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Abstract—In this paper, transmit and receive collaborative
beamforming (CB) techniques are considered to achieve a dual-
hop communication from a source to a receiver, through a wireless
network comprised of K independent terminals. Whereas the
previous works assumed a model of plane wavefronts, here, a
local scattering in the source or receiver vicinity is considered,
thereby broadening the range of applications in real-world
environments. Taking into account the local scattering, these CB
techniques aim to maintain the beamforming response in the
desired direction equal to unity. It is shown that the so-obtained
collaborative beamformers are not suitable for a distributed
implementation. We hence propose a novel beamformer solution
that can be implemented in a distributed fashion and, further,
well-approximates both transmit and receive collaborative beam-
formers. The performance of the proposed distributed CB (DCB)
technique is analyzed and its advantages against the conventional
DCB technique, which is designed without taking into account
the presence of local scattering in the source or receiver vicinity,
are analytically proved and further verified by simulations.

Index Terms—distributed collaborative beamforming, local
scattering, device/machine-2-device/machine (D2D/M2M) com-
munications, wireless sensor networks (WSN).

I. INTRODUCTION

The implementation of the collaborative beamforming (CB)
technique can increase the transmission coverage, the link
reliability, and the capacity of wireless networks [1]-[9]. Using
this technique, a set of K independent terminals (mobile users,
soldiers in battlefield, sensor nodes, relays, etc) play a central
role in the signal transmission flow. Indeed, these terminals
or devices (in D2D or M2M communications) multiply their
received signals from the source with the complex conjugates
of properly selected beamforming weights, and forward the
resulting signals to the receiver. How to select these weights?
This is an active subject of research. So far, several approaches
have been proposed such as minimizing the total transmit
power subject to the received quality of service constraint,
maximizing the received signal-to-noise ratio (SNR) subject to
two different types of power constraints, namely the total trans-
mit power constraint and individual terminal power constraint,
or fixing the beamforming response in the desired direction
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to unity. Due to its practical potential, the CB technique has
garnered the attention of the research community. Assuming
that the terminals are uniformly distributed, the conventional
DCB technique has been presented in [1] and the characteris-
tics of its resultant beampattern have been analyzed. Beampat-
tern characteristics of the conventional DCB technique have
been also evaluated in [2] when the terminals are Gaussian
distributed. To enhance the beampattern proprieties, terminal
selection algorithms aiming to narrow down the mainbeam
and minimize the effect of sidelobes have been, respectively,
presented in [3] and [4]. In [5] and [6], CB techniques that
improve the energy efficiency have been proposed. A review
on different CB techniques wherein properly selected weights
achieve the design objective while satisfying the design con-
straints has been presented in [7]. The selected weights must
often comply with the restrictions dictated by the network
structure. For instance, when a CB technique is used in a
wireless network that lacks a master terminal (MT) with a
global knowledge of all network parameters, the terminals
typically require to locally compute their weights based only
on their limited knowledge about the network. This is also
the case when the MT is available to compute all weights but
the overhead associated with sending them to all terminals is
prohibitive. This impediment motivates more investigation in
this direction of research. Lending themselves to a distributed
implementation, a variety of so-called distributed CB (DCB)
techniques, wherein the selected weights solely depend on the
information commonly available at every terminal and, hence,
each is able to locally compute its own weight, have been
proposed in [8] and [9].

In spite of their significant contributions, all the above
works neglect the effect of the scattering and reflection and
assume a simple model of plane wavefronts. Unfortunately,
in practice, the propagation environments are often more
complicated than this model. In fact, when the source or
the receiver is scattered by a large number of scatterers
within its vicinity, as in rural and suburban environments,
several replicas of the transmit or receive signal are generated
[10]-[13]. In such a case, the signal can be modeled as a
superposition of independent, and identically distributed (i.i.d.)
rays [10]. Commonly known as local scattering, the effect of



this phenomenon on the CB technique was investigated in [11].
It has been shown that the performance of CB techniques,
designed without taking into account the presence of local
scattering, are deteriorated. Obviously, the performance of the
CB techniques proposed in the above contributions may be
acceptable in rural environments, but they become more and
more unsatisfactory in suburban environments wherein local
scattering is relatively important. Hence, the aim of this work
is to go one significant step forward by pushing the frontier
of the DCB real-world applicability to include both rural and
suburban environments.

In this paper, we consider both transmit and receive CB
schemes that aim to fix the beamforming response in the
desired direction to unity. Depending on the scheme, the
source S or the receiver is assumed to be scattered by a
large number of scatterers within its vicinity that generate
L ii.d rays from the transmit or the receive signal. Taking
into account this phenomenon, the beamforming vectors cor-
responding to both beamformers are derived. Unfortunately, it
is shown that the so-obtained beamformers are not suitable for
a distributed implementation. Using the fact that the number
of terminals could be typically large in practice [8], [9],
we propose a new distributed collaborative beamformer that
not only can be implemented in a distributed fashion but
also, well-approximates its transmit and receive collaborative
beamformer counterparts. The performance of the proposed
DCB technique is analyzed and its advantages against the
conventional DCB technique, which is designed without taking
into account the presence of local scattering in the source or
receiver vicinity, is proved. It is shown that the maximum
achievable SNR is performed by the proposed DCB technique
even in suburban environments where the local scattering is
relatively important, while the performance of the conventional
DCB technique decreases in rural environments and becomes
unsatisfactory in suburban environments. It is also proved that
the proposed DCB technique is able to achieve until 3 dB of
SNR gain against its conventional vis-a-vis.

The rest of this paper is organized as follows. The system
model is described in Section II. The CB techniques in the
presence of local scattering is described in Section III. A
novel DCB solution is proposed in Section IV. Section V
analyzes the performance of the proposed technique while
Section VI verifies by computer simulations the theoretical
results. Concluding remarks are given in Section VII.

Notation: Uppercase and lowercase bold letters denote
matrices and vectors, respectively. [-]; and [-]; are the (i,[)-
th entry of a matrix and ¢-th entry of a vector, respectively.
I is the identity matrix and e; is a vector with one in the
I-th position and zeros elsewhere. (-)7 and (-)¥ denote the
transpose and the Hermitian transpose, respectively. || - || is the
2-norm of a vector and | - | is the absolute value. E{-} stands
for the statistical expectation and (ﬂ) L1> denotes (element-
wise) convergence with probability one. J; (-) is the first order
Bessel function of the first kind and © is the element-wise
product.

II. SYSTEM MODEL

As can be observed form Fig. 1, in this work, both receive
and transmit CB schemes are of concern. As illustrated in
Fig. l.a, the system of interest in the receive configura-
tion consists of a wireless network or subnetwork comprised
of K uniformly and independently distributed terminals on
D(O, R), the disc with center at O and radius R, a receiver
at O, and a source S located in the same plane containing
D(O,R) [1]-[8]. We assume that there is no direct link
from the source to the receiver due to pathloss attenuation.
Moreover, let (r,1x) denote the polar coordinates of the k-th
terminal and (As, ¢s) denote those of the source. The latter is
assumed to be at ¢5 = 0, without loss of the generality, and to
be located in the far-field region, hence, A5 > R. Description
of the transmit configuration in Fig. 1.b is straightforward
from the previous, where only the source and receiver switch
positions.

Terminals

a) Receive CB configuration

b) Transmit CB configuration

Fig. 1. Receive and transmit system configurations.

The following assumptions are further considered with
respect to both configurations in Fig. 1.a and Fig. 1.b:

Al) The far-field source or receiver, respectively, is scat-
tered by a large number of scatterers within its vicinity
that generate L equal-power rays [10]-[13]. The [-th ray is
characterized by its direction #; and its complex amplitude
a; = pe’ where the amplitudes p;, | = 1,...,L and
the phases &, [ = 1,...,L are ii.d. random variables,
and each phase is uniformly distributed over [—,w]. The



0;, I = 1,...,L are also i.i.d. random variables distributed
with variance o} and probability density functions (pdf) p(6).
All 0;s, s, and p;s are mutually independent [10]-[13].

A2) The channel gain [f]; between the k-th terminal and
the receiver or the source, respectively, is a zero-mean unit-
variance circular Gaussian random variable [8].

A3) The source signal s is a zero-mean random variable
with power ps while noises at terminals and the receiver are
zero-mean Gaussian random variables with variances o2 and
0,2, respectively. The source signal, noises, and the terminals
forward channel gains are mutually independent.

A4) The k-th terminal is aware of its own coordinates
(rg, ¥r), its forward channel [f], the directions of the source
¢s, K, and ag while being oblivious to the locations and the
forward channels of all other terminals in the network.

Using Al and the fact that A; > R, the channel gain
between the k-th terminal and the source or the receiver,
respectively, can be represented as

L

gl = Y ane ™I FreeosCimvn ()
=1

where A is the wavelength.
III. CB TECHNIQUES IN THE PRESENCE OF LOCAL
SCATTERING
A. Receive CB Configuration

In this scheme, a dual-hop communication is established
from the source S to the receiver. In the first time slot, the
source sends its signal s to the wireless network. Let y denotes
the received signal vector at the terminals given by

y=gs+v, ()

where v is the terminals’ noise vector. In the second time
slot, the k-th terminal multiplies its received signal with
the complex conjugate of the beamforming weight wj and
forwards the resulting signal to the receiver. It follows from
(2) that the received signal at O is

ffrwoy)+n=w(foy)+n
= wl(fogs+fov)+n
swih+w(f o v) +n, 3)

r =

where w £ [wy ... wk] is the beamforming vector, h £fog,
£ 2 [[f]1...[f]x]T, and n is the receiver noise.

As mentioned above, several approaches can be adopted to
properly select the beamforming weights. In this paper, we are
only concerned with the technique that aims to maintain the
beamforming response in the source direction equal to unity.
In what follows, we design a receive CB technique and discuss
its implementability in a distributed fashion. Mathematically,
we have to solve the following problem:

whh=1, 4)

where w, is the beamforming vector associated with the
receive CB technique. Since the noises at terminals are zero-
mean Gaussian random variables, w, = w, the optimum

beamforming vector which satisfies

w, = argmin Py, , s.t. whh =1, ®)
where Py, ,, is the aggregate noise power due to the thermal

noise at the receiver and the forwarded noises from the
terminals given by

Py, =w'Aw+ o), (6)

where A £ o2diag{|[f]1|?...|[f]x|*}. Using (6) in (5) we
obtain the following optimization problem

W, = argmianAw s.t. wih=1. @)

Obliviously, since the channel is the sum of random variables,
there is no practical purpose from claiming that the optimal
solution of (7) is simply h due to prohibitive overhead required
for its instantaneous estimation. Using the fact that wih =1,
one can rewrite (7) as

wiE {hhH } w
Wo =argmax—__p-
where the expectation is taken with respect to the rays’
directions 6;s and their complex amplitudes ags. It can be
readily shown that w,, is the principal eigenvector of the matrix
E {hh"'} scaled to satisfy the constraint [14]. However, it
can be observed from (8) that w, can not be directly derived
using the actual form of the latter matrix. Therefore, for the
sake of analytical tractability, a useful approximation may
be developed. This requires a more in-depth analytical study
of the matrix E {hhH } Using the assumption Al, one can
deduce the following property:

s.t. w/E{hh}w=1 (8)

* 0 I
I
Consequently, E {hh* } is reduced to
E{hh"} = / p(0)a(h)a” (9)ds, (10)

where a(d) = [[a(d)];... [3(9)]K]T

with [a(f)], =
[f}keszff’k cos(0—v)

Nevertheless, if oy is relatively small as in typical suburban
environments, the relationship between a(f) and 6 can be
accurately described by the first three non-zero terms of the

Taylor series of a(f) at 0 and, hence,
a(f) =a+a'd+a"6? (11)

where a = a(0), and a’ and a’ are, respectively, the first and
the second derivatives of a(f) at 0. Therefore,

2
E {hhH} ~ aall + % (aa”H +a”’afl + 2a’a’H)

1
~ 5 (a(og)a(ag)” + a(—ag)a(—0g)) . (12)

It is noteworthy that the approximation in (12), previously
exploited differently in angular spread and direction of arrival
estimation of scattered sources [12], [13], is independent of



the pdf p(@). Using (12), the optimization problem in (8) can
be written as

He
wEwW H

—_— s.t w
wi Aw

where E = (a(og)a(og)? + a(—og)a(—o9)). It can be
shown that w, = A 'pnax (E) where pmax () is the
principal eigenvector of the matrix = and p is the factor chosen
such that the constraint in (13) is satisfied. In the sequel, the
expression of py.x (B) is derived.

It is easy to note that the rank of = is inferior or equal to
two, which means that this matrix has at most two eigenvec-
tors. In addition, it can be seen that

Ew = 2 (13)

W, R arg max

Ela (00) +a (~0v) =a (o0)([a (79) | *+2 (o) "a (~00)) +
a (~0v)(la (~09) |*+a (~09)"a (0v) .
(14
and
Ela(00)~a (~00)) =a (06)(|a (70) |*~a (79) " a (~00)) -
a(~00)(a (=00)|*~a(~00)""a(0v)
(15)

It is direct to show from the definition of a(¢) that ||a (oy) || =
|a(—0og) || and, further, a (—og)™ a (o) ~ a(09)" a(—ap)
for small oy. Therefore, from (14) and (15), a (o) +a(—op)
and a(op) — a(—oy) are both eigenvectors of E and, in
addition, pmax (B) =~ a(0g) + a(—oy), when oy is relatively
small. Consequently, w,, is given by

Wo = %A*l (a (o) +a(—0p)) (16)

where

H 5, 1 _ -1
po= (%+a(09) AK al Ue)) .

Note that w, is valid for any given pdf p(6).

Nevertheless, since the terminals are independent entities,
the receive CB technique is implementable only if the k-th
terminal can locally compute its corresponding beamform-
ing weight [w,], that depends on p and the k-th entry
of A=t (a(og) +a(—0p)) /K. According to A4, the latter
depends solely on the information locally available at the kth
terminal while p is function of all terminals’ locations and
forward channels and, hence, cannot be computed at each
terminal. Therefore, w,, cannot be implemented in a distributed
fashion.

B. Transmit CB configuration

In this scheme, a dual-hop communication is also consid-
ered from the source S to the receiver. In the first time slot, the
source sends its signal s to the terminals while, in the second
time slot, the k-th terminal multiplies its received signal with
the complex conjugate of the beamforming weight wy and
forwards the resulting signal to the far-field receiver. In order

to select wy, for k = 1... K, the same criterion as above is
used and, hence, we have to solve

W = argmin P‘i,m s.t. wih =1 (18)

where wy is the beamforming vector associated with the
transmit CB technique and Pvtvﬁn is the aggregate noise power
given by

P, =w'E{(hov)(h”ov)}w+ol.

w,n

19)

The expectation in (19) is taken with respect to the rays’
directions 6;s, their complex amplitudes o;s and the forwarded
noises from the terminals v. Using the property in (9), it is
straightforward to prove that P‘fv’n = P, and, therefore,
Wy = W, = W;. Thus, both transmit and receive CB
techniques are not suitable for a distributed implementation.

IV. PROPOSED DISTRIBUTED BEAMFORMER

In order to get around the problem underlined above, one
can substitute g with a quantity that can be computed at
each individual terminal and, in addition, well-approximates
its original counterpart. Using the fact that the number of
terminals K could be typically large in many practical cases
[8], [9], 1 can be substituted with p1), = limg_,oc @ in (16).
Although p,, is a good approximation of s, it must also
solely depend on the information commonly available at all
the terminals. This will be proved in the following.

It is direct to show, from (17), that

1 a(o9)” A=1a(—ay) o
iy = (—2+ lim ) RNGI)

oy K—o0 K

It follows from the definition of a(¢) that

a(—09) A 1a (oy) 21]::1 ed ZE i (cos(vhy+09) —cos(Yr—ap))
K B Ko? ’

2n

Using the strong law of large numbers and the fact that 7, ¥,
and [f]; are all mutually statistically independent, we obtain

a(ng)HA_la(O'())

lim
K—o0

K
p_1> %E{ej%"%(COS(wkﬁre)—CDS(%—ﬂe))}. (22)
UU

Since the terminals are uniformly distributed on D(O, R), it
can be shown that [1]

i2m . _ cos(thr — J1(a(20))

G2k (cos(Yrtog)—cos(Pp—og))| _ o Z1\HETH))
B{er™ f =2 ooy 2
where a(¢) £ (47R/\)sin(¢/2). By substituting (23) in (22),
we have

a(—ag)HAfla(ag) pl iJl(Oz(Qag))

li . (24
i K 2 a2ay) Y
Therefore, it follows from (20)-(24) that
9 —1
iy 2 o2 (14 2210C0)) o
a(209)



when the number of terminals K is large enough. As it can
be observed from (25), p, does not depend on the locations
and the forward channels of any terminals and, therefore, it
is locally computable at each individual terminal. Substituting
i by pp in (16), we introduce a new DCB technique whose
beamforming vector

wy = 2 A1 (a(0y) + a(—09)) (26)

K

not only can be implemented in a distributed fashion, but
also well-approximates its counterpart w,, when K is large
enough!. Moreover, it is valid for any given pdf p(6). Note that
in the conventional scenario, when there is no local scattering
phenomenon (i.e. plane-wave propagation), g — 0 and
hence (26) is reduced to

27

the beamforming vector associated with the well-known con-
ventional DCB technique [1], [2].

V. PERFORMANCE ANALYSIS OF THE PROPOSED
DISTRIBUTED BEAMFORMER

As discussed above, the proposed distributed collaborative
beamformer well-approximates its transmit and receive CB
counterparts and achieves the same performances in both
considered configurations. Thus, for the sake of simplicity, in
what follows, we only focus on the receive CB scheme. One
way to prove the efficiency of the proposed DCB technique
is undoubtedly comparing its achieved SNR with the SNR
performed when the conventional DCB technique, which is
designed without taking into account the presence of local
scattering in the source vicinity, is used. To this end, we
introduce the following performance measure:

Ew.

T(o0) = 2 (28)
where Pul62)
b= 2, 29)

is the achieved SNR when the beamforming vector w is used.
In (29), commonly known as the beampattern, Py (¢,) =

Dy ‘WH 2{;1 aja(ds —1—01)‘2 is the received power from a
transmitter at direction ¢, with power p,. It is noteworthy that
T is an excessively complex function of the random variables
Ty Yp, [f]x for k=1,..., K and oy, 0; for l =1,..., L and,
hence, a random quantity of its own. Therefore, it is practically
more appealing to investigate the behavior and the properties
of T given by [8]

Ew.

&w,
where £y = Py (ds)/ P‘f‘m is the achieved average-signal-to-

average-noise ratio (ASANR) when w is implemented with

T(0g) = (30)

IWe will see in Section VI that K in the range of 20 is already sufficient
to perfectly fit the asymptotic solution while K in the range of 10 readily
offers an acceptable approximation within a dB fraction.

]?w(qﬁ*) = E{Pw(¢4)}, called the average beampattern, and
Py, =E {P‘fvn} is the average noise power. Thus, using the
proposed DCB technique, it can be shown that

—1
Py .= 2;(12’ (1 +2%) 1.2, 3D
and
. 2, 2K —1)Q (¢,)
Pwp (¢*) = (20 (20 5
K (14220000 (1428052000
(32)
with
- Ji(ald+0+09)  Jila(d+0—0p))\>
Q<<z>>—/p<e>( o0 o)) Dlelo 0o ) 46

33)
When the conventional DCB technique is implemented, it can

be proved that )

N
ch,n - K +Un ) (34)
and ~ »
Pu (64) = 32 (14 (K = 1)T (6)), (35)
v Ji(a(6+ )\
- 1o+
r@) = [ o0 (2? o ) @, (6

Note that, from (31)-(36), T(oe) is independent of the pdf
p(0). Tt is also noteworthy that the integrals in (33) and (36)
can be computed numerically with any desired accuracy by
using the most popular mathematical software packages such
as Matlab and Mathematica, after properly choosing the pdf
p(0). In fact, several statistical distributions for §; have been
proposed so far such as the Laplace, Gaussian or Uniform
distribution [10]-[13]. Moreover, from (31)-(36), when K is
large enough, it holds for small oy that

9 2
Y(og) ~ i (1 +0 Fi (;2;4712 (%m) )) . 3D

Since the hypergeometric function ¢F} (;2; —4722?) has a
maximum peak value of 1 at x = 0, the above expression
indicates that regardless of the value of R/, éwp ~ gwc,
when there is no local scattering in the source vicinity. This
is expected since wy, boils down to w. in such a case. In
addition, for small z, oFy (;2; —4n?2?) decreases inversely
proportional to = while for large x, it has an oscillatory tail but
converges to 0 as x increases. Thus, it can be observed from
(37) that, as og increases, the ASANR gain achieved using
wp, instead of w, increases and can reach as much as 3 dB.
Therefore, the proposed DCB technique is much more efficient
in terms of achieved ASANR compared to the conventional
DCB technique, which is designed without taking into account
the presence of local scattering, and this holds for any given
pdf p().

Further, it can be shown that

i, Tloo) = Jig Tloo), 9



and, hence, T(ag) is a meaningful performance measure that
asymptotically converges to Y when K is large enough.
Consequently, the proposed DCB technique is also much
more efficient in enhancing the achieved SNR for any given
realization of 74, ¥ and [f]; for K = 1,..., K, when K is
large enough, and this holds for any distribution of ;s.

VI. SIMULATION RESULTS

Computer simulations are provided to support the theoreti-
cal results. All the simulation results are obtained by averaging
over 105 random realizations of 7y, ¥y, [f]x fork=1,..., K
and oy, 6; for [ = 1,...,L. In all examples, we assume
that the noises’ powers 2 and o2 are 10 (dB) below the
source transmit power ps and K = 20. It is also assumed
that the number of rays is L 6 and that their phases
are uniformly distributed. Figs. 2, 3 and 4 display Pwp (Px),
Py, (¢,) and Py,_(¢,) for different values of R and y. As can
be observed from these figures, when the conventional DCB
technique is used, the beamforming response in the desired
direction decreases if R or oy increases while it remains equal
to unity when the proposed DCB technique is implemented.
Therefore, the proposed technique is much more efficient than
its conventional vis-a-vis in keeping the beamforming response
in the desired direction equal to unity. Fig. 5 plots éwp and
fwo versus oy for R = 1 and different values of K. From this
figure, the performance of the proposed DCB technique fits
perfectly with that of the transmit and receive CB techniques
when K is in the range of 20 while it looses only a fraction of
a dB when K is in the range of 10. Fig. 6 displays {w,,, &w,
and éwc versus og for R = 1. It can be verified from Fig. 6 that
the proposed DCB technique is able to perform the maximum
achievable SNR even in suburban environments where oy is
in the range of 20 degrees, while the SNR performed by its
conventional vis-a-vis decreases by 0.5 dB for oy = 7 degrees
and becomes unsatisfactory in suburban environments. In such
environments, the proposed technique achieves until 3 dB of
SNR gain. Fig. 7 shows T (o) for different values of R. It
can be seen from this figure that for small oy, T(oy) is a
decreasing function of oy and R and, hence, the SNR gain
achieved when the proposed DCB technique is implemented
increases with oy and R. This corroborates our discussions in
Section V.

VII. CONCLUSION

We consider both transmit and receive CB techniques to
achieve a dual-hop communication from a source to a receiver,
through a wireless network comprised of K uniformly and
independently distributed terminals. Here, local scattering in
the source or receiver vicinity is assumed when in previous
works the effect of scattering and reflection was neglected.
Taking into account this phenomenon, the beamforming vec-
tors corresponding to both beamformers are derived. It is
shown that the so-obtained beamformers are not suitable for
a distributed implementation. Using the fact that the number
of terminals could be typically large in practice, we pro-
posed a novel distributed collaborative beamformer that can
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be implemented in a distributed fashion and, further, well-
approximates its transmit and receive CB counterparts. The
performance of the proposed DCB technique is analyzed and
its advantages against the conventional DCB technique, which
is designed without taking into account the presence of local
scattering in the source or receiver vicinity, was proved. It
was shown that the maximum achievable SNR is performed by
the proposed DCB technique even in suburban environments
where local scattering is important, while the performance of
the conventional DCB technique decreases in rural environ-
ments and becomes unsatisfactory in suburban environments.
It was also proved that the proposed DCB technique is able
to achieve until 3 dB of SNR gain against its conventional
vis-a-vis. Moreover, the proposed technique exactly achieves
the asymptotic performance of the theoretical non-distributed
transmit and receive CB techniques when K is in the range of
20 while it approaches it within a fraction of a dB only when
K is in the range of 10.
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