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Dense coding in photonic quantum communication with enhanced information capacity
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We propose a scheme for enhancing the information capacity to more than 2 bits in dense coding quantum
communication that involves transmitting a polarization entangled twin photon and a subsequent joint mea-
surement with a Bell-state analyzer. Although direct modulation of the timing position and optical frequency
of the photon play no role in dense coding quantum communication, we show that the frequency-dependent
phase correlation of polarization entangled twin photons can be used for this enhancement if photon twins are
generated through optical parametric down-conversion. With our proposed Bell-state analyzer containing a
nonlinear optical gate, the capacity can be enhanced from the reported 2 bits to 3 bitddoatloperation of
a frequency-dependent phase shift on the transmitted phi@@0650-294{9)04802-7

PACS numbgs): 03.67.Hk, 03.65.Bz, 42.50.Ar, 42.79.Ta

[. INTRODUCTION modulate the nonlocal quantum state of twin photons in the
time or frequency domain by manipulating only one photon,
Recent theoretical and experimental studies on quanturtnere is a possibility of further dense coding.
communication through the use of polarization entangled This paper proposes a local operation and joint measure-
photon twing[1-5] show great promise for establishing new ment scheme for enhancing the information capacity from 2
kinds of information processing with no classical counter-pits to 3 bits in dense coding quantum communication. Here
parts. One example is the concept of dense coding in quarr frequency-dependent phase correlation between twin pho-
tum communicatiorj1]. Bob, the information receiver, pre- tons is employed as a degree of freedom in addition to the
pares a pair of polarization entangled twin photons and sendsntanglement in the polarization variables. Alice can ma-
one of them to Alice, the information sender, while retainingnipulate the nonlocal quantum state by applying a frequency-
the other. Then, when Alice wants to send Bob a messagelependent phase shift to her photon provided the entangled
she can encode it by manipulating the photon sent by Bolyin photons have a spectral correlation. Section Il explains
and transmitting it to Bob. No one other than Bob can obtainhe basic concept of quantum communication with entangled
any information from the transmitted photon. This is becausgwin photons, where two Bell statd® ") and |¥ ") are
the message is not encoded in the local state of the transmigonsidered. In Sec. 1ll, we show that frequency-dependent
ted photon but is encoded in the nonlocal quantum state, Befhase operation can enhance the capacity from 1 bit to 2 bits
states, of the twin photons. The nonlocal feature of the quarfor a pair of two Bell state$¥ *) and|¥ ). In Sec. IV, we
tum state guarantees thaj Alice can encode 2 bits of in-  propose a perfect Bell-state analyzer containing a nonlinear
formation by preparing one of the four Bell stateB™),  optical gate, and finally, we show an implementation for en-

|W7),|®7), and|® ) through local operation on her pho- hancing the capacity from 2 bits to 3 bits in dense coding
ton and(ii) a joint measurement of the twin photons with a quantum communication.

perfect Bell-state analyzer is the only way to decode the 2
bits of information[1].

The information capacity of a transmitted photon, in ;" yANTUM COMMUNICATION WITH ENTANGLED
dense coding quantum communication, is determl_ned by the 1\wIN PHOTONS VIA TWO-PHOTON INTERFERENCE
number of usable nonlocal quantum states of twin photons

[1,5]. Here a question arises as to whether Alice can enhance First, we briefly explain an simple optical configuration
the capacity of her photon or not, by utilizing an additionalfor a quantum communication scheme with entangled twin
degree of freedom, i.e., the time or frequency domain, byhotons. It can be modeled by two-photon interference of the
means of pulse position modulation or optical frequencyHong-Ou-Mandel typg5,6] as shown in Fig. 1. The polar-
modulation. At first, capacity enhancement seems to be pogzation entangled photon twins are generated by means of
sible by using another degree of freedom. The question hefigpe-Il  noncollinear spontaneous parametric down-
is, however, whether or not it is possible by manipulatingconversion(SPDQ [7,8]. We regard the photon propagating
only one of the twin photons. This is the question in line with through pathA as one to be sent to Alicgstep 1 in Fig. 1
the dense coding of a photon. Then the answer apparentiiere we define this photon as the signal. Bob keeps the
appears to be “no,” because the modulation of one photoremaining “idler photon.” The initial quantum state of the
generally makes the twin photons distinguishable, and thiphoton twins is|W*) which is expressed as/H)a|V)g
destroys the two-photon interference that is necessary fot |V),|H)g)/\2. HereH andV are the horizontal and ver-
dense coding quantum communicati¢]. If Alice can tical linear polarization states, respectively. The subscApts
and B denote the photons sent to Alice and kept by Bob,
respectively. Alice’s encoder is composed of a linear polar-
*Electronic address: shimizu@will.brl.ntt.co.jp ization beam splitte(LPBS), a phase shifter for the vertical
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Pump™. ‘ step1 | Encoder photons are routed to the same BS output ports with different
Light —> LPBS VI circular polarization states. This registration result can be
7 H @ s . —
seoC ‘ Path A H Phe | e distinguished from those fof¥ ) and |¥ ). However,
st e  Alice |®~) leads to the same registration result as that¥or ).
¥ Step 2 : Transmission Thus the number of usable quantum states is limited to 3 and
p— Boh the information capacity is limited to 1.53 bits as long as
030BSPortC UR Bob employs a two-photon interferometer as an imperfect
Path B Port D Ldz 5 Bell-state analyzer, which is the only joint measurement
CPBS | ;”'; demonstrated experimentally to d4&9,10.
R . :
“"Coincidenc:
-
FIG. 1. Basic configuration of a quantum communication sys- Ill. FREQUENCY-DEPENDENT PHASE SHIFT

tem with entangled twin photons. Step 1, sending the signal photon h he inf . . fth itted
to Alice in advance; step 2, transmitting the signal photon to Bob . To enhance t_e Information capacity of the transmitte
after encoding information. signal photon, Alice should be able to change the nonlocal

quantum state of the photon twins by manipulating only her

polarization component and a linear polarization beam comSignal photon. Frequency-dependent phase shifing meets
biner (LPBC). these requirements p_roylded the twin photons generated

With this optical configuration, Alice can utilize two Bell through SPD(7,8] exhibit both spectral and phase correla-
states |¥*) and |W~), where the latter is |H)aV)g  fOM- The guantum state can be expressed as follows by
tical polarization component of her signal photon, Alice can
change the nonlocal quantum state frp#n™) to |¥~) and
encode 1 bit of information in the states. Then Alice trans-
mits her signal photon to Bofstep 2 in Fig. 1L The trans-
mitted signal photon and Bob’s idler photon are superposed .
by a 50:50 beam splittéBS), which is positioned symmetri- +(exfli py(wg— W]V, wg—u)) o|H, wg+ u)g}du.
cally in relation to the optical path lengths. The configuration (1)
is similar to that of the Hong-Ou-Mandel two-photon inter-
ferometel 6]. A circular polarization beam splitté€PBS is
inserted in each output direction of the BS, as shown in Figgq, theoretical simplicity,

1{ It-|ereR and & arle th; ri?lht ?Rd Ie;t <t:ircular pOIariZ?tignbmatic pump frequency @y and a rectangular spectral broad-
siates, respectively. Finaly, the photons are counte ning d 2 W around the center frequeneyy, which is the

smg_le-photo_n detectors r}umberddi—d4. Bob can decode degenerate frequency. These assumptions are valid and do
the information encoded in the entangled quantum states b

registering coincidence counting of thel,9,10. Table | fot lose generality because our proposed ;cheme Is indepen—
summarizes the registration results in the detectors for th ent from an actual spectral proﬂ!e Qf the S|gna_l photon with
two Bell state W ) and|¥ ). Two photons are routed to the proviso that the spectra! prqflle is symmgtr!c around the
the same output ports with the same circular polarizatiorflegenerate frequenayy, which is usually satisfied. As the
state for|W*) while they are directed to different output optical ph.a§es of the photons are uncertain while their sum
ports with different circular polarization states foF ~). In has a definite value, the phase shift of one photon can glter
this way, 1 bit of information can be encoded in the nonlocatthe absolute phase of the whole system. Polarization-
quantum states through local operation on the signal photofiependent relative phasej(w) is defined by ¢(w)
and it can be decoded by the joint measurement. = ¢y(wy+U) — dy(wg—Uu). The phase shiftep(w)=0 and
If Alice adopts an additional Bell stafeb ™), the infor-  ¢(w) = correspond t¢¥ *) and|¥ ~), respectively. Alice
mation capacity can be increased from 1 bit to 1.53 bits incan further utilize the frequency dependencepafand ¢, .
the two-photon interferometer. She can prepare Bell states For a pair of the two Bell stategV ™) and |[¥ ™), she
| @)Y= (|H)alH)g*=|V)alV)g)/\2 by rotating the linear po- applies a different phase shift to her photon depending on
larization through 9071,5]. For the Bell statd®*), two  whether the frequency is higher or lower than the degenerate
frequencywy . Figure Za) shows our modified configuration
TABLE |. Bob’s registration results for Alice’s manipulations for the quantum communication system. An optical wave-

w
W) f_w{(exp[i br(wgtu)][H, 09+ u))alV,0q—U)g

we assume a nearly monochro-

(polarization antiparallel, without enhancement length decombineWLDCOM) splits the wave packet of
her photon into higherd) and lower @, ) frequency parts
Alice’s phase shift setting in the frequency domain, as illustrated in FigbR Each
|V (d1,b2, b3, ¢4)) Bob's registration results partial wave packet undergoes a polarization-dependent
|w*) [=|¥(0,0,0,0)] Two photons are routed to the same Phase shift of 0 orr. They are then recombined via a wave-
detectors: eithed1, d2, d3, or d4. length combinefWLCOM) as shown in Fig. @) and the
W) [=|¥(0,0a,m))] (d1,d3), (d2,d4) photon is transmitted to Bob. The two-photon quantum-state

input into the BS can be represented as
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TABLE Il. Bob's registration results for Alice’s manipulations

Pumj
Lighf ) (polarization antiparallel, with enhancemgent
sepc [
Crystal Alice’s phase shift setting
| U (e, 0, P3,b4)) Bob’s registration results
‘WLCOM R
Aliee |¥ (0,7, 7,0)) (d1,d2), (d3,d4)
| *StepZ:Transmlsswn |‘l’(0,7T,0,7T)> (dl,d4), (d2,d3)
' Bob
— 50:50 BS ponanR @
ah® Fort D where the degenerate frequengy is omitted for simplicity.
R L I T R and L are the right and left circular polarization states,
R : ! : .
& e respectively. Thus two pnotons are ro_uted to the'sar.ne BS
@ =l Processing output ports: i.e.C or D with different circular polarization
states. For &1,¢5,¢3,¢4)=(0,7,0,7), the output quan-
- tum state becomes
o, - Port — wid — @ - Port |\I,(Ol7710177)>0ut
a7 WiLDCOM = Tva 1 W
W Y =—i—= R,+u)c|R,—u)p—|R,—u)¢|R,+u
== [ o IR HUAIR U)o —IR —UcIR +u)o
T WLCOM
A e —|L,+u)c|L, —u)p+|L,—u)c|L,+u)p}du. (4)
(b) w' . Here, the two photons are routed to different output

ports with the same circular polarization states. Therefore,
FIG. 2. () Modified configuration of the quantum communica- the  four —quantum  states |¥(0,0,0,0)(=|¥*)),
tion system with entangled twin photort®) Division and recom-  |W¥(0,0,7,m))(=|¥ ")), |¥(0,7,7,0)) and|¥(0,7,0,m))
bination of the photon wave packet in the frequency domain viaprepared by Alice are completely distinguishable to Bob.

WLDCOM and WLCOM, respectively. The relations between the frequency-dependent phase shifts
and the registration results are summarized in Table Il. Thus
|V (1, b2, b3, ha))in Alice can successfully enhance the information capacity of

her photon from 1 bit to 2 bits by applying frequency-

1 (w _ dependent phase shift to her photon. In other words, Alice
I—f {(exdi¢1]|H,0q+u)) |V, 04— U)g can prepare the four different nonlocal quantum states
V4AWJo . .
through local operation on her signal photon and Bob can
+(exli ¢pp]|H, wg— u)) alV, 0g+ U)g distinguish them perfectly with the two-photon interferom-
. eter. Here we should note that the asymmetric polarization
+ (exdi ¢3]|V,wg+u)) a|H, wq—U)g beam splittingH-V andR-L between Alice and Bob is nec-

essary for discriminating these four states.
As the capacity is limited to 1.53 bits as long as Bob
employs a two-photon interferometer as an imperfect Bell

The ket vectof ¥, is normalized so tha(¥|¥);,=1 and state analyzer, this capacity enhancement to 2 bits by means
the subscript in means the input state to the 50:50 BS. Two?f frequency-dependent phase operation may offer a practi-
photon interference arises from the pair of the first and last@! @dvantage for certain kinds of quantum communication
terms in Eq.(2). Another pair of the second and third terms With entangled twin photons.
also brings about two-photon interference. Here an experimental feasibility of the frequency-

If Alice arranges all the phase shifts so that they are 0, thd€Pendent phase shift should be mentioned. As it is impos-
input state |¥(0,00,0)) becomes |¥*). Similarly, sible to split the frequency spectrum sharplyuato actu-
| ¥ (0,047, 7)) corresponds td¥ ). When Alice sets the ally, we suppose thet the spectral transmittance of each
phase shifts as dy,d,,dbs,bs)=(0,m7,7,0) by adopting output port of a practlcall WLD_COM and WLCOM can be
frequency-dependent phase operation, the quantum state 'GPresented by a Lorentzian with a peak frequeagyor w,

the two photons output from the circular polarization beamt© simulate long tails around the peak. The peak frequency
splitters is represented by deviation from the center frequena,oq is given by w .
=|wy|=|w| and half width at half maximum of the peak is
I'. Because of the spectral overlap between the two output
| W (0,7,7,0)) out ports, error occurs in the coincidence counting results with a
finite probability. For the ratid’/w= %, even though Alice
1 (w sets the phase shift arrangement®g0,m,7,0)), Bob ob-
= vao {IR+u)c|L, —u)c—[R,~u)clL, +u)c tains the wrong resultd1,d4) or (d2,d3), which correspond
to |¥(0,m,0,m)), with the probability of approximately
+|R,—u)p|L,+u)p—|R,+U)p|L,—U)p}du, (3)  0.2%. Such a kind of WLDCOM, for example \2~200

+(exfli ¢4V, wg—u))alH, 04+ u)gidu. 2
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FIG. 4. Modified configuration of the dense coding quantum

FIG. 3. Configuration of our proposed nonlinear optical gateCommunication with an enhanced capacity.
(NOG). KM, optical Kerr medium; MZI, Machzehnder interferom-
eter.

1 . .
[W)ou=7 {(eXHTIT ] - exiliT2])(|d)e) +]c)] 1))
GHz andI'~10 GHz, have been realized at least for the . .
wavelength bandN=1.3—-1.5um) as an important device *(exdil'; ] +exflil2] +2)[c)le)
for wavelength division multiplexing optical fiber communi- +(exdiT ]+exdil,]—2)|d)|f)}, (5)
cation systenj14].
where |c) means|1).. For I'y=T,=m, two photons are
routed to portsl andf, respectively, whenever they are input

IV. CAPACITY ENHANCEMENT IN DENSE CODING simultaneously. By contrast, if they are launched at different
QUANTUM COMMUNICATION times and do not interact with each other in the optical Kerr
media, i.e..I';=I",=0, they are output from ports ande,

+ - + -
The four Bell stateq¥ ™), |¥ ), |® ), and|<1>_ >.are respectively.

mutually orthogonal quantum states for polarization en-

tangled twin photons and these states can be prepared by a _ )

local operation on the signal photon. The information capac- B- Perfect Bell-state analysis and capacity enhancements

ity of the signal photon, therefore, is 2 bits in dense coding to 3 bits

quantum communication if a perfect Bell-state analyzer is By employing our proposed NOG, the two-photon inter-

available. Moreover, the number of mutually orthogonalferometer described in the previous section can be extended

quantum states can be increased to eight through the locgb that Bob can decode three bits of information. As

operation of the frequency-dependent phase shift for eackhown in Fig. 4, the two-photon interferometer is further
Bell state. Therefore, we can expect to enhance the capacipfodified as follows. (i) A polarization rotator is set

to 3 bits provided the eight nonlocal quantum states are disn path A so that Alice can prepare not only
tinguishable from each other. In this section, we propose @y *)=(|H),|V)g=|V)a|H)g)/V2 but also (&%)
scheme fpr enhancmg the capguty from 2 bits to 3 bits. First_ ([H)alH)g = |V>A|V>B)/\/§- (i) Optical delay lines are in-
we describe the nonlinear optical gaOG) necessary for  gserteq in all the optical paths of thé-polarization compo-
our perfect I_3e||-state analyzer and then outline an implemen;anis. The imposed delay timenust be sufficiently long so
tation for this enhancement. that theH- and V-polarization components do not overlap
each other in the time domairiii) The signal and idler
photons are launched into NOG podsandb, respectively.
(iv) The two photons output from NOG portsand f are
The configuration of our proposed nonlinear optical gatesuperposed by a 50:50 beam splitt®S2) and those from
is shown in Fig. 3. Here two identical Mach-Zehnder inter-portsc ande are superposed by another 50:50 beam splitter
ferometers MZI1 and MZI2 intersect and optical Kerr media(BS1). (v) In each BS output port, thE-polarization com-
KM1 and KM2 are inserted at the two points where theirponent undergoes a time delaythrough an optical delay
optical paths cross. In each optical Kerr medium, cross phadie after the linear polarization beam splittingi) Then the
modulation(XPM) between two photons shifts their optical H- and V-polarization components are superposed again in
phaseqg11,17. The signal and idler photons are input into the time domain and each photon is directed to a circular
the NOG from portsa and b, respectively. the phase shifts polarization beam splittfCPBS. Here single-photon detec-
imposed by XPM ard’; andI', for KM1 and KM2, respec- tors are renumberedil —d8 as shown in Fig. 4.
tively and are assumed to be polarization independent. The Two-photons are routed to BS1 fob *). This is because
MZI1 output ports are ports andd, and the MZI2 output the linear polarization states of the signal and idler photons
ports aree andf. By using the above notation, the output are antiparallel and these photons pass through optical Kerr
stateg V), of the two photons can be represented by media at different times. Even if two photons arrive at BS1

A. Nonlinear optical gate
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TABLE IIl. Bob’s registration results for Alice’s manipulations TABLE IV. Bob’s registration results for Alice’s manipulations

(polarization parallel, without enhancemgnt (polarization parallel, with enhancemegnt
Alice’s phase shift setting Alice’s phase shift setting
| D (P, b2, d3,04)) Bob’s registration results |D(p1,d2,d3,04)) Bob’s registration results
|®F) [=]®(0,0,0,0)] (d5,d6), (d7,d8) |® (0,7, ,0)) (d5,d8), (d6,d7)
|®7) [=|®(0,0m,7))] Two photons are routed to the same |®(0,7,0,m)) (d5,d7), (d6,d8)

detectors; eithed5, d6, d7, ord8.

In this way, as summarized in Tables I1-1V, the number of
at different times, two-photon interference occurs betweemnutually orthogonal nonlocal guantum states can be in-
the |H)a|V)g and |V)a|H)g terms[13]. Therefore, the reg- creased to eight by the local operation of a frequency-
istration results summarized in Tables | and Il are validdependent phase shift on the signal photon and these states
for {|¥(0,0,0,0)(=|¥*)),|¥ (0,0, 7))(=|¥ "))} and can be distinguished by a joint measurement employing the
{|W(0,r,,0)),| ¥ (0,m,0,m))}, respectively. nonlinear optical gate. Therefore Alice can enhance the ca-

If the linear polarization of the signal photon is rotated pacity of one photon from 2 bits to 3 bits in dense coding
through 90° by Alice, a two-photon quantum-state input intoquantum communication even though she seems to modulate

NOG can be expressed as a local redundancy of the transmitted photon in the fre-

quency domain. The frequency-dependent optical phase,
| D (1, ¢2,P3,b4))in however, is not the redundancy attributed to the local quan-
1w tum state of each entangled twin photon as mentioned in Sec.
:_f {(exi d3]|V, g+ U))alV, 04— U)g lll. The frequency-dependent phase shift applied to one pho-
JVawJo ton does not change the local quantum state of the photon.
_ Therefore this enhancement does not contradict quantum me-

+(exdi ¢al|V,wg—u))alV, 04+ U)g chanics.
; _ If this enhancement by means of a frequency-dependent

+(exdig][H, wg+u))alH, 04— U)g

phase shift is unnecessary, the Bell-state analyzer can be
+ (exdi¢,]|H,wg—u))a|H,wg+U)g}du.  (6)  simplified as shown in the Appendix. To our regret, how-

ever, our proposed NOG seems experimentally infeasible un-
Here two-photon interference occurs between the first andl an optical Kerr medium is developed which has a suffi-
second terms in Ed6). Two-photon interference also arises ciently large optical nonlinearity. The two-photon coupling
from the pair of the third and last terms. The linear polarizaimposed by cavity-QED techniques is still insufficient for
tion states of the signal and idler photons are parallel so tweur purpose at this stagés].
photons are directed to BS2 after experiencing XPM through
the NOG. If Alice arranges all the phase shifts so that they
are 0, the stat¢®(0,0,0,0) becomes|®*) and they are
guided to the same BS2 output ports with different circular As described in previous sections, we can enhance the
polarization states. Similarly® (0,07, 7)) corresponds to capacity of a photon in dense coding quantum communica-
|®~) and two photons are directed to the same singletion provided the photon is generated through spontaneous
photon detector. Table Il summarizes the registration resultgarametric down-conversiofSPDQ. This enhancement
for single-photon detectorad5—-d8 with the different does not require any broadening in the transmission or re-
phase  shift  arrangements {|®(0,0,0,0)(=|®")),  ceiver bandwidth and this seems curious in terms of conven-
|®(0,0,7,7))(=|®"))}. Tables | and Il show that a per- tional classical transmission theory. To clarify this point, we
fect Bell-state analysis can be accomplished and that the irshould discuss the information capacity per unit time.
formation capacity of the signal photon becomes 2 bits with-
out enhancement.

When Alice sets the phase shifts [ab(0,7,7,0)) by
applying a frequency-dependent phase shift to her signal
photon, the two photons are routed to the different BS2 out-
put ports with the same circular polarization states. In a simi-

V. DISCUSSION

lar way, for |®(0,7,0,7)), two photons are directed to

different BS2 output ports with different circular

polarization states. Table IV shows these registration results B

in detectors d5-d8. Therefore, the four quantum ¢ BS2 ;

states |®(0,0,0,0)(=|®*)), |P(0,0r,m))(=|D)), oy 2

|®(0,m,,0)), and |®(0,7,0,7)) prepared by Alice B S

are completely distinguishable to Bob. If the nonlinear @

optical gate does not function, the registration o —

results for these four states are identical to those for

| W (0,7,7,0)), |¥(0,0,0,0)(=|¥™")), |¥(0,7,0,7)), and FIG. 5. Simplified configuration of the perfect Bell-state ana-

| ¥ (0,07, 7))(=|¥ ™)), respectively. lyzer.
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The repetition period’, of the pump pulse launched into TABLE V. Registration results for four different Bell states.
an SPDC crystal determines the number of down-converted ——
signal photon pulses per unit time. The period, however, can- Four Bell states Bob’s registration results
Eorfbe Igrea’;lyhshorteneﬁl ?]s fexplauned in theijfollowmg. ':c'he 1w Two photons are routed to the same

alf value of the pump light frequency, i.e., degenerate fre- detectors; eitheB2 or D3.
guencywy, must be nearly the same as the center frequency ) (D2.D3)
of the transmission band for the signal and idler photons so ) (D1’D4)
that both of them fall in the transmission band. This means _ '
. |D7) Two photons are routed to the same
that the spectral broadeningl/T, of the pump pulse must o
- P o detectors; eitheD1 or D4.
be sufficiently narrower than the given transmission band-
width 2 W for down-converted photons. Therefore, the aver-

age time _|r_1terval t_)etween two successive S|_gnal ph_otons, Honlocal guantum state of twin photons through the local
the repetition Pef"’d of th(_a signal photon, is considerably peration of a frequency-dependent phase shift. With our
longer than the time duration of each photon wave packe roposed Bell-state analyzer containing a nonlinear optical

given by ~1/2 W. . g
Although the repetition period of the signal photon is lim- ga;iet’svi\/:;:&:n:;;ﬁg ?jaﬁ?gﬁcggrg];niﬁitgz?gnfmm 2 bits to
ited by that of the pump pulse, the information capacity per '

signal photon can be enhanced by the frequency-dependent

phase shift. The enhancement doubles the time duration of ACKNOWLEDGMENT
each wave packet but the repetition period is still longer than
the doubled time duration. Therefore, the information capac-
ity per unit time can be increased without broadening the"
transmission bandwidth. We can conclude that the enhance-
ment improves an efficiency in the time domain. APPENDIX

The authors thank Dr. Naoshi Uesugi for his encourage-
ent during this research.

The Bell-state analyzer containing a nonlinear optical gate
(NOG) can be simplified if this enhancement is unnecessary.

We proposed a scheme for enhancing the information cafhe simplified configuration is shown in Fig. 5, where the
pacity in dense coding quantum communication that involvesiumber of single-photon detectors can be reduced to 4. They
transmission of a polarization entangled twin photon and are numbered®1-D4. After experiencing a polarization-
subsequent joint measurement using a Bell-state analyzer. dependent time delay, each photon is launched into the
is clear that the direct modulation of local redundancies suciNOG. The photon output from poftundergoes polarization
as the pulse position and optical frequency cannot be usewtation through 90° before arriving at BS2 so thét") and
for capacity enhancement. We have shown, however, that tHé ~) can be transformed intol *) and|W¥ ~), respectively.
phase correlation of twin photons can be employed as a ushe registration results in the detectors are summarized in
able redundancy. The information sender can manipulate th€able V for the four Bell states.

VI. CONCLUSION
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