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Presented for the first time, to the best of the authors” knowledge, is the design of a power smart in-door optical wireless link that provides
lossless beam propagation between Transmitter (T) and Receiver (R) for changing link distances. Each T/R unit uses a combination of fixed
and variable focal length optics to smartly adjust the laser beam propagation parameters of minimum beam waist size and its location to
produce the optimal zero propagation loss coupling condition at the R for that link distance. An Electronically Controlled Variable Focus Lens
(ECVFL) is used to form the wide field-of-view search beam and change the beam size at R to form a low loss beam. The T/R unit can also
deploy camera optics and thermal energy harvesting electronics to improve link operational smartness and efficiency. To demonstrate the
principles of the beam conditioned low loss indoor link, a visible 633 nm laser link using an electro-wetting technology liquid ECVFL is demon-
strated for a variable 1 to 4 m link range. Measurements indicate a 53% improvement over an unconditioned laser link at 4 m. Applications for
this power efficient wireless link includes mobile computer platform communications and agile server rack interconnections in data centres.
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1 INTRODUCTION

It was realized in the late 1970s that diffused Infrared (IR)
light much like Radio Frequency (RF) radiation filling a room
could be used for wireless data communications [1]. This in-
door optical wireless technique is also known as the Diffused
Infrared Radiation (DFIR) and is very effective in prevent-
ing physical blocking of light to the receiver and tolerant to
transmitter/receiver mobility. Since this method uses scat-
tered light in room, it is highly power inefficient and also lim-
its achievable data rates due to multipath effects. To counter
these limitations of the DFIR indoor wireless method, highly
directional light beam communication, also known as Line-of-
Sight (LOS) infrared communications or the Directed-beam IR
(DBIR) technique, was proposed and demonstrated [2, 3]. To-
day, wireless optical communications is still an active area of
research [4, 6].

The use of agile spatially reconfigurable laser beams has been
previously proposed for space (i.e., inter-satellite) [7] and in-
door wireless applications [8]. Specifically, reference 8 pro-
posed a new hybrid indoor optical wireless method, now
called Hybrid Diffused-LOS, as it is a combination of the DFIR
and DBIR methods. Earlier, a smart free-space link design
was proposed and theoretically analysed for a variety of link
ranges varying from short indoor applications to long dis-
tance inter-satellite links [9]. In particular, these smart link de-
signs use Transmitter (T) and Receiver (R) electronically agile
beam conditioning lens optics that adjust focus based on spe-
cific link distance requirements for a given scenario. Within
the framework of paraxial optics and beam forming optics de-
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vice limits, one is able to produce a zero propagation link cou-
pling loss design for a given range of link distances. Recent ad-
vances in micro-devices, such as laser modules, micro-lenses,
Electronically Controlled Variable Focus Lenses (ECVFLs),
and Micro-Electro-Mechanical Systems (MEMS) beam direct-
ing micro-mirrors, points to the realization of a new higher
compactness micro-optics scale optical wireless T and R mod-
ules that can be readily adapted for use in a smart indoor low
loss application link design. For example, the emergence of
low cost visible light laser pointers and laser scanning based
colour projection displays points to the applicability of low
power visible laser sources for indoor optical wireless link
applications. Note that presently, visible light-based indoor
wireless communications is considered to be an excellent al-
ternative to IR-based optical wireless, given that visible light
usage has benefits such as low cost sources, e.g., white light
emission Light Emitting Diodes (LEDs) [10, 12], smaller T and
R apertures via use of shorter wavelengths and easier beam
alignment due to human and visible CCD camera observation
of free-space beams. In addition, low cost visible laser point-
ers have become available with good beam divergence and
beam shape properties, these can be exploited for short range
indoor optical wireless links such as the one attempted in this
paper. Nevertheless, one must be careful about eye safety is-
sues when using visible laser-pointer style sources. Hence vis-
ible laser power levels should be restricted to low power safe
levels such as done in laser scanning pico-display applica-
tions [13]. Given that proposed smart optical link design pro-
vides the lowest propagation loss between a transmitter and
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receiver, the lowest laser power needed can definitely be used
for a particular bit rate, thus helping the visible light eye safety
issue.

Hence, this paper will focus on visible laser pointer-like
sources for link design, although other eye safe band (e.g.,
780 nm, 850 nm, 1300 nm, and 1550 nm) laser sources can also
be applied to the proposed smart link concept. The key inno-
vation proposed in this paper is the use of the ECVFL to adjust
beam parameters for low loss operations with changing link
distances as well as use of the ECVFL controlled wide area
search beam to initially align the transmitter with the receiver.
The rest of the paper describes the smart link design and a
basic visible light proof-of-principle link design experiment.

2 PROPOSED SMART OPTICAL WIRELESS
LINK

Figure 1 shows the proposed compact and power smart opti-
cal wireless link design using two independent transceiver or
T/R units. Figure 1(a) link design allows simultaneous T and
R communications via a common T/R aperture that uses a
FSO circulator device to physically separate the T and R beam
paths in each T/R unit. The transmit data signal in Figure 1
electrically modulates the laser module. The received data sig-
nal is produced by the photodetector in the T/R unit. The T
and R beams are spatially conditioned by the concave lens and
the ECVFL in the T/R unit. The concave lens (also called the
Negative Lens or NL) of focal length fy is used to produce
beam expansion of the Gaussian beam from the laser module
so that the laser light completely illuminates the ECVFL aper-
ture. Typically, the aperture of the ECVFL and other micro-
optics in the T/R unit do not exceed a 5 mm diameter, giv-
ing a pencil-like compact design to the proposed T/R units.
The ECFVLs focal length F, is controlled by an electrical sig-
nal (e.g., voltage level or drive frequency) which in-turn con-
trols the minimum beam waist diameter 2w,,;,, and its posi-
tion djpy, with respect to the transmitter beam ECVFL loca-
tion. Depending on the link distance L, F can be controlled
to produce the desired Gaussian beam propagation such that
it exhibits the self-imaging effect between the two commu-
nicating T/R units and thus forms a zero propagation loss
link. Other notations for Figure 1 are as follows: wp: mini-
mum beam waist radius of the laser; wg; : beam waist radius at
the transmit ECVFL; wg,: beam waist radius after the receive
ECVFL; wg: beam waist radius at the receive ECVFL; wpp;:
beam waist at Photo-Detector 1 (or PD1); wppy: beam waist
at Photo-Detector 2 (or PD2); d.: distance from 2wy position
to optical circulator; dnc: distance from optical circulator po-
sition to NL; dyp: distance from 2wy position to NL; dg: dis-
tance from NL to the ECVFL; djy;,: distance from the ECVFL
to the 2wy, position; dg: distance from 2wy, location to the
T/R unit receiving the ECVFL conditioned laser beam; D: di-
ameter of ECVFL aperture. For a symmetrical link providing
the designed lossless beam propagation operations, dg = d ;.
The Figure 1(a) link can also be operated in an asymmetrical
design where d is not equal to dpy;,. The asymmetrical case
where dr > dj;, implies that the beam diameter at the receiv-
ing ECVFL lens is larger than the ECVFL diameter at the dis-
tant T/R unit; therefore the zero loss condition will not be met
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FIG. 1a The proposed smart wireless optical data communication link designs. Common
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FIG. 1b The proposed smart wireless optical data communication link designs. Inde-

pendent T and R apertures smart T/R module design.

leading to incrementally higher light propagation loss as dg
exceeds dyi,,. Figure 1(b) shows an alternate link design with
two T/R units communicating with physically separate T and
R optical apertures. Due to this effect each T/R unit contains
physically separate transmitter and receiver modules. Dg, is
the diameter of the receiver capture lens RL. The Figure 1(b)
T/R unit design is suitable when high optical isolation (> 25
dB) is required between the T and R channels and when dur-
ing an asymmetrical link operation, additional receive light
capture is desired via a receive lens aperture size that exceeds
the typical small ECVFL diameter.

The smart link designs can be analysed using ABCD matrix
analysis of Gaussian beams. The results of this analysis are
presented here, additionally readers can refer to [14] for de-
tails on the derivations. Using ABCD analysis for the setup of
Figure 1(b), the beam waist at any location is given as:

)

T/U(Z) _ % (AZO)2+B2.

20

where A is the wavelength of light, zj is the Rayleigh range of
the laser and A and B are elements of the ABCD matrix. To
find wgr, Eq. (1) is used with the ABCD matrix that describes
the laser beam propagation to that point where:

(2)

1— 4N

~ e ds - ";i’zL]
L fNL

When a minimum beam waist is formed, the real part of the g-
paramteter is zero. Using ABCD Gaussian beam optics leads
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to:
ACZ3 4 BD = 0. 3)

Now substituting the appropriate ABCD elements for Fig-
ure 1(b) gives:
aF? +bF+c=0, 4)

where:

a =[z5(dwmin +ds — far) + dyr.(ds + dpiin — fNL)
+ fl(dne +ds + dyin) — 2dNLfNL (ds + dain)]
b =[z5(2[fne(ds + dpmin) — dsdpin] — d5 — fRr)
+2d%; (dsfne + frdmin — dsdmin)
—2f%1 (dneds + dnrdain + dsdagin) + A fNLANLAsApin

+2dnids fae — fl (dr + d3) — dygpd3)
¢ =[dpminz5(d3 + fRr — 2dsfnL)
+ 2dNrdsdpin(fr — fnedne — feds)

+ (dnpds)*din + fRrdmin (A + d3)] ®)

Note that larger input beam sizes allow for a larger achievable
link distance.

Now the T/R unit link design parameters fnr, dnr, ds, and
dpyin should be chosen such that the beam radius wg; de-
scribed by Eq. (1) is smaller than the radius of the ECVFL.
Then Eq. (4) can be solved to give:

Fo fbj:\/b2f4ac- ©)
2a

Since F should be real, b > 4ac for a valid link design. The
choice of F will determine the size of the minimum beam
waist along with the other system parameters. Note that the
focal length of all lenses in the system must satisfy F# > 1.67
[9] since this analysis is done within the paraxial approxima-
tion. Using the two solutions obtained for F, one solves for the
minimum beam waist w;, as follows:

o A 20
WMin = ;m )
A Bl [1 dui][1 0][1 ds
I | P
1 0| 1 dno
by

The size of wyy;, should be real and less than wg;. Since the
purpose of the proposed communication link is to achieve
low optical power loss, the solution for F that gives the lowest
transmit aperture beam divergence should be used. Although
both F solutions have the same loss in the symmetric link case,
having a smaller beam divergence reduces the link loss for
distances of dr > djy;,. Since it is known that the divergence
is inversely proportional to the minimum beam waist [14] the
F solution that gives the larger wyy;, minimum beam waist
value will give the smaller transmit beam divergence and thus

a reduced power loss if dg > dj,. In order to find the beam
waist radius at the receiving lens, the ABCD analysis is ap-
plied from wy to wg for Figure 1(b) giving:

< o=l 1[5 2l %)

1 0| [1 dnp
[fh 1} [o 1} ©)

Substituting the elements of Eq. (10) into Eq. (1) gives wg. For
low smart link propagation loss, this beam waist radius wg
should be smaller than the diameter of receiving lens. For the
case of a symmetric link, the beam waist at the output of the
transmitting ECVFL and the size of the beam at the receiv-
ing lens should be the same. Similarly, the equations for Fig-
ure 1(a) could be derived given the ABCD matrix of the optical
circulator used. The smart link beam propagation can be com-
pared to unconditioned Gaussian beam propagation over the
distance L1, where L1 = dy + ds + L. The beam waist for the
unconditioned Gaussian beam is given by [14]:

2
1+ (E) . (10)

Now that the beam waist at the receiver location for the smart
link and unconditioned Gaussian beam propagation-based
link are known, the advantage of the proposed smart link de-
sign in terms of optical power at the receiving aperture of the
T/R unit can be analysed. For a Gaussian beam, the receive
aperture collected optical power is given by integrating the
irradiance over the area of the receiving aperture giving:

wn(z) = wy

21T a

//IO e 87‘”2 ) rdrdg
—27‘[/[0 2(

where Ij is the laser beam peak intensity at the wy location at
the exit of the laser module, w(z) is the beam waist at a specific
location given by substituting Eq. (9) into Eq. (1) for the smart
link and by Eq. (10) for the unconditioned Gaussian beam, and
a is the radius of the receiving aperture, i.e., the receiving lens
in the T/R unit. To compare the results of the smart link and
the unconditioned Gaussian beam propagation link, Eq. (11)
can be normalized as follows:

e wz(z ) rdr. (11)

2r

a _
fe w2 (2) pdy

Prorm(z) = 2,2 : (12)
fe @) rdr

Hence, the normalized percentage optical power loss for the
FSO link is given by:

Pross(z) = 100[1 — Porm(2)]. (13)

3 EXPERIMENTAL DEMONSTRATION

Using the Figure 1(b) link design, a proof of concept demon-
stration of the smart indoor optical wireless link design is im-
plemented for a visible laser pointer-type source. Since the fo-
cus of the paper is optical propagation loss reduced link de-
sign, an unmodulated laser is deployed. It is well known that
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direct or indirect modulation of todays visible laser diodes is
readily possible for high (> 100 Mbps) data rates. Today, a typ-
ical laser pointer module for red light has a beam divergence
half-angle of 0.6 mrad and a Gaussian minimum beam waist
radius wy of 0.5 mm. The visible source deployed has similar
characteristics and is a Melles Griot Model 05-LHP-991 10 mW
He-Ne laser with A = 632.8 nm a beam divergence of 0.62 mrad
and 1/¢? beam radius wy, of 0.325 mm. Specifically, for the
experiment a symmetric (i.e., wgy = wgy) agile link is de-
signed with a typical indoor room range of L = 4.01 m where
L = L1 — (dnyi + ds). The ECVFL used in the link is a Vari-
optic (France) Aortic Model 320 liquid lens with a D = 3 mm
aperture. This ECVFL is a broadband visible light variable fo-
cus lens that uses electrowetting technology. Expansion of the
laser module beam waist for higher beam collimation is im-
plemented using the concave lens (or NL) that has a fn7.=-
15 cm. Since the diameter of the ECVFL is 3 mm, the NL and
ECVEFL are placed with a dy; = 16.55 cm and dg = 23 cm
such that the 1/¢% beam diameter at the ECVFL input plane
is less than the ECVFL aperture. Specifically, the 1/¢?> beam
diameter 2wg; at the ECVFL input plane is chosen to satisfy
D = 1.67 x 2wg; that corresponds to the ECVFL 3 mm diam-
eter aperture capturing 99.6% of input light intensity with a
theoretical wg; = 899.5 ym. Using link design Eq. (4) and solv-
ing for dpy, gives L = 0.1 m for the shortest positive ECVFL
focal length F = 4.4 cm. Using link design Eq. (4) and solving
for F for a desired link distance L = 4.1 m gives F = 33.44 cm
for the ECVFL. Note that the deployed ECVFL can be elec-
tronically controlled from a negative lens with F = -19.9 cm
to a positive lens with a range of F = 4.4 cm to F = 40 cm. In
the experiment, F is controlled by varying the duty cycle from
82.2% to 84.4% for the 40 kHz frequency pulsed wave drive
signal. For example, the ECVFL focal lengths are 36.62 cm,
36.3 cm, and 33.4 cm for duty cycles of 82.4%, 82.64%, and
83.12%, respectively. As a moving wireless terminal or agile
FSO link connection changes the deployed link distance, the
ECFVL F is changed to maintain the lossless link propaga-
tion self-imaging condition between the transmit and receive
optical terminals. In order to test this smart link idea, a re-
ceiver in the form of a laser beam profiler is positioned at the
changing L distances to record the receive plane incident laser
beam size. Using a highly accurate Digital Micromirror Device
(DMD) based beam profiler [15], one can accurately measure
the Gaussian beam size and then compute the captured power
using Eq. (11) for a given receive lens aperture. In addition, to
visualise the effect of the different beam sizes on the receiver
plane, a standard visible light CCD camera is used to observe
the smart link agile beam.

The percentage optical power loss Pr,ss due to beam propa-
gation for the wireless optical link is given by Eq. (13). Fig-
ure 2 shows the designed percentage optical power loss for
the two types of links. Figure 2 was produced using Egs. (12)
and (13) with Eq. (9) substituted into Eq. (1) for the smart link
and Eq. (10) for the non-smart link conditions. Note that given
the deployed ECVFL has a D = 3 mm, the receive aperture ra-
dius used for the link receiver lens is set to a=D/2=1.5 mm
for Eq. (12). The design plots assume zero transmission and
reflection loss for the NL and ECVFL given that these optics
can be Anti-Reflection (AR) coated for the laser wavelength.
Results from the conducted experiment with non-AR coated
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FIG. 2a Shown are the designed and measured optical loss percentage values for the
non-smart and smart wireless optical links operating within the designed 4 m agile
self -imaging range of the link. The design assumes a 3 mm diameter receive lens that

matches the 3 mm diameter of the transmit ECVFL.
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FIG. 2b Shows the designed and measured optical loss percentage values for the non-
smart and smart wireless optical links operating outside the designed 4 m agile self

-imaging range of the link.

optical elements shows that the optical losses were 10% and
7% for the NL and ECVFL, respectively. In order to obtain
the received optical power measurement, a 3 mm diameter
iris is placed just before the 1 cm? active area receive photo-
detector (Newport 918D-UV) to make an aperture diameter
equivalent to the ECVFL aperture. Data points on the Figure 2
plots are shown assuming zero-loss components. Figure 2(a)
shows that for the changing link distance L from 1 m to 4 m,
the experimental smart link provides a low < 7 % optical per-
centage loss compared to the non-smart link with an experi-
mental 59.07% and theoretical 55.2% loss at L = 4 m. Thus a
53.04% improvement over the non-smart link was experimen-
tally observed at L = 4 m. Ideally, the smart link loss should
be zero, but experimental non-ideal behaviour of the Varioptic
ECVEFL (e.g., aberrations, coma, etc) and laser beam Gaussian
quality restrict the link performance to meet ideal design the-
ory. Improvements in demonstrated link loss can be achieved
by using higher optical and beam quality optics (i.e., laser and
ECVEFL) for the smart link. Given that link distances could ex-
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ceed the designed 4 m smart link distance, Figure 2(b) shows
the designed and measured optical loss percentage values for
the non-smart and smart wireless optical links operating out-
side the designed 4 m agile self-imaging range of the link. The
low loss benefits of the smart link are clear and shown for link
distances up-to 15 m. Data shows that at 15 m, the non-smart
link percentage loss is 92.8% versus the 61.5% for the smart
link. In the smart link case, F is set for a 4 m link distance.

Additional range symmetric links can be designed where the
link range is defined between the L distance limits of Ly, <
L < Lpjax. For example, a goal can be to design a link with
5m < L < 10 m range using hardware such a laser mod-
ule with A = 632.8 nm and wy = 500 ym, and a NL with
fnL =-10 cm. For the T/R module design, dy should be less
than the Rayleigh range zy as then the choice of dyi, has a
minimal effect on wg;. In order to preserve the compact de-
sign, dyy is chosen to be 1 cm. An initial estimate for wgy, is
made by using wgp = v/ALpgay/ 7T; this leads to an initial es-
timate of wrr = 1.42 mm for 10 m link range. Using Eq. (2)
to solve Eq. (1) for an initial estimate of dg it is found to be
27.06 cm. The calculated value of dg along with the other de-
sign parameters and d s, = Ly1ar/2 = 5 m are substituted into
Egs. (5) and (6) to provide a value for F that in this case comes
out to be imaginary. As F was an imaginary value, increasing
the estimate for dg to 27.43 cm results in the value F to become
positive and equal to F = 40.61 cm or F = 40.51 cm. Alterna-
tively if a positive value for d is obtained, one can decrease dg
till it cannot be decreased further without F becoming imagi-
nary. Note that the ECVFL chosen must satisfy the condition
2wgy, < D. Solving Egs. (4) and (6) with d g, = Ly /2 =2.5m
gives F =41.8 cm or F = 36.51 cm. Using Egs. (7) and (8), the
Wiy for each focal length pair can be compared. Note that
though both solutions of F are valid, the solutions of F that
give the larger wy;, (via the longer F value) are chosen as they
have less divergence and thus a smaller beam waist when dg
> d iy allowing for low loss link operations when L > Ly
Hence, the ECVFL for the designed 5 m to 10 m link requires
operations with 40.61 cm < F < 41.8 cm, an achievable ECVFL
device performance. The length of the example smart transmit
module is given by dyy + ds = 27.06 cm+1 cm = 28.06 cm.
In comparison, when using the reference [9] low loss wire-
less link module design for the same design specifications,
i.e., Lyin =5m, Lyay = 10 m, wgp = 1.42 mm, A = 632.8 nm,
wp = 500 pum, a fixed focal length convex collimating lens of
3.52 m focal length is required to give equivalent values of
dnp +ds =352 m + 3.52 m = 7.04 m with the ECVFL focal
length variation from 2.68 m < F < 10 m. The prior reference
9 module design for a typical visible laser pointer-like source
fed low loss link results in a much longer module size in ad-
dition to requiring an ECVFL with a larger dynamic range for
focal length control. The proposed module design in Figure 1
is highly compact and deploys highly engineered micro-optic
components for optimal low loss wireless link designs. The
T/R module design in [9] is more suited for Single-Mode Fibre
(SMF)-to-freespace coupled light transmission and detection
within the module as it uses the much smaller SMF core size
wy values like 2wy = 9 ym for the 1550 nm near IR wavelength
typical for long distance telecommunications fibre networks.

An important feature of the proposed smart link is its ability

(a)
29.33cm

39.11 cm

(b)

FIG. 3 Shown are CCD camera images (at uniform same scale) of the smart link
operating in its wide area search beam mode for a link distance parameter of
L1 = 280.5 cm. (a) Search beam shown using ECVFL F = 4.4 cm. (b) Non-smart link

receive beam.

to provide a wide area big search beam to establish a search
and hand-shake operation with another remote receiving T/R
unit. The search mode operation can be achieved by operat-
ing the ECFVL as a short focus convex lens so as to spread out
the transmit beam into a wider zone to locate a possible T/R
unit. Upon establishing an initial detection with a remote T/R
unit, the ECVFL focal length is brought to a longer convex fo-
cal length for optimal low loss smart link operations. Figure 3
shows CCD camera images (at uniform scale) of the smart link
operating in its wide area search beam mode for a link dis-
tance parameter of L1 = 280.5 cm. Figure 3(a) shows the 11 cm
diameter search beam obtained using ECVFL F = 4.4 cm. and
Figure 3(b) shows the non-smart link received beam. The Fig-
ure 3 data indicates that using the present liquid lens ECVFL,
a search beam that is approximately 18 times bigger in diame-
ter than the unconditioned non-smart link beam can be gener-
ated giving excellent beam search capabilities. In addition, the
expanded search beam mode can be used to create spatially
controlled cells for optical illumination in an indoor wireless
scenario.

4 CONCLUSION

In conclusion, a power smart optical wireless link design is
presented for low loss indoor operations with changing link
distances. The smart link design uses fixed focal length op-
tics in combination with an ECVFL to adjust Gaussian min-
imum beam waist location and size for ideal zero propaga-
tion loss receive beam capture. The proposed low loss link
can be beneficial to energy saving communication operations,
for example, in portable devices and data centres where max-
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imum data rates must be sent with minimal power usage. A
visible laser smart wireless link is demonstrated for a vari-
able 1 m to 4 m link distance. The spatially conditioned link
achieved a < 7% optical propagation loss over the 4 m range
and showed a 53% improvement over an unconditioned laser
link. The smart link has the ability to provide a wide area
search beam for search and hand-shake operations with other
receiving T/R units, easing alignment procedures and beam
blocking instances. Future work relates to smart link demon-
strations with high data rates.
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