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Abstract—In this letter, we propose the concept of distributed
optical beamforming and its feasibility requirements. We quantify
the importance of polarization beamforming among the beams
for maximized beamforming. As a first step towards distributed
polarization beamforming (DPolB), in this work we consider
coplanar sources and receiver for beamforming and demonstrate
the critical requirement of polarization alignment for maximized
beamforming gain. We determine theoretically and verify via
simulations the optimal polarization angle at the sources such
that the electromagnetic waves interfere constructively at the
receiver. Subsequently, we propose a novel method for automated
polarization beamforming of multiple optical beams independent
of source locations. Performance of the proposed DPolB is
analytically captured in terms of average beamforming gain and
verified using simulations. We also verify that the reduction in
gain caused by slight deviation from coplanarity is not significant.

Index Terms—Distributed beamforming, polarization beam-
forming, wireless power transfer, wireless information transfer.

I. INTRODUCTION

Distributed beamforming is a cooperative communication
technique in which power from N independent sources can
be constructively combined at an intended location to scale re-
ceive power up to N2 times. This technique has been adopted
in radio frequency (RF) domain to increase the wireless infor-
mation and power transfer efficiencies [1], [2]. We study it in
optical wireless domain for relatively long range applications,
and propose distributed optical beamforming (DOB). The term
‘distributed’ implies that the sources operate independently.
Similar to RF beamforming, a critical challenge for DOB
is carrier synchronization, which includes the alignment of
frequency, phase, and polarization of the received beams.

A few prior works studied enhancement of optical wireless
power transfer (WPT) efficiency [3]-[5]. Generally, lasers are
used as sources for optical WPT over large distances; but
employing high powered lasers can breach the human safety
limit. For example, ANSI Z136.1 regulation for human safety
at 1550 nm is < 100 mW/cm? [6]. Deployment of multiple
low power sources to achieve this goal is of high interest.

Carrier phase synchronization for distributed transmit beam-
forming was proposed in the RF domain [1] using master-slave
architecture. Distributed WPT was studied in [7] considering
frequency and phase synchronization. Optical beamforming
for WPT was proposed in [8] that used beam steering and
focusing; beamforming efficiency was low, 1.3%, possibly be-
cause phase and polarization alignments were not considered
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for the white light source. Biased beamforming for multi-LED
system was proposed in [9] to maximize the data rate. Most
prior works on beamforming considered frequency and phase
synchronization [7], [10], where they either considered polar-
ization synchronization is already achieved or overlooked it.
However, as we demonstrate in this paper, N-fold beamform-
ing gain cannot be achieved without polarization alignment.

DOB task can be divided into two parts: (1) distributed po-
larization beamforming (DPolB) where the beam polarization
states are adjusted to maximize the total received intensity,
when all the sources are frequency and phase aligned; (2)
distributed phase beamforming (DPB) where the phases of
the beams are aligned to increase the received intensity, when
the frequency and polarization states are aligned. DPB can be
realized using the phase synchronization method in [11]. The
study in this paper focuses on achieving DPolB.

Our key contributions are as follows: 1) The idea of DOB is
proposed and it is mathematically proven that beamforming is
incomplete if polarization vector of the beams are not uniquely
aligned at the receiver. 2) It is shown that, alignment of sources
at any random polarization angle is insufficient for DOB. 3)
It is also demonstrated that, when the sources and the receiver
are coplanar, vertically polarized beams offer perfectly co-
polarized input at the receiver independent of the source loca-
tions. 4) It is proven that, sources being horizontally polarized
is equivalent to the scenario where all sources are linearly
polarized with random polarization angles. 5) The system
performance is quantified in terms of average beamforming
gain, and it is shown that for large N, up to 2.467 gain is
achievable on top of DPB. 6) To achieve the aforementioned
gains, a self-contained transmitter-end vertical polarization
alignment setup is proposed for independent optical sources.

To the best of our knowledge, the importance of unique
polarization alignment for DOB as well as a setup to achieve
it have not been reported before in the literature.

Notations: ||z| = VzHz denotes Lo norm of a complex
number x, where H is the Hermition operator. I+ denotes a set
of positive integers. U denotes uniform random distribution.

II. DOB SYSTEM MODEL

We consider a generalized system model for DOB (DPB—+
DPolB) in Fig. 1, and develop a mathematical description for
the source field. Each transmitter consists of a laser and a
beamforming assembly. The receiver consists of a photode-
tector for information or energy reception. RF antennas at the
transmitter and receiver are proposed for beam steering which
can be realized using any localization algorithm. The optical
beam is considered to experience distance dependent attenua-
tion with path loss factor «.. Turbulence induced polarization
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Fig. 1: Generalized DOB system model. Txy: k" transmitter unit.

variation in signal propagation is considered negligible [12],
[13]. We assume perfect pointing of the source to the receiver.

A. Optical Source

Consider N independent monochromatic laser sources with
identical frequency. A generalized form of the linearly polar-
ized electric field of source n in source plane is given by [14]

E,(r,t) = Ane[_a;ln ik

n.rnfthrq)n)]pn (1)

where A, is the amplitude, w is the angular frequency,
d, is the distance between each source-receiver pair, r,, =
Tply + YnGy + 2na. is the position vector and k, =
k(sin @, cos ¢,,4, + sin b, sin ¢, G, + cos6,a.) is the wave
vector for the n™ source. Further, #,, denotes the elevation
angle, ¢,, denotes the azimuth angle, and k = 2{ is the wave
number with A\ representing the wavelength of the field. ®,, is
the total initial phase offset of the field at position r,.
Motivated by ground to ground communication and power
beaming applications using optical sources [15], in this work
we analyze a 2D system model with coplanar sources and
receiver. For a beam lying in z-y plane, polarization vector
Pn = sin ¢, cos Py, — cos ¢y, cos PG,y — sin,a,, where
1y, is the polarization angle or orientation of electric field with
respect to y-axis. It is notable that, (1) characterizes a beam
defined on a single phase only, which effectively models a
pencil beam and is valid at every point in space. Therefore,
the scope of inferences derived in this work can be extended
to any other wavefront geometry without loss of generality.

B. Total Received Intensity

N individual electric fields, as expressed by (1), interfere
at a receiver placed at the origin. Using the principle of
mathematical induction, the received intensity is obtained as

N 2 N N
_ —adm
; E,| = Z A,e Z A, w, @)

m=1 n=1
X (cos(km T —kp Ty + P — D)) P - P
where w,, = ¢ *% and ¢, = d, — d,,. Our aim is to

demonstrate the effect of polarization synchronization, assum-
ing DPB. (2) indicate that w,, affects the magnitude of the total
intensity, not the orientation of polarization vectors. Therefore,
for mathematical convenience we consider w,, = 1 which
gives d,, = d, = d. Hence, at the receiver location all
the signals are co-phased but may not be co-polarized. Po-
larization beamforming is a generalized concept that aims to

maximize the received intensity. Therefore, the validity of (2) is
independent of the type of adopted photodetector. Though for
brevity, the analysis is presented with WPT as an application,
the idea is also applicable for wireless information transfer.

III. ANALYSIS OF THE IMPACT OF SOURCE POLARIZATION

In this section, we analyze the impact of two extreme source
polarization angles on receiver intensity at r = (0,0,0) and
determine the optimal polarization angles for DPolB.

A. Effect of Horizontal Polarization

In horizontally polarized electromagnetic (EM) wave, the
polarization vector lies in the source-receiver plane.

Claim 1. For coplanar sources and receiver, if all the sources
are horizontally polarized, the average received intensity is
dependent on the source distribution.

Proof. Consider a scenario where all sources are horizontally
polarized, i.e., ¥, =0V n 6 {1,..., N}. From (2), the total
received intensity, I = Zm 1 Zn Le AL A, cos(dm —
¢n)- Since all sources are independently positioned at random
locations, ¢,, and ¢, can be considered to be independent
and identically distributed (i.i.d.) random variables. Then, the
average received intensity can be expressed as

N
E[Ig] = Z Ze—adAmAn{E[cos dm|E[cos ¢p] 3)
m=1n=1

+ El[sin ¢, |E[sin ¢,,] }.

It is notable from (3) that the average received intensity is a
function of the distribution of ¢;, i € {1,--- ,N}. O

To impart general fairness to the positioning of the sources,
the azimuthal angles are considered uniformly distributed, s.t.
dm ~ U(0,¢), Ym € {1,---, N}. Therefore, E[cos ¢,] =
(sin¢)/¢ and E[sin ¢,] = (1 —cos @)/, s.t. u := m,n. Sub-

stituting these in (3) and taking A,, = A, Vm € {1,--- , N},
the average received intensity is given by
E[Tr] = 2¢~*/(1 = cos ¢) (N A)/0)* )

which shows that the received intensity increases with .
However, this is true only up to ¢ = 7, i.e., when the sources
are distributed on a semicircle, because major components of
the field arrive in parallel, adding constructively at the receiver.
When this distribution space goes above , received intensity
decreases as the major components of sources combine in anti-
parallel, leading to destructive interference. The importance
of vertical polarization is demonstrated by contrasting to
the scenario with horizontal source polarization. For a large
number of sources, the average intensity at center is

E[Ir] = {ead (=)

sources lying on semicircle 5)
0, sources lying on circle.

where d is the radius of semicircle or circle. (5) indicates that,

when the sources are randomly distributed on a semicircle, the

average received intensity varies quadratically with N, which

is still < 50% of maximum achievable beamformed intensity.



Further, the arrangement of sources on a circle leading to 0
intensity at the center is due to the mismatch of polarization
angles from the different sources at that location. With an
optimum polarization angle at the sources, the mismatch can
be eliminated. It is notable that, unlike the spatial phase
variation on the PD surface, polarization of the received optical
beam is only a factor of source-receiver orientation.

B. Effect of Vertical Polarization

In vertically polarized EM wave, polarization vector is
perpendicular to the source-receiver plane.

Claim 2. For coplanar sources and receiver, if all the sources
are vertically polarized, then the received intensity is indepen-
dent of source positions and is maximum.

Proof. Consider that, out of NV beams k beams received from
the distinct sources are not polarization synchronized at the
intended receiver. Thus, using (2) total intensity at receiver is

E Kk N N
795 = Z ZIm’" COS Yim,m + Z Z I, (6)

m=1n=1 m=k+1n=k+1
where p,, - p, = 1 if beams are synchronized at receiver,
else P P = COS V- Iinyn = e~ A, A, and Vm.n is the
angle between m!” and n*" beams at the receiver, given by

Yrmn = €08~ (COS Py, €OS P, COS(Dm — B
+ sin ¥, sin iy, ).
Using (2) and (6) we obtain the reduction in received intensity
Al = Ir — I’ due to asynchronization of k£ sources as

k k k k
AI - Z Z Im,n - Z Zlm,n COS'Ym,n- (8)

m=1n=1 m=1n=1
From (7), we observe that +,, , is the function of source
coordinates and polarization angles. For Al to be zero, 1 —
oS VYmn = 0 = Ym,n = 271, 1 € It. Since two sources can
never be placed at same location, i.e., ¢y, # dn ¥V Oy Pns
this condition will only be satisfied when ¢, = ¢, = 7,
otherwise it becomes a function of source coordinates. O

)

Remark 1. The assumption of ¢, = ¢, does not alter the
solution 1y, = b, = 5. In such a special case, owing to
coaligned source beams, the polarization angles being aligned
to any arbitrary value results in beamforming at the receiver.

IV. POLARIZATION BEAMFORMING (DPOLB) GAIN

In this section, we evaluate the performance of the proposed
DPolB. For this, we propose a figure of merit, namely, polar-
ization beamforming gain. DPolB gain is defined as a ratio of
average received intensity with polarization beamforming and
that without polarization beamforming.

Without the loss of generality, we assume that all sources
involved in beamforming have equal intensity, i.e., A, =
AVY me{l,---,N}. From (2), the total received intensity
after beamforming at location r = (0,0,0) can be written as

N N
Ip=e A2 Z Z[cos(¢n — () €COS Py, COS Uy,

m=1n=1

)
+ sin ¢y, sin ¥y, ].

In the absence of DPolB, with ¢, ~ U(0,7), Vm €
{1,---, N}, the average received intensity is given by

N N
Inw = Ellg) = e 42{ 37 3" [cos(én — 61n)
=1n=1

mm;ﬁn
(10)

E[c0s 1] E[cos 1] + Efsin 1] E[sin ] + N}

= e A2(N + N(N — 1) (2/m)?).

Consider that there is a deviation 4,, in vertical polarization
of n*" source. Then the total intensity at the receiver is

N N
Ip=e 2?42 Z Z[cos(gf)n — ¢ ) Sin b, sin b,
m=1n=1

+ ¢os b, o8 Oy

Y

(11) indicates that the total received intensity is a function
of source coordinates. Hence, even if §,, = §,, (i.e., all the
sources are aligned perfectly but not vertically polarized), then
also there will be power reduction. Using the fact that ¢,, and
0, are i.i.d. random variables, (11) can be written as

Ig = *A%[N 4+ N(N — 1){cos(dq — ¢p) sin d,

X sin 8y + cos b4 cos dp }]

where a,b € {1,--- ,N} st. a # b [1]. By taking the
expectation of (12), the average intensity E[/g] is found as

Ipp = E[Ig] = e *@A%[N + N(N — 1)E[cos? 6,,]] (13)

(12)

where E[sind,,] = 0, as J,, is symmetric about zero.

Remark 2. When 6, = 0 V n, ie., vertically polarized
sources, the average received intensity is proportional to N2,
which is the maximum possible value with DPolB. Thus,
vertical polarization forms the best case scenario.

Remark 3. For 4, = gVn, i.e., horizontally polarized
sources, the received intensity is proportional to N. Thus,
horizontal polarization offers the poorest beamforming gain.

DPolB gain G, is obtained as the ratio of (13) and (10):
1+ (N —1)E[cos? §,]
P (N1 (2/n)?

(14) indicates that G, depends on the accuracy of vertical
polarization alignment and the number of the sources involved.

(14)

V. PROPOSED POLARIZATION ALIGNMENT METHOD

We now present a transmitter-end polarization angle cor-
rection method to maximize the beamforming gain in DPolB,
as presented in Section IV. The overall objective is to make
sources vertically polarized without significantly sacrificing on
the signal intensity. Fig. 2 shows the block diagram of the
proposed polarization offset correction module at n'” optical
transmitter. The proposed methodology operates automatically
when the laser is switched on for power beaming.

To orient any random polarization angle 1, to vertical
(along a.), optical source (Laser,) output is incident on
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Fig. 2: Proposed transmitter-end polarization alignment module.
HWP: half wave plate, BC: beam combiner, PBS: polarization beam
splitter, R: retarder, M: mirror, 1,,: polarization angle of source n.

a polarization beam splitter (PBS) which divides the laser
beam into two orthogonal components. The reflected beam
is s-polarized, i.e., along a, and the transmitted beam is p-
polarized, i.e., along a,. Thus, the reflected beam is polarized
in the desired direction and the transmitted beam polarization
is orthogonal to the desired direction. The p-polarized beam
is then incident on a half wave plate which rotates the plane
of polarization of the beam by 90°to along a,. Also, since
the two outputs of the PBS are in orthogonal directions,
mirror M1 is used to bring the reflected beam parallel to the
transmitted beam. It is further reflected by mirror M2 so that
the two beams can be combined at the BC. The retarder is
used to compensate for the extra path length dependent phase
difference acquired by the reflected beam. Ignoring the stray
losses, the combined intensity is equal to the incident intensity.
The output of BC is the vertically polarized, which is optimum
for beamforming at the receiver. Note that, this work does not
concern with the photodetection properties of the receiver;
the focus is on the concept of polarization beamforming and
a transmitter-end polarization correction methodology.

It may be noted that, in polarization controller based cor-
rection setup proposed in [16], polarization angles of the
beams are modified as per the feed-forward and feedback
signals from the control circuit and the setup operates in
real time. By the virtue of PBS, our proposed setup is a
feedback independent, self-contained assembly and requires
no electrical or mechanical control of the components.

VI. RESULTS AND DISCUSSION

The impacts of source polarization are studied via MATLAB
simulation of DOB system presented in Section II, with
N = 20 sources placed on the periphery of a semicircle of
radius 50 cm in z-y plane and receiver at the origin. Two ar-
rangements of sources are considered: equispaced (Fig. 3a) and
uniform random (Fig. 3b). Operating wavelength is 1550 nm.
Attenuation constant « is 0.2 dB/km (for clear sky) [17].

A. Performance with Co-polarized Sources

Fig. 3c demonstrates the effect of co-polarized sources.
From the figure we observe that, for both equispaced and
uniform random source distribution, when source polarization
angles are all r where | € I, the received intensity is
maximum. As the polarization angle changes to %r =+ p, where
p € [0, 5], the received intensity decreases sinusoidally. We
observe that, for the case presented, the equispaced source
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Fig. 3: (a) Equispaced and (b) uniform random source distribution
on the periphery of semicircle around the receiver. (c¢) Variation of
normalized intensity at the receiver location with polarization angle.

location distribution is not superior to uniform random distri-
bution in terms of power transfer for co-polarized sources.

Remark 4. Unlike co-phasing in DPB, co-polarization of all
sources to any chosen common polarization angle is not a
sufficient condition for constructive interference in DPolB.

B. The Case of Horizontal Polarization

Fig. 4a shows the peculiar case of all sources being horizon-
tally polarized. We observe that when sources are randomly
distributed on a semicircle and circle, the total received inten-
sity is respectively less than 50% and 10% of the expected
maximum beamformed intensity. This is because, for every
source located at ¢,,, there exists a source approximately at
the location ¢,, +m whose polarization vectors are nearly anti-
parallel, resulting in effective intensity close to zero. These
simulation results conform with theoretical result in (5).

C. Effect of Source Polarization and Location Distribution

Fig. 4b compares the received intensity variation with N
for different source polarization angles with equispaced and
uniform random source distribution of Figs. 3a and 3b.

1) v, = 5: The received intensity is observed to increase
as N2 only when sources are co-polarized with v,, = 5 for
both equispaced and uniform random source distributions. This
conforms with Claim 2 in Section III.

2) ¥, = 0: Performance is degraded when all the sources
are horizontally polarized. Performance with the uniform
random distribution in Fig. 3b is better than equispaced
distribution because sources in the former are nearly clustered
together, thereby causing relatively constructive interference.

3) ¥n, = RANDI0, 7): For equispaced source distribution
with random polarization, average performance is similar to
the case with ¢, = 0 ¥n € {l,---,N}. For uniform
random source distribution the received intensity variation is
not smooth, because addition of each source may increase or
decrease the received intensity based on its location and polar-
ization orientation. However, a long-run average performance
is noted to be similar to the horizontal source polarization.

D. DPolB Gain

Consider polarization alignment error 6,, ~ U (—C%i, ¢ %i),

where ¢ € (0,1). Then, by (14), G, is expressed as
_ 14+0.5(N — 1)(1 + sinc(¢))
1+ (N -1)@2/7)*

(15)

p
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Fig. 5: Normalized intensity (N.I.) in y-z plane for uniform random
source distribution: (a) without DPolB, (b) with DPolB.

In Fig. 4c, G, versus number of sources N shows that, even
for N =2, G, > 1. For large N, Gp ~ %2(1 + sinc(¢)), and
for perfect beamforming (for d,, = 0), G, = 2.467. Fig. 4c
also captures the effect of polarization alignment error. For
example, with N = 15 and polarization alignment error ~
36°, DPoIB gain reduces by ~ 13%. These results further
demonstrate the significance of polarization beamforming.

Fig. 5a shows the received intensity for uniform random
source location and polarization distributions, on a 2 x 2 mm?
receiver aperture located at the center. Fig. 5b shows that the
proposed polarization correction setup in Fig. 2 enables con-
structive interference at the desired location. Further, the sim-
ulation results in Fig. 4d capture the impact of deviation from
coplanarity for uniform random source distribution of Fig. 3b.
For example, with 20 distributed transmitters, 5°misalignment
results in ~ 1% intensity reduction; the penalty is =~ 5% at
20°misalignment. Therefore, under realistic non-coplanarity
in the setup, the reduction in gain is limited to ~ 0.05, as
demonstrated through the numerical results and Fig. 4d.

Remark 5. Average gain reduction as a result of K
‘out of plane’ sources at a deviation angle of [, s.t.
et vy ~ U0,9) is given by Ry = 1~ 2 [(K cos 8
+N — K)? + [2(K — 1) ((1 — cos ) /¢?) + 1] K sin® B].

VII. CONCLUSION

This study has demonstrated that polarization states of the
interfering beams significantly impact the received intensity.
The effect of source polarization on DOB has been analytically
captured and verified via simulations, and it has been con-
cluded that vertical polarization offers the best performance.
A transmitter-end polarization alignment method has been
proposed which is sufficiently robust for any source-receiver

distribution in a plane with unique normal. The DPolB gain is
noted to be > 1.5 for NV > 2. It has also been demonstrated
that the loss of coplanarity of sources does not significantly
affect the gain. These results highlight the importance of
additional polarization alignment on the DOB gain.
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