprotocol, and obsered an optimumof F =
0.645+0.02 whereF < 0.5 whenonly classicaresourcesire
used.The fidelity degradesquickly as the teleportationgain
moves away from unity, however, and is not an appropriate
measureof non-unity gain teleportation.Instead,we usethe
signal transfer 7;; and conditional vairnace V;, betweenthe
input and output states,in a manner analogousto QND
analysis[2]. This enablesa more detailedtwo dimensional
characterizatiorof the performanceof our teleporter T, and
V, bothhave physicalsignificanceI;, > 1 ensuredhatBob’s
output state containsmore infomation about the input state
thanary other possiblereconstructionandZ, = 1 therefore
definesan ‘information cloning’ limit. V, < 1 is necessary
to enable Bob to reconstructnon-classicalfeaturesof the
input statesuchas squeezingWe obsere an optimum signal
transferof 7; = 1.06 £0.02 > 1, andsimultaneouslyobsere
V,=096+0.10 < 1 and 7, = 1.04+0.03 > 1, at unity
teleportationgain this would imply a fidelity surpassinghe
no-cloninglimit. We analyzethe gain normalizedconditional
varianceproduct M introducedin this paperanddemonstrate
M < 1 for againbandwidthfrom gumin =0.58 t0 gmax = 1.21,
with an optimum of M = 0.22 £+ 0.2. Our teleportation
protocol could be usedto successfullyperform entanglement
swappingthroughoutthis bandwidth.

I1. CONTINUOUS VARIABLE TELEPORTATION PROTOCOL

Quantunteleportations usuallydescribedasthe disembod-
ied transportatiorof a quantumstatefrom one place (Alice)
to another (Bob). Or in other words, it is a processthat
allows Bob to reconstruct quantumstatefrom measurements
performedby Alice at time t,, using only classicalcommu-
nication and local operationsafter time ¢, (seefig. 1). The
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Fig. 1. Time line for a quantumteleportationexperiment.

conceptof quantumteleportationwas first proposed4] and
demonstrated?] in the discrete variable regime of single,
or few, photons.It has since then been generalizedto the
continuousvariableregime [2], [11], [12], which is the setting
for this paper In our work, asin thatof ref. [9], the teleported
statesare modulation sidebandsof a bright optical beam.
Thesemodulationsidebandsan be describedusing the field
annihilationa and creationa' operatorswhere [a,af] = 1.

The annihilation and creation operatorscan be expressedin
termsof measurablédermitianoperatorsi = (X+ +iX~)/2
andal = (X+ —iX~)/2. Here X* =20 +§X* aretheam-
plitude (+) andphase(-) quadratureoperatorsof the field, the
coherentamplitudeof the field is givenby o= Vat+?+a-?,
wherea® = (X*+)/2 areits real (+) andimaginary(-) parts.
§X* arethe phaseand amplitudequadraturenoise operators
and have the commutationrelation

(X 6X7]=2i (1)
Throughoutthis paperthe variancesof thesenoise operators
aredenotedby A’ X+ = ((§ X*)?). The commutatiorrelation
of eq. (1) dictatesthat AZX+A2X~ > 1. This uncertainty
product forbids the simultaneousexact knowledge of the
amplitude and phaseof an optical field and thus prevents
perfectduplicationor quantumcloning.

Until the proposalof Bennettet. al [4], uncertaintyprod-
ucts were thoughtto fundamentallylimit the quality of ary
teleportation protocol. Bennett proved that in the discrete
regime this wasnot the case by utilizing sharedentanglemen
betweenAlice and Bob. Sincethen mary otherteleportation
protocolshave beenproposed?21], all of which rely on shared
entanglementln continuousvariable quadratureteleportation
protocols[2], [11], [12], Alice and Bob sharea quadrature
entangledpair, which in this work we restrictto be Gaussian
We generateGaussiarguadratureentanglemenby combining
two equallyamplitudesqueezedeamswith aw/2 phaseshift
on a 50/50beamsplitter[23. The outputsof this beamsplitter
are quadratureentangled,with the entanglementevidenced
through strong amplitude/amplitudeand phase/phasguadra-
ture correlationsbetweenthe beams.One of theseentanglec
beamsis sentto Alice and the other to Bob, as shavn in
fig. 2. Victor provides an unknavn input stateto Alice who
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Fig. 2. Continuousvariablequantumteleportationprotocol, AM: amplitude
modulator PM: phasemodulator BS: beamsplitter.

then interferesit with her entangledbeamand performsan
amplitudequadratureneasuremertdn oneof the outputsanda
phasequadraturaneasuremern the other The measuremer
resultsare sentthroughclassicalcommunicatiorto Bob, who
encodesthem using amplitude and phasemodulatorson his
entanglecbeam.The phaseand amplitudequadrature®f the
output stateproducedcan be written
14+g¢%) -
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where the sub-scriptsin and out label the input and output
stategespectiely, g* = oF, /ot aretheamplitudeandphase
guadratureteleportationgains, and the sub-scriptssqz,1and
sqz,2labelthesqueezetheamsusedto generateur quadrature
entanglementAssuming that the entanglementusedin the
teleportationprotocol is producedby two equally amplitude
squeezedeamswith A’X,q, =A’X} | = A’X} , <1 and
A2 X i = A2 Xs‘qz = A2 quz , > 1, the quadraturevariances
of the output stateare

Xo_ut = g_X AYS_qu

in T

A XE = EIANXE 4 (4)
(14+g%)? (1-g*%)?
9 A2 quz + fA? anti
We then seethat for unity gain teleportation(¢* = 1), as

AQXSqZ — 0, theamplitudeandphasequadraturesf the output
stateapproachthoseof the input (X%, — X). Sothat, at
leastin thelimit of perfectsqueezingperfectteleportationof
the amplitude and phasequadraturef an optical field can
be achieved. Of course,unity gain is not necessarilythe only
interesting operation point of a teleporter In the following
section we discussmethodsto characterizethe successof
teleportationin both the unity gain regime, and in other
regimes.

Il. CHARACTERIZATION OF TELEPORTATION

There is some debatein the quantumoptics community
aboutspecifically what constitutescontinuousvariable quan-
tum teleportation[1], [2], [18], [19], [23], [24]. Oneapproach
is to restrict quantumteleportationto systemsthat produce
output statesidentical to their input statesbut with noise
corvolutlon i.e. for all operatorsinvolved Xewt = Xin +

Xnoise [19], [23]. We term this unity gain teleportation.The
interestingaspectof quantumteleportationis that classical
communicationcanbe usedto transmitquantuminformation.
This can also be demonstratedn situationswhere the unity
gain condition is not true. Indeed under certain conditions
optimumtransmissiorof quantuminformationoccursfor non-
unity gain. We term this classof teleportationprotocolsnon-
unity gain teleportation.

A numberof methodshave beenproposedto measurethe
successof quantum teleportationin both unity gain [19],
[25], and non-unity gain [2], [24] situations.Thesemeasures
typically adopteither a systemdependenbr state dependent
approach.System dependentmeasuressuch as those intro-
duced by Grangierand Grosshangd1] and Ralph and Lam
[2] characterizethe effect of the systemon the input state,
suchaswhat noiseit introduces,in a mannerindependenbf
the form of the input state.While state dependenimeasures
such as the fidelity [25], quantuminterferometry[24], and
entanglemenswapping[15] formulate relationshipsbetween
the input and output statesthat cannotbe satisfiedthrough
ary classicalmeans,and vary accordingto the form of the
input stateaswell asthe quality of teleportation.The transfer
function approachof systemdependenmeasuress perhaps
more useful for characterizatiorof quantumcommunication

networks; and the state dependentapproachmore relevant
when fragile quantumstatesare beingteleported.Ultimately,
however, thesetwo approacheshouldyield equivalentresults.

A. Fidelity

The mostwell known andwidely usedmeasureof the suc-
cessof a teleportationprotocolis the fidelity of teleportation
[25], which is state dependentFidelity measureghe state-
overlap betweenthe input |i,) and output p.,: States,and
is given by F = (tin]|fout|tin). F = 1 indicatesthat the
outputstateis a perfectreconstructiorof theinput,and 7 = 0
if the input and output statesare orthogonal. The maximum
fidelity achievable classicallylies somavhere betweenthese
boundsand dependsstrongly on the input state.If the input
state,entanglementesource and all other noise sourcesare
Gaussianthe fidelity is given by

AXFIALX -

}- = 26_k+ k= (5)
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wherek® =aE*(1—g*)?/ (A2 XE4 A2 XE ). If theinput state
is selectedfrom a sufficiently broad Gaussiardistribution of
coherentstates(i.e, a sethaving a rangecoherentamplitudes
Aai > 1) in a mannerunknovn to Bob, the generally
acceptedlassicalimit to fidelity iS Feiass = 1/2. Thisclassical
limit is determinedby consideringthe optimal teleportation
protocol without the availability of an entanglementesource
when a weightedaverageof the fidelity over the input state
distribution is made. There is some debatehowever, about
whetherthe no-cloning limit is more appropriate[19] since
in the original teleportationpaperof Bennettet. al they state
“Of courseAlices original |¢) [|¢in) here]is destroyedn the
processas it mustbe to obey the no-cloningtheorem” [4].
For a sufficiently broaddistribution of coherentstatesthe no-
cloning limit occursat Fno—cloning = 2/3. Achieving F =2/3
ensuresthat Bob's reconstructionof the input stateis better
than ary other possiblereconstruction.There is, therefore,
significancein experimentallysurpassingoth 7 = 1/2 and
F =2/3.

Notice thatthe fidelity of eq. (5) hasan exponentialdepen-
denceon kt andk~ The condltlonAa > 1 (andtherefore
for someinput stateSa > 1) for valldlty of Fuass and
Fro—cloning, then resultsm a very strongdependenc®f the
fidelity on gain. The optimum fidelity occursat g* ~ 1, and
for the ideal caseof an infinitely broad set of input states
(Aaf — ), at g¢* = 1. In a physically realistic situation
hoNever, there will be some error associatedvith g*. The
effect of this error on the fidelity as a function of the input
coherentamplitudeis shown in fig. 3. No matterhow small
the gain error, asa;, increaseghe fidelity falls avay towards
zero.This putsanupperlimit onthe breadthof thedistribution
of stateghattheteleportercanhandleandcauseghe valuesof
Felass @nd Fro_cloning t0 becomesomevhat higher than the
limits given above [26], [27]. In experimentsto date, these
issueshave beenavoided by strictly defining the fidelity as
valid only wheng® = 1. In that casek* = 0, andthe fidelity
becomesdndependendf «;,. Given this definition of fidelity,
it is critical to experimentallyverify g*
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Fig. 3. Fidelity as a function of coherentamplitude o, for a range of
teleportationgain errorsAg = g — 1, with 3 dB of squeezingA? X, =
0.5).

B. Theconditional variance productand signal transfer

From a system dependentperspectie, the ideal way to
characterizea teleportationprotocolis to identify exactly the
transferfunction of the protocol betweenthe input and output
states.This approachs relatively easyfor protocolsutilizing
Gaussiarentanglementwhich is the only form of continuous
variableentanglemenpresentlyexperimentallyavailable. For
the continuousvariable quadratureteleportationdiscussedn
this paper only two variablesfor each quadratureneedto
be characterizedo completelydefinethe transferfunction of
the system.They are the teleportationgain, and the amount
of noise (or degradation)introducedduring the teleportation
processAll thatremainsto be doneis thento definebounds
on the systemthat areimpossibleto exceedclassically

Thefirst suchapproachwasthe work of RalphandLam [2].
They proposeda characterizatiorin termsof the conditional

variance betweenthe input and output states A2 X+

injout
NXE _J(OXESXE )Y/ A2 XE, andthe signaltransferfrom
the input to the output state 7+ = SNRE /SNRE where
SNR* = o /A2X* are conventional signal-to-noiseratios.
Theconditionalvariancemeasureshe noiseintroducedduring
the protocol, and the signaltransferis relatedto the gain of
teleportation.

Ralphand Lam demonstratedimits to boththe joint signal
transfer and the joint conditional varianceof the amplitude
and phasequadratureghat, in a teleportationprotocol, can
only be overcomeby utilizing entanglementAlice’s mea-
surementis limited by the generalizeduncertaintyprinciple
NM*+A2M~ > 1 [28], where A2 M % are the measurement
penaltieswhich holdsfor simultaneousneasurementsf non-
commutingquadratureamplitudesln the absencef entangle-
mentthis placesa strict limit on Bob’sreconstructioraccurag
which, in termsof quadraturesignal transfercoeficients 7'+,
canbe expresseds

1
T,=Tt 4T~ —Tt7~ (1- ———— ] <1 (6
! ( A2X$A2Xi;> st ©

For minimumuncertaintyinput state(A? X;f A’ X = 1), this
expressionreducesto T, = T+ + T~ . Perfectsignal transfer
would give T, =2.

Bob’s reconstructionmust be carried out on an optical
field, the fluctuationsof which obey the uncertaintyprinciple.

In the absenceof entanglementtheseintrinsic fluctuations
remainpresenbn ary reconstructedield. Therefore sincethe
amplitudeandphaseconditionalvariances&XﬁIout measure
the noise addedduring the teleportationprocess,they must
satisfy AQXitlout AQXi;lout > 1. This canbe written in terms
of the quadraturevariancesof the input and output statesand
the teleportationgain as

Vo= (AQX;Jt _g+2A2Xit> (AQXo_ut -9 ?AQXi;> >1 (1)
A teleportation protocol that introduced no reconstructior
noise would give V, = 0. In the original paper of Ralph
andLam [2] they proposeAQf(;lout+A2)A(i;|0ut > 2 asthe
conditionalvariancelimit. For caseswhere both quadrature:
are symmetric, such as those consideredby them [2], [15],
both limits are equivalent. The product limit, however, is
significantly more immuneto asymmetryin the teleportation
gain and provides a more rigorousboundin situationswhen
the entanglementused in the protocol is asymmetric, we
thereforepreferit here.

The criteria of egs.(6) and (7) enableteleportationresults
to be representecbn a T-V graph similar to those usedto
characterizguantumnon-demolitionexperimentq29]. TheT-
V graphis two dimensionalandthereforeconveys moreinfor-
mationabouttheteleportationprocesghansingledimensional
measuressuch as fidelity. It tracksthe quantumcorrelation
and signal transferin non-unity gain situations.It identifies
two particularly interestingregimesthat are not evident from
a fidelity analysis;the situation where the output state has
minimum additional noise (min,{V;}) which occursin the
regime of ¢ <1, andthe situationwhen the input signalsare
transferredto the output state optimally (max,{7;}) which
occursin the regime of g > 1.

Both the 7, andV; limits have independenphysical sig-
nificance.If a signal hassomeinherentsignal-to-noiseratio,
and the noiseis truly an unknovn quantity then evenin a
classicalworld, that signal-to-noiseratio canin no way be a
posteriori enhancedIn the caseof the teleportationprotocol
discussechere, Bob receves two signals,the amplitudeand
phasequadrature®f a light field, with a total possiblesignal
transferof 7, max = 2. If Bob receves T, go, = £, thenthe
most signal ary other party can receie is Tj other = 2 —&.
Therefore,if Bob surpasse§;, =1 thenhe hasreceved over
half of the signal from Alice, and this forbids ary others
partiesfrom doing so. This is an ‘information cloning’ limit
that is particularly relevant in light of recentproposalsfor
guantumcryptography[30]. Furthermore,if Bob passeshe
T, limit at unity gain (¢3¢ = 1), then Bob has beatenthe
no-cloning limit and has F > 2/3. Surpassinghe V, limit
is a necessaryre-requisitefor reconstructiorof non-classica
featuresof theinput statesuchassqueezingThe T-V measure
coincideswith the teleportationno-cloning limit when both
T,=V,=1. Clearly it is desirablethat the 7, and V, limits
are simultaneouslyexceeded.

1) Informationcloningandeavesdspperattadks: Consider
that an eavesdroppernEve) performsan attackon Bob’s en-
tangledbeamutilizing a beamsplitter tap off, whilst allowing
Alice to makefull usedof her entanglecbeam.As discussec



above, Bob canguarantedhat the signaltransferto his output
stateis betterthan to Eve’s if he finds 7; > 1. Alice then,
obliviously, performsher measurementand transmitsthe re-
sultsto Bob - atransmissiorinterceptecoy Eve. Bob andEve
both then attemptto reconstructthe input statefrom Alice’s
measurementand their part of the entanglementFig. 4 a)
shavs Bob’s T-V analysisof the teleportationprotocol for
variousentanglemenstrengthswith Eve tappingoff 50 % of
his entanglementin this specialcase we find that7; < 1 for
all entangIememstrengths(A’XW) andall teleportatlorgams
g, with the equality 7, = 1 achiereablefor ary entanglement
strengthat somegain. In fact, Bobis ableto mapoutthe entire
physically realistic region of the T-V diagramwith 7, < 1.
Since the arrangemenis symmetric, Eve obtainsthe same
result. This specialcasedefinesthe transition point between
Bob succesfullysurpassinghe information cloning limit, and
Eve surpassingt.
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Fig. 4. T-V diagramrepresentationf teleportationwith 50% lossintroduced
to Bob’s entangledbeam.The lines shaw the resultsof the protocolutilizing
various squeezingstrengthsas a function of teleportationgain. If the loss
originatesfrom a tap-of introducedby Eve, she at most achieve the same
maximuminformation transferof 7, < 1 asBob.

It is interestingto considerthe complimentary situation
whereEve tapsoff a partof Alice’s entanglementn this case
Eve can,again,useAlice’s measurementesultsto attemptto
reconstructthe input state. This time, however, the situation
is not symmetricfor Bob and Eve, andwe find that Bob can
surpassheinformationcloninglimit. The conditionalvariance
betweenhis output stateandthe input is, however, limited to
V, > 1. For this situationwe seefrom Fig. 4 b) thatBob can
obtainresultsthroughoutthe physically realistic region of the
T-V diagramwith V, > 1. If Eve attemptsto reconstructhe
input state however, sheis restrictedto the classicalregion of
the T-V diagram.

C. A gain normalizedconditional variance product

In their paper[1], Grangierand Grosshangliscussin some
detail both the fidelity, and signal transfer and conditional
variancemeasure$or teleportationThey restrictteleportation
to occuronly in the unity gainregime. In this case the signal
transferand conditional variancecriteria of egs.(6) and (7)
becomeequialentand Grosshansand Grangierproposethat
both are good measure®f teleportation.One advantagethat

both their measureand fidelity have over the T-V diagram
is that they provide a single number for the quality of
the teleportationprotocol. Although this does provide less
information about the operation of the protocol, it allows
differentteleportationschemego be directly comparedit is
interestingto considerwhethera single numbercan be used
to characterizeeleportationin the non-unity gain regime. In
the following sectionwe will briefly reproduceGrosshansand
Grangiers main resultsand generalizethemto the non-unity
gain regime.

Grosshansand Grangier quite generally denotethe joint
measurements\/* performedby Alice on the input state
as M* = A*xt 4 NE._ where A* are amplitude and
phasequadraturegainsrelatedto the detection,and N, _ is
the noiseintroducedduring the measurementBoth M+ are
detectedphotocurrentso that [M T, M ~] =0. Given that the
measurementoiseis uncorrelatedo the input state,one can
easily obtain the Heisenbeay uncertaintyproduct

A2 ]{]Xlice A2 N;lice > |A+A— |2 (8)

and the signal transfer co-eficient from the input state to
Alice’s photo-currentsare

+ At 2A2X~i-
A:EQAQj(i + A2‘7\A']1’:‘X:lice

Alice —
Notice that 7+ < 1 always, so that as statedearlier 7} is
boundedrom above by two. Usingthe Heisenbey uncertainty
productof eq. (8) it is thenpossibleto derive the samesignal
transferbound as given in eq. (6). Of course,Bob still has
to reconstructhe input stateon his output optical field. The
output quadratureoperatorscan be expressedas

‘Yc:ﬁlt T:t (Ai)%i + N./:-{:lice) + N]g:ob
+
9 5(m + total

where Ni . arequadratureoperatorsdescribingBob’s initial

optical field, Y* are the amplitude and phasefeed-forward
gainsappliedto Alice’s measurementsand the teleportation
gainsg® =TEAE NE  =TENE 4NE  describehetotal
noise addedto the amplitude and phasequadraturesduring
the teleportationprocess,and for each quadraturethe total
noisevarianceis equalto the condition variancebetweenthe
input and outputstates A’ NE, = A2X% iHiout- Grosshanand
Grangierobsene thatthis outputform dictatesthe Heisenbay
uncertaintyproduct

V A2)(;h)utAZ 1n|out = (g+g— - 1)2

(9)

(10)
(11)

(12)

This implies that unlessg® g~ = 1 the output state must be
degradedby somenoise. They thenrestrict their analysisto
the unity gaincase(gt =g~ =1) and,like RalphandLam [2],
derive V;, <1 asaclassicallimit for unity gain teleportation.
In this sectionwe wish to extend Grosshansaind Grangiers
analysisto provide a measureof non-unity gain teleportation
basedon V. Since[ N, N5, |=2i, &NF AN, > 1.
In general the noise introducedby Alice and Bob can be
brokendown into a part dueto classicalsourcessuchas for
example electrical pick-up (sub-scripte), and a part due to
guantumfluctuations(sub-scriptq) that are uncorrelatedwith



each OthEI; N]:3tob = NE:ﬁhob,c+ Né:ob,q and Ni:lice = Njﬁhlice,c +
N3iiceq- Sincewe areinterestedin the lower boundsof V,
achivablewithout entanglemenive neglectthe classicahoise
termhere settingN,, = Ng.,, andNy, .= N, . Inthat
case|jf thenoiseintroducedby Alice andBobis separabléi.e.
not entangled)

Vq

(T+ QAQNAlice-i- +A2N§Ob> (T_ 2A2NAlice_ + A2N§Ob>
> gty + 1+

(ATA=T)?
A2]§]A1ice+ AZN]:;Ob
Some simple calculus shavs that the right-hand-side of
inequality (13) is minimized when ANyt A’Ng =
[ATA=Y= /Y|, andwe find that

YHAN priect AN, Bob T

(13)

V, > (lgtg1+1)°

For gt = ¢~ = 0 thisclassicalimit is equivalentto thatgiven
in eg. (7), andfor non-zerogainit is stronger We definethe
non-unity gain teleportationmeasureM

_ Ve
(lgtg=|+1)?
where M < 1 canonly be achieved if the noiseintroducedby
Alice andBob is entangledlt is relatively easyto shav that
M =1 is achieable in the teleportationprotocol discussed
here,using no sharedentanglemenand for ary teleportation
gain. For non-unity gain (37 # 1 and/org=— # 1) however,
Alice and Bob must both utilize local squeezingesourcesn
their measuremendind reconstructiorprocesses.
Eq. (12) definesthe minimum amountof noise addedto
thereconstructedtateasa function of teleportatiorgain. This

relationshipdictatesminimumphysicallyachiezablevaluesfor
M asa function of gain.

(14)

(15)

gty —1)?
(lgtg=I+1)?
Fig. 5 shavs M as a function of gain for the teleportation
protocol discussedin section Il, with a range of utilized
squeezingstrengthsThe optimumof M alwaysoccursat g =
v/g9tg~— =1, andimprovesasthe strengthof the entanglement
usedin the protocol increaseqas AU(W — 0). Notice that
M =0 is only possibleat g =1, sothatat ¢ # 1 the output
state,no matter what entanglemenstrengthis utilized, will
incur somereconstructiomoise.lt is interesting however, that
for all entanglemenstrengthsM is lessthanunity for awide
rangeof gains.Somealgebrashows that the gain extremema
Jmin and gmax for which M < 1 aregiven by

AQ)A(anti - AQj(sqz
A2 4{(anti + A? 4{(sqz -2

Mmin = (16)

(17)

Ymax/min

~ ~ 2
A‘Z)Canti - A2)(sqz 1
AQXanti + AQquz -2
Perhapscontrary to intuition, as the entanglementstrength

increaseséasAQf(qu —0) therangeof gainover which M < 1
is satisfieddecreasesln fact, if a teleportationprotocol is

intendedto operatewith a specificgain, a generallynon-ideal
entanglemenstrength(A? X, ope # 0) exists for maximum
efficagy of the protocol. If g =1 then A? Xqq, ope =0, but as
g—00r g—00, Xy, opr — 1.
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Fig. 5. M as a function of teleportationgain for pure teleporterinput

squeezingA? X;q, A2 X,.1i = 1) with a rangeof strengths The unphysical
regionhereis definedby eq. (16).

D. A comparisonof fidelity, the T-V diagram, and the gain
normalizedconditional variance product

It is interestingto compareT-V basedmeasuref tele-
portationwith statedependentneasuresuchasfidelity. The
gain normalizedconditional variance product M introduced
in the previous sectioncanbe directly comparedo fidelity. It

Gain bandwidth for M<1 independant of o;p,

—

—
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Fig. 6. Fidelity as a function of teleportationgain for A2 X, = 0.125,
A2 X nti = Xaqn ~' andarangeof input coherenamplitudesa,..

can be seenfrom eq. (15) that M, andin particularits gain
bandwidth,is independenbf the coherentamplitudea of the
input state.This is not the casefor fidelity, and as discussec
earlier it is this dependencéhat restrictsthe fidelity to g=1.
Fig. 6 shaws the fidelity of teleportationfor A? X, =0.125
and a rangeof coherentamplitudes.The gain bandwidth of
fidelity clearly dependsvery strongly on the input coherent
amplitude,and in the limit of & — oo the gain bandwidth
approachegero,centeredaroundg = 1.



Fig. 7 shovs a similar result obtained through plotting
fidelity contoursdirectly on the T-V diagram.Here we show
the fidelity contoursat F =1/2 and F = 2/3 for a rangeof
input coherentamplitudes.From fig. 7 a) we seethat with
no coherentamplitudethe fidelity canbe greaterthan1/2, or
even 2/3, for a large areaof the T-V diagram,even in the
purely classicalregion in the top left cornerof the diagram.
As the input coherentamplitudeincreaseghroughfig. 7 b),
c) and d) the areaof the T-V diagramin which F > 1/2
or F > 2/3 collapsesdown to the line definingg = 1. We
seethat for large input coherentamplitudes¥ > 1/2 cannot
be achieved in the classicalregion of the T-V diagram,and
F > 2/3 canonly be achieved if both V;, <1 and7; > 1. Of
course,if we restrictourselesto the unity gain line thenthis
is true for all coherentamplitudes.
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Fig. 7. Fidelity contoursfor F = 1/2 andF = 2/3 andseveral conherent
amplitudes,representedn the T-V diagram.a) aj, = 0, b) aj, = 2, ¢)
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Thedistinctionbetweerfidelity andthe conditionalvariance
productbasedapproachess in somesenseunsurprising.The
T-V diagramand M are explicitly designedo be stateinde-
pendentwhilst fidelity is almostasexplicitly statedependent.
Therearesomeconsequencesf this distinctionregardingthe
experimetnalverification of the teleportationprocess Charac-
terizationof T-V and M makesuse of known test statesto
determinethe transferfunction of the teleporter Provided the
teleporteris not biasedtowardsthe test statestheir particular
form is irrelevant. On the other hand, characterizationof
fidelity usesa set of statesrepresentatie of the assumed
ensembleof unknown input states.In particular for validity
of the coherentstate teleportationlimits F..ss = 1/2 and
Fro—cloning = 2/3, theteststateanusthave a sufficiently large
rangeof coherentamplitudesto represent broaddistribution.
The fidelity is then highly gain dependantaswe have seen
from figs. 6 and 7. In this sensefidelity is a strongertest
of quantumteleportationsinceit requiresboth high precision
guantumand classicalcontrol. On the other hand,it becomes

essentiato accuratelycharacterizehe teleportationgain.

E. Entanglemenswapping

To illustrate why non-unity gain teleportationis of in-
terestwe will considerthe example of continuousvariable
entanglemenswapping. Entanglementswapping utilizing a
continuousvariableteleportationprotocolwasfirst introduced
by Polkinghorneand Ralph [15]. They shaved that in a
polarizationteleportationprotocol, effectively comprising of
two quadratureteleporters,if the input is one of a pair of
polarizationentangledphotons,thenthe outputand the other
polarization entangledphoton can violate a ClauserHorne-
type inequality [31]. An interestingresult of their work was
thatwhenweakcontinuousvariableentanglementvasusedin
the teleportationprotocol, entanglemenswappingcould only
be achieved for teleportationgain lessthan unity (¢* < 1). In
this sectionwe considerentanglemenswappingof quadrature
entanglementising a quadratureteleportationprotocol. This
typeof entanglemerngwappinghasbeenconsideregreviously
by Tan [32], by van Loock and Braunstein[33], and more
recentlyby Zhanget. al [34].

Tan [32] consideredentanglemenswappingusing a unity
gain teleportationprotocol (3 = 1). He defined successfu
entanglemenswappingto occurwhenthe inequality((éf(’j—
SXF)MH(6X 74X )?) > 4 is violated, wherethe sub-scripts
z and y label the two sub-systemghat the entanglements
being interrogatedover. This is a sufficient criterion for the
inseparabilityof sub-systems: and y. Tan then shaved that
entanglemenswapping occurs successfullyif the squeezer
beamsusedto generatethe entanglemenboth usedin, and
input to, the teleportationprotocol have at least 3 dB of
squeezing.van Loock and Braunstein considereda more
comple system,where the output entanglementfrom the
entanglemenswappingprotocolis usedto teleporta coherent
state[33]. They allowed non-unity gain in the entanglemen
swappingteleportey but not in the coherentstateteleportey
andcharacterizethe succes®f entanglemenswappingoy the
fidelity of the coherenttateteleportatiorasdefinedin eq. (5).
Violation of the criterion F < 0.5 is however, equivalent
to violation of the criterion used by Tan, the significant
differencebetweenthe two paperswas the use of non-unity
gain teleportationby van Loock and Braunstein.With this
extra degree of freedomvan Loock and Braunsteinshaved
that entanglemenswappingcould be performedfor ary non-
zero input squeezingZhang et. al [34] performeda similar
analysisto that of van Loock and Braunsteinbut proposedan
alternatve experimentalconfiguration.

The entanglemengwappingorotocolsdiscusse@bore char
acterizedsuccessith sufficient but not necessarygonditions
for entanglementSomesituationsin which the entanglemen
swappingwas successfulwere thereforenot identified. Here,
we will considerentanglemenswappingin moredetail, using
the inseparabilitycriterion proposedoy Duanet al. [35], [36]
to characterizethe successof the process.The inseparabil-
ity criterion relies on the identification of separabilitywith
positivity of the P-function,and is a necessaryand sufiicient
criterion for the presenceof entanglementFor stateswith



Gaussiannoise distributions and symmetric correlationson
the orthogonalquadraturesijt can be relatedto measurable

correlations[35]
. 6XH\2 L 6X\2 1
k6 XF4+—Y k6 X ——Y 202+ =) (1

(o p(hoss ) ) <262+ ) o
wherek is an experimentallyadjustableparameterNote that
if % is restrictedto unity this criterion becomesequialent
to the entanglementriterion used by Tan [32]. We define
the degree of insepambility 7 as the product form of this
inequality so that our resultshereremainconsistentwith our

experimentalresultspresentedater, andnormalizeso that the
stateis inseparabléf 7 <1 [39]

- 5)2;25 o 0Xy \
koptd X -i-m koptd X — Fopt]
= (19)
kgpt+1/kgpt

wherek,y, is chosento minimize Z. We usethis measureto
characterizehe strengthof quadratureentanglemenbetween
a pair of optical beamsheforeoneis sentthroughateleporter
Tinitial, andafterwardsZana.

We utilize the teleportationprotocol given in fig. 2, with
the output definedby egs. (2) and (3). The secondquadra-
ture entangledpair requiredfor entanglemenswapping,can
be producedidentically to the one used for teleportation,
by combining two amplitude squeezedbeamson a 50/50
beamsplitterThe entangledoair canthenbe describedoy the
quadratureoperatorsy,£ = (V. | + VI, ,)/v2 and Yt =
(V& — Y. ,)/V2, whereY:, | andYZ, , arequadrature
operatorsdescribingthe amplitude squeezedbeamsused to
generatehe entanglementWe replacethe operatorslescribing
the teleporterinput statein eqgs.(2) and (3) with thosefrom
entangledbeam z; X% = V*. We then determine Zaa
betweenthe quadraturef the outputfrom the teleportation
protocol X%, andthosefrom the seconcbntanglecbeamVyi.

For simplicity, herewe assumehattheinput entangledstateis
symmetricand pure so that A°Y,, = AV} | = AV F <1
and AQSA/anti = AQKEZJ = AZSA/SEZ’Q = 1/A2§A/sqz > 1. Zgnal @S
a function of the teleportationgain g = g* = g~ is shavn in
fig. 8. Fig. 8 @) Shaws Zanar for Ziniia = 0.5, (A?Yq, =0.5)
andfor a rangeof teleportationefficacies(or in otherwords,
arangeof A?X,,,). The degreeof inseparabilityis, of course,
degradedby the entanglemenswappingprocedure We see,
however, that the procedureis successfuZs,.1 < 1) over a
wide rangeof teleportationgains,andthat, unlike the analysis
of [15], it is always successfulfor ¢ = 1. This difference
is due to the more stringent nature of ClauserHorne-type
inequalitiescomparedo testsof the presencef entanglement.
Interestingly optimal entanglemenswapping(ming{Zgnai})
occursatteleportatiorgaing.p: below unity in all casesxcept
for the unphysicalsituationswhen A? X, — 0 or A’Y,, —0.

2N Xoqr + AVaqs)
N X + N Xgo+ NV, + ANVeg,

(20)

Jopt = 1 -

It can be shavn that at this optimal point k., = 1 so that
the inseparability criterion of eq. (19) becomesequialent

to the criteria of Tan [32] and van Loock and Braunstein
[33]. Unsurprisinglythen,the optimumgain for entanglemen
swappingderived hereis in agreementvith thatof vanLoock
and Braunstein[33]. For g # gopt however, it is no longer
true that k.. = 1, so that the gain bandwidthfor successfu
entanglemenswappingwe presenthereis wider than what
could be obtainedusing the schemesof Tan, or van Loock
and Braunstein.

Fig. 8 b) shavs the sameresultasfig. 8 a) but with stronger
initial entanglement(Zinitiar = 0.1). Unsurprisingly in this
casethe optimal final degree of inseparabilityis betterthan
the previous example,andthe optimal gainis closerto unity.
Notice however that, for a given AQXSqZ, the gain bandwidth
for successfulentanglemenswappingis the samein both
Fig. 8 a) and b). Calculationof this gain bandwidthyields
the samebandwidthasis givenin eq. (18) for M < 1. We see
thenthat, indeed,the entanglemenswappinggain bandwidth
only dependn variancesof the squeezedeamsusedin the
teleportationprotocol, and is independenbf the strengthof
the input entanglementThe fact that the gain bandwidthfor
entanglemenswappingcorrespondsxactly to that for M is
a clear indication of the relevanceof M as a measurefor
non-unitygainteleportationln fact, if theinput entanglemen
is perfect (AQY/;qz — 0), the degree of inseparability for
the entanglemenswappingprotocol discussechere becomes
equialentto M

IA2Vqu—>O =VM (21)
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IV. EXPERIMENT

This sectiondescribesour experimentalteleportationproto-
col. In the following part we detail the processhy which we
generatedjuadratureentanglementanddiscussour character
ization of this entanglementln sectionlV-B we describethe
teleportationprotocol itself, and in sectionlV-C we analyze
the protocolin termsof fidelity, signaltransferandconditional
variance,and the gain normalized conditional variance. Fi-
nally, in sectionlV-D we give an exampleof the experimental
loopholesassociatedvith quantumteleportation.

A. Geneation of entanglement

Nd:YAG _ ) PS, G
— 7
Laser | [N7omoss ' S
= %h
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Fig. 9. Experimentalapparatusisedto generatewo squeezedeamsBS:
beamsplitter, MC: mode cleaningresonator DC: Dichroic, A\/2: half-wave
plate, ¢.1,: secondharmonicphaseshifter, LOs local oscillators.

The experimentalapparatusfor productionof the pair of
amplitude squeezedbeamsusedin this work has beende-
scribedin detail elsevhere[37]. A schematiadiagramis given
in fig. 9. Thelasersourcewasa 1.5 W monolithic non-planar
ring Nd:YAG laser at 1064 nm. Roughly two thirds of it's
outputwasfrequeny doubledwith 50 % efficiengy to produce
370 mW of 532 nm light. This was usedto pump a pair of
optical parametricamplifiers(OFAs). The remaining1064nm
light was passedhrougha high finessemodecleaningcavity
to reduceits spectralnoise and provided seedsfor the two
ORAs, aswell asbeamsusedto encodethe input and output
signalsanda local oscillatorfor interrogationof the input and
output statesby Victor. Each OPA consistedof a hemi-lithic
MgO:LiNbO3 crystal and an output coupler One end of the
crystalhada 10 mm radius of curvature and was coatedfor
high reflectionat 1064and532nm. The otherendwasflat and
anti-reflectioncoatedat both 1064 and 532 nm. The output
couplershad 25 mm radii of curvature, were anti-reflection
coatedfor 532 nm (Rs32~7 %), andhad 96 % reflectionof
1064 nm. In eachORPA 23 mm separatedhe MgO:LiNbO3
crystaland the output coupler this createda cavity modefor
theresonantt064nm light with a 27 um waistat the centerof
the MgO:LiNbO; crystal. When locked to amplification, the
1064 nm output from eachOPA exhibited phasesqueezing,
and when locked to de-amplificationit exhibited amplitude
squeezingOur OPAs are quite susceptibleto pick-up which
couplesnoisedirectly into the phasequadratureto avoid this
problemwe choseto lock to amplitudesqueezin@ndobsenred
3.6dB of squeezingt 8.4 MHz from eachOFA via homodyne
detectionwith roughly 84 % total efficieng.. From this we
infer 4.8 dB of squeezinglirectly after eachOPA.

We producedquadratureentanglementy combining the
two amplitude squeezedcbeamswith a =/2 phaseshift on

a 50/50 beam splitter. We characterizedthe entanglemen
using two entanglemenmeasuresthe degree of inseparabil-
ity given by eq. (19) (seesectionlll-E), and the Einstein-
Podolsly-Rosen(EPR) paradoxcriterion proposedby Reid
and Drummond[38]. The EPR paradoxcriterion is given by
=N} A”Y‘l where& < 1 implies demonstratiorof the
paradox A detailed report on this characterizationis given
in [39]. The optimum obsenred value for the inseparability
criterion wasZ = 0.4440.02 which is well belowv the limit
for inseparabilityof unity. For our entanglementhis value
is equialentto the averageof the squeezediariancesfrom
the two OFAs. This correspondgo 3.6 dB of squeezingon
eachsqueezedeam,in good agreementvith our previously
measuredsqueezingresults. The optimum value of the EPR
paradoxcriterion achizzedwas& = 0.58+0.02. To characterize
the optimum non-unity gain performanceof our teleportation
protocolpossiblewith this entanglementesourcewe require,
also,the mixednessk™ of the entanglementThe inseparability
criterionis independenbf mixednesg39]. The EPR paradox
criterion, however, has a strong dependenceand we found

(= A’X,; A%Xansi = 3.3. The homodynedetectorused to
characterizeour entanglementad 15 % loss. Inferring out
this loss we find that Z;.. = 0.33, and K. = 2.8 for the
entanglementdirectly upon entering the teleporter We use
thesevaluesin sectionlV-C to predict the theoreticaloptima
of fidelity (fig. 13), T-V (fig. 15), and M (fig. 16) for our
teleportationapparatus.

B. Teleportationappamatus

Fig. 10 illustrates the optical (fig. 10 a)) and electrical
(fig. 10 b)) configurationfor our teleportationprotocol. The
apparatusonsistedof threedistinct parts: measuremengAl-
ice), reconstruction(Bob), and generationand verification
(Victor). At the generationstageVictor generatedhe input
signal by independentlyamplitudeand phasemodulatingan
optical beam at 8.4 MHz. This produceda coherentstate
at 8.4 MHz with a coherentamplitude unknown to either
Alice or Bob. He could then measurethe Wigner function
of this input statein a homodynedetector Assumingthat the
input stateis Gaussiarhowever, Victor needonly characterize
the amplitude and phase quadraturesto completely define
the state.We make that assumptionhere, we lock Victor's
homodyneto the amplitudequadratureusinga Pound-Dreer-
Hall-type error signal [40], and to the phasequadratureby
balancingthe power to the two detectorsincorporatedin the
homodynedetector(seefig. 10 b)). Victor then sharedthis
fully characterizednput statewith Alice. Alice interferedit
with one of the entangledbeamswith /2 phaseshift on a
50/50 beamsplitter. The absoluteintensitiesof the entanglec
beamandthe input signalbeamwerearrangedo be identical.
Alice thendetectedhetwo beamsplitteroutputswith identical
detectorsthedetectordarknoisevas10dB below the quantum
noise of the input beam. The sum (difference)of the two
outputphotocurrentgave a measurenf the amplitude(phase)
guadratureof the signal, degradedby the amplitude (phase)
guadratureof the entangledbeam.Notice thatit is this mixing
of the fluctuationsfrom the signal and the entanglementhat



Fig. 10. a)Opticalandb) electronicapparatugor the teleportationprotocol.
RM: remowable mirror; HV: high voltage amp; PID: proportional,integral,
differential locking seno; TC: temperaturecontroller; Dgy: SHG locking
detector;Dopa: OFA locking detector;Dgpr: entanglemenand encoding
beamlocking detector; Dy;: mode cleanerlocking detector; D ,;: Alice

homodynelocking detector; Dy : Victor homodynelocking detector;PZT:

piezoelectricrystal; PZTp : OPA greenphasePZT, PZTgp: encodingbeam
PZT, PZTp: OFA greenphasePZT, PZTgpr: entanglementocking PZT;

PZTa;: Alice’'s PZT, PZTy : Victor's PZT.

allows quantumteleportationto be performedsuccessfully|f

Alice gainsinformationaboutthe quantumfluctuationsof the
input state through her measurementshen the Heisenbey
uncertaintyprinciple dictatesthat Bob'’s reconstructionmust
be dggraded.

Alice senther two photocurrent¢o Bob. Bob could then,
if he wanted, simply encodethose photocurrentsusing an
amplitude and a phasemodulator on his entangledbeam.
Typically however, the lossintroducedby modulatorsis non-
trivial, and would degrade Bob’s reconstructionof the input
state.Insteadwe appliedthe photocurrentso a bright coherent
optical beam,and combinedthis encodingbeamand Bob’s
entanglecoeamwith controlledphaseon a 98/2 beamsplitter.
Onebeamsplitter outputwasBob’s reconstructedutputstate.
This schemeavoidsthelossintroducedby the modulatorsand
the only loss introducedto the entanglemenby Bob is then
the 2 % dueto the beamsplitter ratio. The attenuationof the
signalsmodulatedonto the encodingbeamcausedoy the 98/2
beamsplitter wascounteractedby Bob simply increasingthe
gain of his encodingby a factor of 50.

BobthenprovidedVictor with hisreconstructedtate.Victor
used a removable mirror to switch his homodynedetector
input to the output state. By making amplitude and phase
guadratureneasurement$ie wasthenableto fully character
ize the output state,andjudge how well the teleportationhad

10

been performed.Normally inefficienciesin the teleportation
protocolwould be expectedto degradeVictor's judgementof
how well the procesasbeenperformed.Thereis onenotable
exceptionto this rule however, that of lossin Victor's homo-
dyne. This loss appearserroneousiyto Victor to enhancehe
processand mustbe accountedor. The combinedloss from
Victor's homodynemode-matchingand detectorphotodiodes
wascharacterizedndfound to be 15 %+2 %. This losswas
inferred out of the final resultsobtainedby Victor.
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Fig. 11. Spectralvarianceof the amplitude A? X T . (dark trace) and the

phaseA” X~ . (light trace) quadraturef the teleportedsignal, normalized
to the shot noise of Victor's homodynedetector The teleportationgain and
feed-forwardphasevary overthe spectradependenbn the responsdunction
of our detectorsand feed-forwardloops.l: g > 1, Il: g1, lll: g <1, IV:

g=0.

To characterizethe behaior of our detectorsand feed-
forwardloop we analyzedthe amplitudeand phasegquadrature
frequeny spectraof the output statereceved by Victor over
a wide frequeng range,with gs 4 pzr. &~ 1 and no input
coherentamplitude. These frequeny spectraare presentec
in fig. (11). The transfer functions of the detectorsand
feed-forward loop, and the frequeny dependenceof our
entanglementall have a bearing on the output spectra.A
definite phaserelationshipmust be maintainedbetweenthe
fed-forwardsignalandthe fluctuationsof the secondentanglec
beamto getmaximumcancellatiorof the fluctuationsfrom the
entanglementThe time delayin our electronicsand detectors
causedcycling of the relative phase,this resultsin cycling
betweermaximumandminimumcancellatiorof theentanglec
beam fluctuations.We seethis in fig. (11) as a sinusoidal
modulation of both the amplitude and phasespectrawith
3-4 MHz period. We arrangedthe feed-forward phase so
that a maximum cancellationpoint occurredat 8.4 MHz for
both the amplitude and phase quadratures.The amplitude
of the sinusoidalmodulationdependson both the amplitude
responseof our electronicsand the size of the quadrature
fluctuationsof our entanglecbheamsOver the frequeng range
of the measurementpresentedn fig. (11) both the response
of our electronics,and the amplitude and phasequadrature
variancesof our entanglemen{A’X* and A’X¥) decreast
with increasingfrequeng. At low frequencies(region 1) we
thenhave ¢ > 1 andthis, coupledwith the large variancesof
our entangledbeams,resultsin the sinusoid having a large
amplitude.Around 8.4 MHz (region Il) g ~ 1 and the feed-
forward phaseis optimized, so that A2X % are minimized,

out



this is the region in which we performedour teleportation
protocol. At higher frequencieqregion lll) g < 1 so that the
feed-forwardhasa smallereffect on the outputvariancesand
in region IV thereis effectively no feed-forward(g ~ 0) and
the outputvariancess simply the varianceof Bob’s entangled
beam.

C. Teleportationresults
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Fig. 12. Theinputandoutputstatesof the teleporter asmeasuredy Victor.
(a) and(b) shav the amplitudeand phasenoiseof the outputstateat 8.4 MHz.
(c) and (d) show the input and output of the teleportey when probedwith
a signal at 8.4 MHz. In all cases,the dotted line is the no-cloning limit,
while the solid line is the classicallimit. All data has been correctedto
accountfor the detectionlossesof Victor. ResolutionBandwidth=10kHz,
Video Bandwidth=30Hz.

A sampleof the dataobtainedfrom our teleporteris shovn
in Fig. 12. Parts (a) and (b) shav the amplitudeand phase
guadraturenoiseof the outputstateat 8.4 MHz measuredy
Victor, asa function of time. The completesystemmaintained
lock for long periods. Given the assumptionthat all noise
sourcesintroducedduring the teleportationprocess,includ-
ing the entanglementand the input state, were Gaussian,
fig. 12 (c) and (d) contain sufiicient information to fully
characterizethe teleportationrun. Every teleportation run
consisteddf four spectrasuchastheseaswell asa quantum
noise calibration (not shavn). Also dravn in each part of
fig. 12 are lines correspondingto the classicallimit (solid
line, +4.8 dB) andthe no-cloninglimit (dashedine, +3 dB).
The datain (c) and (d) shav Victor's measurementf the
amplitudeand phasequadraturesver a 100 kHz bandwidth
centeredaround 8.4 MHz. Over this range the noise floor
of the systemwas constant,which could be easily verified
by switching the coherentamplitude of the input state off
andon. We obtainedA? X £ (8.4 MHz) andA?X 2, (8.4 MHz)
respectiely, from theaverageof A’ X (w) and A’ X%, (w) at
nearbyfrequenciesHenceforth,if the w in expressionssuch
as theseis neglectedit implies that the measurements at
8.4 MHz, (for example A2 X = A? X (8.4 MHz)).

8.37 MHz

- 8.45 MHz
5.35 M, A Xin(w)dw+ [,

8.43 MHz
0.04 MHz

2vE
Asziﬁ _ AoXin(w)dw
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o 8.45 MHz
AQXout(w.)dw +fs.43 MHz

0.04 MHz
Using A’ XE andA? X%, it wasthenpossibleto extractthein-

put and outputcoherenamplitudesa® from theinput A? M

8.37 MHz

2y +
8.35 MHz A XOH'E

AZYE (w)dw

andoutput A2 A/, variancemeasurementat 8.4 MHz.
1 . -
O‘iin = 3V AQMif - AQXif (22)
1 N N
ag:ut = 5\/A2Moﬂflt - Ainlt (23)

The amplitudeand phasequadraturggainsof the teleportation
could then be directly calculated(g* = o, /o), andall of
the measure®f teleportationdiscussedn sectionlll could be
obtained.

Teleportation gain
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Fig. 13. Measuredfidelity plotted; versusteleportationgain, g, in (a) and
(b); versuscoherentamplitudeseparatiorbetweeninput and output statesin

(c); and on phasespacein (d). In (a) the input signal sizewas (at,a~)

(2.9,3.5) andin (b) (at,a~)~(4.5,5.4). g wascalculatedasthe ratio of

the input and output coherentamplitudes.The dashed(solid) lines show the
classical(no-cloning) limits of teleportationat unity gain. The solid curves
are calculatedoptima basedon the characterizatiorof our entanglementn

sectionlV-A, andthe efficiency of the protocl. The dot-dashedurvesinclude
the eerrimentatasymmetricgains:for (@) g~ = 0.84g% andfor (b) g~ =

0.92g7t.

1) Fidelity analysis: The fidelity resultsobtainedfrom all
of our teleportatiorrunsaredisplayedin fig. 13. As discussec
in sectionlll-A, animportantparameteof ary studyof fidelity
is the areaof phasespacefrom which the inputs statesare
producedFig. 13(d)shaovstheareaof phasespacehatour ex-
perimenthasprobed.All pointsshovn heresatisfiedF > 0.5.
This areawaslimited in radiusby the increasingsensitvity of
fidelity to gainasa;, increasegseefig. 3), andsmallai were
avoidedsothattheteleportatiorgainof bothquadraturesould
be accuratelyverified. A summaryof all our fidelity results
is shown in fig. 13 (c) asa function of deviation from unity



gain. Fig. 13 (a) and (b) eachdisplay a subsetof our fidelity
results for input stateswith particular coherentamplitudes.
The solid cunes shav the best possibleperformanceof our
system,basedon our entanglementgetectionefficiengy, dark
noise,and assumingequal gain on eachquadratureln both
plots the highestfidelity occursfor gain lessthan unity. The
increasedfidelity is less obvious in (b) where the signal is
approximatelytwice aslarge asthatin (a). In fact, in the limit
of a vacuuminput state,the fidelity criterion will be satisfied
perfectly by a classicalteleporter(i.e. one with the entangled
statereplacedby two coherentstates)with zero gain. These
resultsdemonstratehe necessityof obtaining and verifying
the correctgain settingsfor ary implementatiorof continuous
variable teleportation.Obtaining the correct gain setting is
actually one of the more troublesomeexperimental details.
To illustrate this point, we have plotted the dashedcurves on
(a) and(b) for a teleporterwith asymmetricquadraturegains.
Suchasymmetrywas not unusualin our system,andexplains
the variability of the resultsshown in fig. 13 (a).

In our experimentthe amplitudeand phasequadraturdele-
portationgainswereadjustedto the desiredlevel by encoding

alarge coherentmodulationon theinput state(a:f > /A2 X E
and of, > \/A2XZ). The modulation transferredto the
output statewas then measuredsincethe noiseon the input

and output stateswas negligible comparedto the signal the

gain could be obtaineddirectly ¢g* ~ / A2ME, /A2 ME | and

then optimized to the desired level. In some experiments
characterizationsuch as this were used to yield the final

teleportationgain usedto calculatefidelity. In the work of

Zhangetal. [10] they adjustthegainto unity, andthenassume
that it remainsat unity throughoutthe teleportationrun. In

a perfect experimental situation this procedurewill work

perfectlywell. In our experimenthowever, we found that no

matterhow well the gainwassetinitially, theteleportatiorgain

would drift slightly during the courseof an experimentalrun.

Sincethefidelity is extremelysensitve to gain (seefig. 3) even

very smalldrifts in thegaincanleadto significantdegradation.
We therefore believe that it is importantto experimentally
verify the gain of teleportationduring eachteleportationrun.

Fig. 14 illustratesthis point, displaying a histogramof the

complete set of our teleportationfidelity results calculated
firstly using the teleportationgain measuredduring eachrun

(fig. 14 a)), and secondly by assumingthat the gain was
adjustcorrectly beforehando unity (fig. 14 b)). We seequite

significantdifferencesn the two distributions. The maximum
fidelity we obsered with experimentally verified gain was
F = 0.64540.02, without experimentally verifying the gain

however, we thrice obsered F >2/3.

2) Signal transferand conditional variance analysis: As
discussedn sectionlll, thereare meritsto analyzingtelepor
tation in a state independentmanner Here, we presentour
teleportationresultsanalyzedin termsof signal transferand
conditionalvarianceshetweenthe input and outputstates We
display the resultson a T-V diagramas describedin section
[1I-B, andalso presentthemin termsof the gain normalized
conditionalvariancemeasureM introducedin sectionlll-C.

Our T-V resultsare shown in fig. 15. The classicallimit
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Fig. 14. Histogramof thefidelity obtainedfrom our teleportatiorexperiment
comparingfidelities obtaineda) whenthe gainis experimentallyverified,and
b) whenunity teleportationgain is assumed.
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Fig. 15. T-V graph of the experimentalresults. The dashedtheoretical

optimum was calculatedbasedon the characterizatiorof entanglemenin
sectionlV-A and experimentallosses.Representate error bars are showvn
for somepoints.

curve shows the ideal achievable resultas a function of gain
if the entanglementvasreplacedwith two coherenstatesand
the efficiengy of the protocolwasunity. The unity gain curve
shaws the locus of points obtainedat unity teleportationgain
with increasingentanglementFinally, a theoreticaloptimum
(asafunction of gain)is shavn for our experimentalparame-
ters. By varying our experimentalconditions,particularly the
gain, we have mappedout some portion of the T-V graph.
Perhapghe moststriking featureof theseresultsarethe points
with T, > 1, the bestof which hasT;, =1.06 £0.03. Sinceonly
one party may have T;, > 1, this shavs that Bob hasmaximal
information aboutthe input signal and we have brokenthe
information cloning limit. The lowest obsened conditional
varianceproductwas v, = 0.96 £ 0.10. This point also had
Ty =1.04 £ 0.03. This is the first obseration of both 7;, > 1
and V; < 1, aswell as the first simultaneousobsenation of
both. With unity gain simultaneouslyobservingboth 7;, > 1
and V, <1 would imply breakingof the no-cloninglimit for
teleportation(i.e F > 2/3). This particular point, however,
had a fidelity of only 0.63 + 0.03. The main reason for
this low fidelity is asymmetricgain, the amplitudegain was
gt = 0.924 0.08 while the phasegainwasg—=1.12 + 0.08.
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Such gain errors have a dramaticimpact on the measured thoseof Alice and Bob, and by varying the amplitude and
fidelity becausedhe outputstatethenhasa differentclassical phasequadraturer:oherenlamplitudesszff1 independently

amplitude(a™) to theinput. On the otherhand,they have only
a minor effect on 7;, and V.

15
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Fig. 16. Plot of our experimentalM resultsas a function of teleportation
gain. Representate error bars are shovn for somepoints. The theoretical
optimum was calculatedbasedon the characterizatiorof entanglemenin

sectionlV-A and experimentalosses;andthe unphysicalregionis arrived at
from eq. (16).

Fig. 16 shavs M as a function of teleportationgain for
our experimentalresults.As discussedn sectionslll-C and
IlI-E, M hasreal physical significance.An obsenation of
M < 1 implies not only that entanglemenmust have been
usedin the teleportationprotocol, but also that the protocol
could be usedto perform entanglemenswapping.We have
experimentallydemonstrated\t < 1 for a wide rangeof gains
from gmin =0.58 10 gmax = 1.21, andachiered an optimumof
M=10.2240.02 atg=1.06 £ 0.07.

D. An experimentalloophole: single quadature modulation

A numberof loopholesexist in experimentaldemonstrations

of quantumteleportation,and to some degree, ary demon-
strationrelies on the integrity of Alice, Bob and Victor. We
considerthe exampleof singlequadraturanodulationhere,as
shawn in fig. 17. Here Victor has encodedno signal on the
phasequadratureof the input state(«;, = 0). Somehav, Bob

hasdiscoveredthis is the case . Bob canthenreducehis phase

guadratureteleportationgain belonv unity to minimize the
phasereconstructiomoise(min, {V; }) with nofidelity cost.In
the caseof a classicalteleportatiorprotocolBob could simply

turn his phasequadraturdeed-forwardoff, andit would appear
to Victor that the phasequadraturehad beenreconstructed

perfectly In this example, however, the teleportationproto-
col doesutilize entanglementand the optimum strateyy for
Bob is to leave the phasequadraturefeed-forwardon, just

with reducedgain. Fig. 17 c) shows the strong asymmetry

then createdbetweenthe reconstructiorof the amplitudeand
phasequadraturesVictor, when analyzingthe fidelity finds
an artificially enhancedralue of F/ = 0.70. We seethat it is
essentiafor Alice andBob to obtainno informationaboutthe

orientationof the input coherentamplitude.In our experiment

this was achieved by spatially isolating Victor’s stationfrom
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Fig. 17. Experimentademonstratiomf teleportatiodoopholewhenno phase
signalis applied.a) andb) shav the amplitudeand phasenoiseof the output
stateat 8.4 MHz; andc) shows the standardeviation contoursof the Wigner

functionsof the input and output statesinferred from the measurements a)

andb).

V. CONCLUSION

We have performedstably locked quantumteleportationof
the amplitudeand phasequadratureof an optical field. We
characterizedhe teleportationusing fidelity, a T-V diagram,
and a measurederived in this paper- the gain normalized
conditionalvarianceproduct. The optimum directly obsened
fidelity was F = 0.645 £ 0.02. This was limited, not by the
strengthof our entanglementesource,or by the efficieng
of the teleportationprotocol, but ratherby the stability with
which control of the teleportationgain was possible. This
can be seenfrom our T-V analysis,which was much less
sensitive to gain. The maximumtwo quadraturesignaltransfer
for our apparatusvas T; = 1.06 + 0.03; and we obsered a
conditional varianceproductof V, = 0.96 &+ 0.10 and signal
transferof 7, =1.04+0.03, simultaneouslyTheseresultsare
the first obseration of 7;, > 1 andV, < 1, aswell asthe
first simultaneousobsenation of both criteria. At unity gain
simultaneouslybservingl, > 1 andV, < 1 ensurewiolation
of the no-cloninglimit for teleportationTheasymmetryin our
gain, however, preventeda direct measuremenof F > 2/3.
Basedon the work of Grosshansgnd Grangier[1], and Ralph
and Lam [2], we have derived a new measurefor non-unity
gain teleportation,the gain normalized conditional variance
product M. We analyzeour teleportationresults using this
measureand demonstrateeleportationfor gainsfrom gmin =
0.58 t0 gmax = 1.21, achieving an optimumof M = 0.22 +
0.02 < 1. We considerentanglemenswappingcharacterize«
by a necessarand sufiicient conditionfor entanglementand
demonstrateéhat the rangeof gainsfor which it is successfu
is dictatedby M, with an optimum, always,at g < 1.
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