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We propose the multi-channel hybrid communication assisted by a coherent oscillator, by configuring the
diamond Nitrogen-vacancy center using spontaneous parametric four-wave mixing. For one-channel hybrid
communication, composite signal of fluorescence (information) and Stokes (carrier) is sent to the receiver;
information is recovered by subtracting intensities of composite signal and reference coherent signal (from
coherent oscillator) at demodulator. Further, we achieved two-channel and three-channel hybrid communi-
cation through two-mode and three-mode intensity-noise correlation, respectively. Two-mode correlation of
hybrid signal (produced through photon subtraction) and anti-Stokes demonstrates the nonclassical behavior
by violating Cauchy-Schwarz inequality, verified through corresponding squeezing (-5 dB). Such phenomenon
of non-classical behavior was also verified by non-Gaussian negativity of Wigner function. Our hybrid
communication model is based on temporal width- and coherence time-contrast, which can be controlled by
wavelength (power) of input beams. The coherence time-contrast is about 90%.

1. INTRODUCTION

The rapid development of hybrid quantum systems, in which some
quantum system effectively become classical, holds a great significance
for the foundation of quantum optics [1]. As part of this ongoing effort,
devices for quantum information processing, secure communication,
and high-precision sensing are being implemented with diverse and
hybrid systems, ranging from photons, atoms, and spins [2]. Photons
are well suited for transmitting quantum information, especially in a
hybrid state of entanglement and qubits [3,4]. The potential objective
of hybrid quantum technologies is to develop devices that can simul-
taneously perform several tasks, such as reliably store, process, and
transmit quantum or classical information [5]. Hybrid entangled states
are becoming important tools for converting quantum information
between different formats and encodings to optimize its transmission,
manipulation, and storage [6] while maximizing the fidelity [7]. Non-
classical signals usually achieve high fidelities but at the expense of
hard-to-scale probabilistic implementations. With such a complemen-
tary approach of different physical systems, hybrid entanglement, [4]
crossover of both classical and quantum state [8] and hybrid tripartite
telecom photons [9] have become of special interest as complementary
building blocks for hybrid quantum technologies and systems [5,10].

* Corresponding authors.

Redman et al. investigated spin dynamics and electronic states
of diamond NV centers using electron paramagnetic resonance and
FWM spectroscopy [11]. Raman-excited spin coherences and Raman
heterodyne detection nuclear magnetic resonance signals associated
with hyperfine transitions in diamond NV center are extensively re-
ported [12,13]. In this article, we realized an optical multi-channel
hybrid communication system from a negatively charged diamond
Nitrogen-vacancy center (NV~) [14,15]. We configured NV center
using spontaneous parametric four-wave mixing (SP-FWM). For one-
channel hybrid communication, we generated a composite signal of
fluorescence (FL) and Stokes (Eg) of broad temporal width from off-
resonant beam that is sent from transmitter to receiver. For the recovery
of the FL signal at the receiver end, coherent signal (Eg and anti-Stokes
(E,s)) is generated from a coherent oscillator using resonant excitation,
which acts as a reference signal at the demodulator. Later, we extend
this idea to two-mode and three-mode intensity-noise correlation to
realize two-channel and three-channel hybrid communication, respec-
tively. The multi-order FL correlate because of nonlinear interaction
regulated by dressing effects, while the quantum correlation is based on
third-order nonlinear interaction in the system. For multi-channel hy-
brid communication, we devised a scheme to generate hybrid entangled
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states by subtracting a single photon from composite signal through
beam splitter of low reflectivity. Hybrid signal is cross correlated with
E,g, who is corresponding to squeezing (-5 dB) and correlation value
(1.1) violates Cauchy-Schwarz inequality. Such nonclassical behav-
ior was theoretically verified through non-Gaussian negativity of the
Wigner function of the hybrid signal. Our experimental results provide
the advance technique of coherence time contrast and channel index of
about 90% applicable to multi-channel hybrid communication.

2. Basic theory for one-channel hybrid communication

The sample used in our experiment is a bulk NV~ center crystal
synthesized by chemical vapor deposition (the surfaces had sizes of
4.5 mm x4.5 mm with a thickness of 0.3 mm), consisting of sub-
stitutional nitrogen-lattice vacancy pairs orientated along the (100)
crystalline direction. The sample was doped with nitrogen with a
concentration of less than five parts per billion (ppb) and typically had
less than 0.03 ppb NV center concentration. The sample in a cryostat
was maintained at 77 K by flowing liquid nitrogen to overcome the zero
field splitting [16]. Fig. 1(a) is a schematic diagram of the experimental
setup. Two tunable dye lasers (narrow scan with a 0.04 cm™! linewidth)
pumped by an injection-locked single-mode Nd:YAG laser (Continuum
Powerlite DLS 9010, 10 Hz repetition rate, 5 ns pulse width) are
used to generate the pumping fields E; (w;, 4;) and E, (w,, 4,) with
frequency detuning 4, = Q,,, — w;, where @ is the corresponding
atomic transition frequency between levels |m) and |n), w; (i=1,2) is the
laser frequency. The diameter of all input beams is 0.1 mm, and their
polarization is controlled by inserting wave plates into their respective
beam paths. The diamond NV~ center has two triplet states, named
ground state 3A, and excited state 3E, and two singlet states (1A;, 1E).
The two triplet states 3A, and 3E split into |m, = 0) and |m, = +1) fine-
structure levels. The energy difference between |mg = 0) and |mg = +1)
for 3A, is D = 2.8 GHz [15] while for excited state 3E D = 1.42 GHz. At
low temperature, orbit-orbit and spin—spin interaction split the excited
state triplet into four levels i.e.

[Ay,mg = £1), [A;,mg = x1), |[Ej,mg = +1) and [E;y,mg = 0),
three of which are degenerate. The spin of the E, , states is m; = 0 as
shown in Fig. 1(b). All others states are superpositions of |[m; = +1)
and |mg = —1). The transitions between the ground state and the
excited state are in the visible and follow the selection rules given
[17]. At low temperature they can be resonantly excited using a laser
of the corresponding frequency and this way different spin states can
be selectively addressed. The dressed energy levels |+) are shown in
Fig. 1(g).

2.1. SPFWM modeling at the receiver

Fig. 1(b) shows the energy level scheme of the diamond NV~
center. In the current experiment, the SPFWM process occurs via a self-
diffraction-type FWM process in which Eg (wg) and E, g (w,g) are
generated by absorbing pump photons @, and a control photons ®, as
shown in Fig. 1(c).

The emitted signals Eg and E,g form a conical spatial alignment
and can only be detected in a particular direction that satisfy phase
matching k, + k, = kg + k,g and energy conservation, hw; + hw, =
hwg + hw,g condition, where wg and w,g are the frequency tuning
for Stokes and anti-Stokes photon, respectively. Such process is also re-
ferred as conditional two-photon sources. Photomultiplier tubes (PMT),
PMT1 and PMT2 are precisely placed to detect composite (FL+Eg)
and anti-Stokes (E,g) signals, respectively. FL has random direction
and vanishes before reaching PMT2. Therefore, PMT3 is placed near
to NV~ center to collect the pure FL signal. Since the FL. and SPFWM
have different buildup times and decay rates, therefore can be easily
distinguished at any PMT using boxcar gate position. If the gate width
is narrow (100 ns), the observed signal comes from a single energy level
with single lifetime which experiences strong dressing effect. Broad
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Fig. 1. (a) Schematic diagram of the experimental setup. (b) The energy level structure
of NV~ with triplet excited (°E) and ground states (*A,) associated with intermediate
metastable singlet state ('A,). (c) and (d) Two-level atomic systems in NV~ center and
the laser coupling configuration, respectively where 4,(4, = ), — w,) and 4,(4, ~ 0)
are frequency detunings of E, and E, fields, respectively, PMT: photomultiplier tube;
Eq: Stokes signal; E,g: anti-Stokes signal; |0); (]*A,, m, = 0)): ground-state energy level;
[1)(PE,mg = +1)) and |2) (IEyy.mg = 0)): excited-state energy levels (|0) — [1) = 575
nm, [0) — |2) = 637 nm). (f) The FWM transition paths for the Stokes (45 = 4, — 4))
and anti-Stokes (4,5 = 4, + 4]) and anti-Stokes pair under off-resonant excitation. (g)
Dressed energy level.

gate width (>1 ps) incorporates the effect of many energy levels having
many lifetimes and scattering which neutralizes the dressing effect.
In our experiment, we have set gate width at 100 ns. The resonant
dressing beam E, (637 nm) excites the NV~ ground state |3A,, m, = 0)
to the excited state |E, ., m, = 0), and some particles are transferred
to |’E,m; = +1) due to the induced phonon effect that eventually
degenerate to ground state with the FL emission. The direct transition
from |E, ,,m; = 0) to |3A,, m, = 0) in NV~ is attributed as the coherent
emission (Eg and E,g)(14, 15). It should be note that these outputs
have been obtained without magnetic field. SPFWM generated from
a coherent oscillator will serve the purpose of reference key required
at the demodulator in our proposal shown in Fig. 2(b). Due to the
dominant emission from the |E, ,, mg = 0) state over the I’E,m, = +1), a
resonant excitation produces very weak second-order FL emission. The
dressed density matrix for E5 and E,g in a two-level system (|0) < [2))

; ; oo B2y Eas oo B2 o b
via perturbation chains Poy — Pay %0 — P30(s) and Py —
E E
p(zt))—% pé?-% pfo)( As) A€ written as
& _ —iG¢G,G, 18
Proas) = ) ; 2 ; a
(Iyg + i) (Lgg — idy + |Gy|™ /T — i4) [y

3 —iGpsGyGy
p(ZO)(S) = (1b)

(I + idy) Ty — idy + |G2|2 /(oo = ido )Ty

Where G; = p;;E;/h is the Rabi frequency of E;, y; is the electric
dipole moment between levels [i) and |j), and I}; = (I; + I})/2
is the transverse decay rate. The lifetime of the Eg/E,g signal is
Fgias = Teop = Ing + Iyg + I At low temperature, energy level
[2) (IEyy,m, = 0)) is splitted into dressed energy levels |+) (shown
in Fig. 1(g)), the frequency tuning for wg and w,¢ photons are de-
termined through these dressed energy levels. In frequency space, the
entanglement is the result of the frequency momentum conservation,
which we approximate the frequencies wg; of Stokes as small quantum
deviations window §; around the central frequency wg. wg, therefore,
can be written as wg = wg + 6; with the limitation of |§;| < wg.
Furthermore, due to the frequency correlation, the deviations windows
of generated photons also satisfy 6, + 6, = 0. As a result, the Stokes
and anti-Stokes share quantum entanglement. The generated Stokes and
anti-stokes photon pair detected at one channel (PMT1/PMT2), their



F. Nadeem, F. Raza, K. Li et al.

Alice Bob
(a) (b)

Composite signal gquanmm signal
’ SR b "
'y s AS \ 2
(532 nm) el \\,..._ (637 nm)
(0) e | [+
Channel Channel

SPFWM Coherent

modulator ¢“ oscillator

Recovered informaton

Fig. 2. One-channel hybrid communication realized model. (a) Modulator of composite
signal, (b) Demodulator assisted by coherent oscillator in NV-center of diamond.

superposition can be described like the dressed energy-time superposi-
tion (|wys + 20/2) |wg = 2,/2) = [ws — 2./2) |og + 2,/2)) /V/2 [18],
where +6 = —(4/2)+Q,, Q, = \/A2 +4(Gy, /Gy)2 Iy Iy + G is effective
Rabi frequency [14].

The temporal intensity of the Eg/E,g signals is [5/45 = pS /AS
exp(—Ig / Ast) The coupling Hamiltonian for the SPFWM process is
H = (é' é st dgdss)g/v, where as(aS) and a S(aAS) are creation
and anmhllatlon operators are acting on Stokes and anti-Stokes signals,
respectively, while v is group velocity of the field in the nonlinear
medium. The nonlinear gain g = |(—ia) S.AS ;(?jq sE1E>/2¢)| depends on

the nonlinear susceptibility X?Ls = (N/"S,ASP(;)As) / (e0E|E2Eg 25)
and the pumping field amplitude. Based on the above Hamiltonian, the

propagation dynamics is as follows

dag/dt = )(S) a* g expliy) (2a)
days/di = Zga% expli ) (2b)

In the above equation @g/ g is Eg/Eag phase. Thus, the Stokes and
anti-Stokes intensities are proportional to the respective photon number
(N; = <ﬁ;’€1j>) as

+
(a%as) = % [005(21‘ ABsin 2L %2 )+ cosh(2rV/ABcos L= %2 ¢1 . 2 )] 1;
(3a)
(% gay5) = % [003(21 ABsin 2L %2 ) + Cosh(2t\/ﬁcob + @ )] g
(3b)

where the substitutions of pg) = Ae'®1 and pf)s = Be!%2 are taken from
Egs. (1a) and (1b). In above equations A(B) are the modulus and ¢, /¢,
are the phase angles of p?)(pf;), res;z)ectively, and t is time. Similarly,
the phase for FL can be written as p(F)L = Cel¥rL,

2.2. Composite signal modeling at the transmitter

When the diamond NV~ center is excited with off-resonant E,
(532 nm) beam, the composite signal containing Eg and FL signal is
generated(20-22). In a two-type level systern (|O) |1)) shown in

0 £ (1) 2) 5

Fig. 1(d), FL via perturbation chain p( pl o = py, Is written as

-G2

2) _ 1
1T (g +iapT, @
Lifetime of FL is I'y; = Iy + I};. The temporal intensity of FL
is Iy = pf)L exp(—I'gt). Due to the effect of off-resonant excitation,
high phonon induced mixing caused by laser heating results in high
phonon induced dipole-allowed transitions to |°E,m; = +1) from 3A,
which results in significant dominance of FL emission over Eg. In
this experiment, coherent signals (Stokes/anti-Stokes) were generated
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from the SPFWM process, and incoherent (composite FL+Eg) signal
were obtained from cross-Kerr nonlinear interaction. To generate the
composite signal, we used a scheme similar to the one explained in
[19], where the cross-Kerr nonlinearity coefficients are responsible
for the interaction of the Eg and FL signals in the nonlinear crystal.
Cross-Kerr nonlinearity is essential for the generation of an entangled
state. The Kerr nonlinearity is characterized by a refractive index n, +
ny |E|?, where n, is the weak-field linear refractive index term and
ny = 37 /2n, is a nonlinear refractive index. Because of the coherence
of the nonlinear medium, the interaction between the SPFWM and
FL outputs results in a composite signal. This nonlinear interaction is
attributed to combination of a common energy level, a strong pumping
field, a dressing field and propagation through a common medium, thus
creates such an interaction between the generated coherent SPFWM
signals and the FL. This effect also allows to create superposition of
two unique states [4,20]. Therefore, composite signal and Stokes are
cross-correlated. The superposition of the coherent SPFWM state (+6)
and incoherent FL state (w,) can be written as |¥) = [|wg — §) |0,) +
|ws +8) |—w, )1/ /2, where w, is the frequency of multi-order FL. Our
hybrid entanglement is superposition of coherent and multi-order FL
(w,). It should be noted that multi-order FL comes from nonlinear
interaction caused by Kerr nonlinear coefficients having components
of both SPFWM and FL. Due to the classical properties of incoherent
states, ||) state can be considered as the optical implementation
of Schrodinger’s cat Gedanken experiment [21], as it manifests the
entanglement between quantum and classical states. This composite
signal is further realized as a modulated signal, in which FL is riding as
information on the carrier (Eg) signal, making classical and coherent
superposition. In this proposed modulation, linewidth of FL is almost
ten times greater than the linewidth of coherent signal, satisfying the
modulation law. At receiver of one-channel hybrid communication,
the phase of the composite signal (¢g + ¢;) is matched with the
phase of reference E,q(¢,4) generated from a coherent oscillator at a
demodulator (¢g/¢ 4g) to recover information signal. At demodulator,
in-phase Eg and E,g signals (initial relative phase between Eg and E g
is (Ap; =~ 0) cancel each other and out-of-phase FL emission (initial
relative phase between Eg/E,g and FL is (4¢; ~ r) can be recovered
as information signal through one-mode homodyne detection. In our
experiment setup, by subtracting intensities of composite signal de-
tected at PMT1 (Fig. 3(a)) from E,q from coherent oscillator (PMT2),
intensity information FL signal (similar to FL signal detected at PMT3)
is recovered at receiver’s end (Fig. 3(b)). In comparison to off-resonant
excitation (532 nm), resonant beam (637 nm) can excite coherent
oscillators efficiently due to strong SPFWM emission, as shown in
Fig. 3(b).

2.3. Results of one-channel hybrid communication

Figs. 3(al)-3(a3) shows the time domain intensity of composite sig-
nal detected at PMT1 as power (P;) of off-resonant beam E; (532 nm)
increases from 1 mW to 3 mW. Two peaks emerging sequentially (sharp
followed by broad peak) are associated with the composite signal in
Fig. 3(al). The sharp peak (Eg) comes from the population transfer
between states |3A2,m = 0) to |Eyy,mg = = 0) while broad peak (FL)
results from phonon induced dipole- asmsted transition to |°E,m, = +1)
from 3A,. The intensity of Eg and FL signal is related to density matrix
elements as Ig/45 o | p(;} As and Ip; « |p(121)|2, respectively. Since
the generation and detection are simultaneous, therefore recorded the
intensity of this modulated output is Ip; + Ig (p(z) + ‘p(;} ASI).
As power P; changes from 1 mW (Fig. 3(al)) to 3 mW (Fig. 3(a3)),
population transfer mostly happens to |°E,m, = +1) because of phonon
induced effect. Due to the excitation of E, at high power, high phonon-
induced mixing caused by strong laser heating results in the domination
of population transfer from |°E,m, = +1). Hence, FL emission p(lzl)
dominates over coherent Stokes p(;) in the composite signal, and the
pure broad peak is observed (Fig. 3(a3)). Fig. 3(b) shows the time
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domain intensity of pure E,g (detected at PMT2) obtained by exciting
NV~ from resonant dressing beam E, (637 nm) when P, is changed
from 1 mW to 3 mW. At low power, the sharp peak is more obvious

due to strong coherent emission ”(130)(5)(Fig‘ 3(b1)). When P, is increased
)2
|

to high, the intensity of coherent emission Iy « | p(; is decreased
(Fig. 3(b3)) as the dressing effect |G2|2 /(Iyy — i4,) (mentioned in Eq.
(1a)) increases. By considering the dressing and phonon effect, the
modified decay rate [22,23] of the |i) and |j) energy level is defined
as Fi/j = Fpop + rion—spin + rion—ion + thonon - Fdressing' Where Fpop =
(22T,)~! depends on the location of the energy level in phase space,
with T, describing the population decay time, and the term Ifeqing
represents the location of the energy level, which can be dressed by the
coupling field. Ijoq_gpin is the ion-spin coupling effect of the individual
ion, Ijon jon is determined by the interaction among the rare-earth
ions and can be controlled by the power of the external field and
impurity concentration and I};;,,,,, is related to the sample temperature.
The last three terms (Iign_spin + Lion-ion + Iphonon) @re components of
(ZHT;)_I. (the reversible transverse relaxation time T;). The lifetime
of a composite and coherent signal is calculated using the off-diagonal
decoherence rate as 0.9 and 13 ps, respectively [24]. Under resonant
excitation at low temperature, dressing effect (I cqin,) Decomes strong
and phonon effect (Ihonon) reduces which restricts the decay rate to
low. Dressing is an effective tool to reduce decay rate and enhance
lifetime. As lifetime is inversely proportional to decay rate, hence,
we can conclude that lifetime increases due to increase in dressing
effect in atomic-like media [25,26]. Also, we can limit the effect of
large inhomogeneous broadening and often non zero ZFS by addressing
single spin energy level and dressing effect.

The one-channel hybrid communication model illustrated in Fig. 2 is
realized from the time domain intensity results observed in Fig. 3. The
composite signal (FL+Eg) is sent from the transmitter to the receiver.
At the receiver end, the information signal (FL) is recovered through
E,g generated from a coherent oscillator, which serves as a reference
key for the demodulator (Fig. 2(b)). Temporal width contrast compares
linewidth of composite signal (4¢,,,,) generated at transmitter end with
coherent signal (4t,,,) generated at the receiver end. Temporal width
contrast (C, = 4t,,,/4t,,,) of demodulator is measured at C, = 70%
at high power (Fig. 3(a3), 3(b3)) is associated with different lifetime
and decay rates. This high value of temporal width contrast can be
explained from the enhancement of FL emission (broad peak) at high
power due to high phonon density with a lifetime of the composite
signal. Intensity contrast (C, = I,,,/I.,,) of the demodulator is the
ratio of the amplitude of a composite signal (1,,) to the amplitude
of a coherent signal (I,,,). In our experiment, C; increases from 0.8
(Fig. 3(al), 3(b1)) to 1.2 (Fig. 3(a3), 3(b3)). In principle, C; = 1.2
suggests the over modulation, which comes from the large amplitude of
a composite signal, which mainly contains more amplitude FL and less
coherent signal at high power. The demodulator speed is about 20 ns
and can further be controlled by the E, dressing field of Eq. (1).

3. TWO- AND THREE-CHANNEL HYBRID COMMUNICATION

Fig. 4(a) shows the proposed conditional setup for two-channel and
three-channel hybrid communication using hybrid signal, E,g and FL.
In the proposed scheme (Fig. 4(al)), PMT1, PMT2, and PMT3 detect
hybrid signal, pure E,g, and pure FL, respectively, and their position
is same as illustrated in Fig. 1(a). A hybrid signal can be obtained by
projecting a composite signal on a non-polarizing beam splitter (BS)
with a very low reflection coefficient. The avalanche photodiode (APD)
and PMT1 are placed to detect reflection and transmission signals
from BS, respectively (Fig. 4(al)). Beam splitter with low reflection
coefficient suggest similar phenomenon of subtracting a single photon
from composite signal and produce a hybrid signal satisfying Wigner
function [25]. In our case, Fig. 4(b2) shows a non-Gaussian negativity
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Fig. 3. The measured time-domain intensity signal from NV~ center in a two-level
atomic system. (a) Composite (FL+Eg) signal and (b) Coherent (E,g) signal obtained
by exciting off-resonant and resonant beam, respectively.

and peak of Wigner function which corresponds to quantum and clas-
sical behavior of our hybrid signal, respectively. The hybrid entangled
state |¥,) derived from |¥,) can be written as

r&>=;%|Ns—wuaww—w1+;%|Nana—1ww—a—1n ©)

Where N, is the number of Stokes photons and « is the photon num-
ber of multi-order FL, that can be related to second- and fourth-
order FL as discussed in [27]. By applying a similar approach, we
can generate entangled state |¥;) from pure FL emission (detected
at PMT3 in Fig. 4(al)) which can be written as |¥’3) = \/Li la —=1) +

L |—a — 1). Wigner function for |'¥3) would satisfy non-Gaussian neg-

ativity (Fig. 4(b2)). For two-channel and three-channel hybrid commu-
nication, phase information can be recovered through two-mode and
three-mode homodyne detection, respectively [4,5]. Similar to Fig. 2,
SPFWM will serve as a coherent oscillator to provide distribution key
(E,g) to complete hybrid communication. Two-channel (Fig. 5) and
three-channel (Fig. 6) hybrid communication can be achieved through
two-mode and three-mode intensity—noise correlation (squeezing), re-
spectively.

The two-mode intensity-noise correlation function G®(r) between
two intensity fluctuations of two optical beams as a function of time
delay 7 is given by [26],

(81,)31,(1,))

\/< [5ii(ti)]2> <[5fj (tf)]z >

[[R g Re|? e 217l 4 =27yl

@y _
Gl =

©

—2cos(£2, [eDe Fit Tyl

Where Ry and Rc are constants. The line shape is primarily affected
by the decay rate I'. Correlation function defined above includes ef-
fect of decay rate which can also be controlled through dressing and
phonon effect. The generalized extension of Eq. (6) for three-mode
G(3)(T1,T2, 73) is R . .

(81,181, (y)8 I3(t3))

¢(wﬂaop)(wéaﬁﬁ>(wﬁagv>
c /d Ky 6y sinh2(2L) cosh(RL) |*
wy

2
—D/d(u2 e

G| 1y,73) =

7

—w,t
e~ @213

Ky K5 sinh?>(2L) cosh(QL)
Q

—wy(t—1y)

Similarly, the degree of two-mode intensity-difference squeezing is
given by [28]
5q¢? = Lo @ - 1))

- _— 8
T ) ®
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P

=70,
o 2 2

Fig. 4. (a) Proposed method for hybrid communication in diamond NV~ center using
noise-correlation and squeezing. (al) and (a2) two- and three-mode intensity-noise
correlation, respectively, APD: avalanche photodiode. (b2) Calculated Wigner function
for the non-Gaussian negativity of hybrid entangled state, (b1) is projection of (b2).

Where (6%(f; — I))) is the mean square deviation of the intensity-
difference and (8(I, + I 1)) is the mean square deviation of the intensity
sum of the coherent laser beams.

3.1. Two-mode intensity—noise correlation

In Fig. 5(a), we investigated the two-mode intensity-noise correla-
tion of FL and hybrid (H,=FL+Eg), where H, is hybrid signal obtained
under off-resonant excitation) signals by changing the power of E,
(532 nm) from low (1 mW) to high (4 mW). In Fig. 5(a), for measuring
two-mode correlation, we blocked the PMT2 and kept the rest of the
PMTs on scanning mode (from Fig. 4(al)). The time-dependent inten-
sity fluctuations of the FL signal (67 p(tp;)) from PMT3 and hybrid
signal (81, (tz7,)) from PMT1 are plotted using G(;)ﬁ 71 (. (6)). As
P, is set to 1 mW, the proportion of Eg in the hybrid signal is slightly
in high proportion.

With this proportion, there is little phase similarity between the
hybrid and the FL signal, so the amplitude of correlation is low as
shown in Fig. 5(al). At high power, phonon-induced dipole-assisted
transitions between ground-excited states increases significantly due to
the strong gain effect of |G, |2, hybrid signal behaves more like pure
FL signal with very less proportion of coherent emission. When P;
approaches 4 mW, the intensity of the hybrid signal increases so is
the amplitude of correlation in Fig. 5(a4), which is also reinforced
by a similar phase between hybrid and FL at high power. Due to
the reduction of Eg proportion in a hybrid signal at high power,
the coherence time of Gﬁl . decreases, which causes lineshape of
the correlation curve to bécome more sharp (Fig. 5(a4)). Fig. 5(b1)-
5(b3) show two-mode correlation (G(I?_ " s) between E,g and hybrid
(H,=FL+Eg, where H, is hybrid signai obtained under resonant exci-
tation) signals detected at PMT2 and PMT1, respectively, when NV~
center is excited by resonant beam E, (637 nm). When the power of
E, is kept low (1 mW), the population transfer between [>A,, m; = 0)
and |E, y,m; = 0) is high resulting in strong coherent emission ”(230)(5)'
As observed in Fig. 3(b1l), phonon-induced transitions (FL emission)
is almost negligible when power of resonant beam is kept at 1 mW.
Hence, at low power, Eg in hybrid signal significantly dominates over
FL emission and hybrid signal behaves like a pure Eg signal. Since,
Stokes and anti-Stokes photons are produced under phase matching
(k, +k, = kg +k,ag) and energy conservation (w, +w, = wg+w,g, Where
w is transition frequency) condition based on dressing and energy-
time entangled state, hence, hence, high amplitude of correlation is
observed in Fig. 5(b1). Now, we use the Cauchy-Schwarz inequality
Ggl _ag S1to check our experimental result (Fig. 5(b1)). The measured
correlation at off resonance is about 1.1, which clearly violates of
the Cauchy-Schwarz inequality, proving that there is a nonclassical
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Fig. 5. (al)—(a4). show two-mode intensity—noise correlation between FL and hybrid
signal (H,=FL+Eg) by changing power of E, (532 nm) from 1 mW (left) to 4 mW
(right); (b1)-(b3) hybrid (H,=FL+Eg) signals and E,s by changing power of E,
(637 nm) from 1 mW to 3 mW.

correlation between Eg and E 45 and reinforced by measured squeezing
of -5 dB (Fig. 5(c)). When power of E, is increased from 1 mW to
3 mW, intensity of Eg(Iy « p(;))(s)) is decreased and proportion of
FL emission in hybrid signal slightly increases due to phonon induced
transition and increase in gain effect at high power as shown Fig. 3(b3).
With increase in FL emission, amplitude of correlation decreases as
shown in Fig. 5(b3). Correlation observed in Fig. 5(b3) does not violates
Cauchy-Schwarz inequality, hence, classical correlation is observed at
high power. Spectral linewidth of coherent signals is determined by the
atomic coherence time and are thus much narrower corresponding to
broad peak correlation throughout Fig. 5(b).

The shot noise level (SNL) (dashed curve in Fig. 5(c)) for the SPFWM
process is the intensity-difference squeezing on a pair of equal power
beams produced from a coherent laser by a beam splitter with equal
power as the sum of hybrid and anti-Stokes. The squeezing Sq(sz_) As 1D
Eq. (8) is measured at —5 db. The non-classical behavior of correla-
tion is also illustrated theoretically by plotting Wigner function which
clearly shows non-Gaussian negativity in Fig. 4(b2).

The two-channel hybrid communication assisted by a coherent os-
cillator is realized from two-mode correlation results observed in Fig. 5.
Here, channel index (C,) of two-channel hybrid communication can be
defined by C, = (1G4, | = IGC) /(1G] +1G) |) (where |GG, | and
|G$i)n| are maximum and minimum amplitudes of correlation, respec-
tively) is analogous to signal to noise ratio of the information signal.
When C, is approaching 100%; we will have less noise and recover
more information accurately. Here the channel index can approach
maximum up to C, = 91% for Gg)l_” (Fig. 5(a3)) and 95% for G?{)-As
(Fig. 5(b1). The coherence time contrast (C,l) of two-channel hyzbrid
communication compares coherence time of G(;; 45 With Gﬁ)ﬁ rL 18
defined as C,, = Ary,_,5/Aty,_py. From our experiment, C, = 80%
(line shape of coherent correlation is found to be 80% broader than
incoherent correlation) at low power in Fig. 5(al), 5(b1), which is
due to a higher lifetime and faster decaying of SPFWM (lower I)
corresponds to a broad line shape of the correlation function. The sup-
port for these ideas came from the properties of hybrid entanglement
between a single photon and a coherent state in a free-traveling field [4,
29], which can be coupled to those channels such as nanophotonic
waveguide [10], efficiency approaching 98% [30,31].

3.2. Three-mode intensity—noise correlation

For the three-mode correlation, the intensity fluctuations of hy-
brid, E,g and FL signals are recorded at PMT1, PMT2, and PMT3,
respectively, and plotted using Eq. (7). Fig. 6(a) shows three-mode
correlation (0233)2(1)) by exciting E; under the same experimental con-
ditions described for Fig. 5(a). Due to excitation from off-resonant
beam E; (532 nm), a high intensity of pure FL signal is measured

at PMT3, whereas E,g emissions are weak. When the power of E,
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Fig. 6. Three-mode intensity-noise correlation versus delayed time between: (al)-(a3)
between hybrid signal (H,), E,g and FL by changing power of E; (532 nm), (b1)-(b3)
between hybrid signal (H,), E,s and FL by changing power of E, (637 nm).

is increased, FL emission pﬁ) dominates Stokes pg) and hybrid signal
behaves as FL signal. Also, the proportion of FL detected at PMT1,
and PMTS3 increases significantly, whereas E,gq emission becomes al-
most negligible. At 3 mW, coherence time of Gé?z(ﬂ decreases due
to increase in FL emission which results in lineshape of correlation to
become extremely sharp (Fig. 6(al)). The amplitude of G§33)2(T) follow
similar trend as explained in Fig. 5(al). Fig. 6(b) show three-mode
correlation (6233)7(7)) by changing power of E, (637 nm). In the case
of resonant excitation, the intensity of the FL signal detected at PMT1
and PMT3 becomes very low, and coherent emissions (Eg and E,g)
increases. Fig. 6(b1)-6(b3) follows a similar behavior of amplitude and
shape predicted in two-mode correlation (Fig. 5(b1)-5(b3)). However,
the amplitude of the three-mode correlation does not violate Cauchy—
Schwarz inequality as in Fig. 6(b1). This can be explained from the
effect of additional FL signal (from PMT3) in Gg;(r) as compare to
Gﬁ; 45> Which prevents correlation from violating Cauchy-Schwarz
inequality. By comparing Figs. 6(a) and 6(b), we can observe that
lineshape of correlation signal is significantly broad under resonant
excitation. This can be explained from strong Eg and E,g emissions
under resonant excitation, the coherence time of correlation increases,
which results in broad lineshape of the correlation curve (Fig. 6(b1)).

For three-channel hybrid communication, a maximum value of
coherence time contrast (C,, = Arg, /A7g,,,) is measured at about
98% (Fig. 6(al), 6(b1)). Furthermore, the channel index C; = (|GS.}X| -
1GY /(1G5 + 1GS) |) for three-channel hybrid communication can
approach the maximum up to C; = 70% for Gg)z(r) (Fig. 6(a3)) and 82%
for Gg)7(r) (Fig. 6(b1). These experimental findings suggest a physical
mechanism to propose all-optical hybrid communication assisted by a
coherent oscillator.

We proposed the model of hybrid communication assisted by the
coherent oscillator, which may be applied to one of the building
blocks of quantum communication [2,3,9,32,33] and hybrid quantum
systems [10]. Further, the coherent states are non-orthogonal to each
other, and they cannot be discriminated, however through our expertise
of nonlinear control through cross Kerr effects, the coherent state
of Stokes and anti-Stokes are distinguished through induced phase
shift [34] for coherent multicarrier quadrature hybrid communication

preserving the state of hybrid signal.
4. Conclusion

In summary, we realized an optical hybrid communication assisted
by a coherent oscillator at low temperature by employing NV center
using SP-FWM. One-channel hybrid communication action was derived
by comparing time-domain intensity results of composite and coher-
ent signals. In such a scenario, information signal is recovered from

Optics Communications 495 (2021) 127073

intensity difference of composite and reference coherent signals at the
demodulator. Furthermore, multi-channel hybrid communication can
be achieved from intensity-noise correlation where the Stokes and anti-
Stokes photon pair can be described as the dressed energy-time entan-
glement state. Similarly, the composite signal and Stokes/anti-Stokes
were cross correlated under resonant excitation, suggested non-classical
behavior by violating Cauchy-Schwarz inequality (1.1) and measured
squeezing (-5 dB). The superposition of such states can be maintained
for few microseconds due to induced coherence. Further, a non-classical
nature of correlation was calculated by non-Gaussian negativity of
Wigner function. The coherence time-contrast and intensity-contrast
can be controlled by power and wavelength of input beams.
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