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This paper proposes a free space optical communication (FSO) receivier system with
adaptive alignment based on pure phase holographic imaging. During the frame header
transmission period, the optical phased array in this system performs specific holographic
imaging on the receiving plane, which assist the system to undergo beam alignment.
The system model has been built in this work, along with the receiving signal expression.
Based on the physical model, we propose an algorithm for positioning calibration and the
circuitous phased encoding for improvement of imaging quality and algorithm complexity.
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1. INTRODUCTION

With the increasing demand for spectrum resources, optical communication has become an
indispensable part of future communication systems. Traditional optical communication is mainly
oriented to long-distance transmission scenarios for point-to-point users, and relies on the direct
link [1-4]. Therefore, its receiver does not require high beam alignment, which is only limited
to the correction of natural jitter. However, with the introduction of concepts, such as optical
mobile communications and intelligent reflecting surfaces, many studies have tried to apply optical
communications to mobile multi-user scenarios [5-9]. This directly leads to an increasing demand
for receiver alignment accuracy. Therefore, an optical receiver that can be adaptively aligned is very
important for the development of optical communications. In Kiasaleh [10], performance of the
proposed optimum receiver is assessed in terms of the overall bit error rate. In Zhou et al. [11], a
novel scheme of adaptive dispersion equalization, which supports parallel processing, is proposed.
Kobayashi et al. [12] develop a 2.5 Gb/s optical receiver with an adaptive decision threshold
detection scheme. In Mai and Kim [13], two adaptive beam control techniques have been studied
and the author built an alignment system on both the receiving end and the transmitting end, which
further improves the alignment accuracy. Although there are many FSO adaptively calibrated
receivers in the existing work, most of them require a feedback link between the transmitter and
the receiver and are based on a mechanical structure, which has low accuracy and is easy to tear.
Our optical phase control array (OPA) adjustment method based on the pure phase holographic
imaging, its complexity mainly depends on the imaging holographic conversion algorithm, whose
liquid crystal cell is very stable. In addition, the entire receiver can remain macroscopically static
and its weight is very small.

In He et al. [14], wave front sensor-less adaptive optics (AO) technology is used to compensate
wave front distortions caused by atmospheric turbulences. A hybrid method by a suitable
combination of stochastic parallel gradient descent (SPGD) algorithm has been propsed. For FSO
systems, whether it is a fading compensation algorithm or a calibration algorithm, the complexity
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of the algorithm seriously affects the performance of the system.
Therefore, people are constantly optimizing the algorithm in the
system to increase the computing speed [15-17]. In this work, we
use circuitous phased encoding for accurate alignment to reduce
the complexity of image and hologram conversion, which further
increases the calculation speed and reduces handling delays.

This paper presents a free space optical communication
(FSO) receiver with adaptive alignment based on pure phase
holographic imaging. The receiver system consists of a traditional
FSO receiver, an optical phased array and optical components.
In the transmission stage of the frame header, the OPA utilizes
holographic projection to jointly determine the relative position
of the optical beam and the receiver, thus making corresponding
adjustments. After that, the information part of the optical
signal is directly transmitted to the calibrated receiver. The
contributions of this work are as follows:

e This paper designs an optical receiver that can be self-
adaptively aligned. Compared with the existing adaptive
optical receiver controlled by mechanical steering gear, its
signal receiving process is divided into two stages, namely, the
optical signal irradiating on the OPA and the OPA aligning the
signal to the center of the receiver.

e This system uses the holographic imaging technology of the
optical phased array to assist positioning. In the frame header
transmission stage of the optical signal, the OPA illuminates
a specific pattern to the receiver. The spatial distribution of
the light amplitude of the pattern is uneven, and the light
intensity of different coordinates is different. Therefore, the
receiver can determine the relative position between itself and
the optical signal according to the received optical power, and
feed it back to the OPA. OPA makes fine adjustments based
on the feedback information to align the center of the beam
with the center of the receiver. Compared with the method
using multiple light sources for positioning, this solution does
not require redundant signal transmission at the transmitting
end. At the same time, the system does not need to add a new
feedback link at the transmitter and receiver, thereby reducing
the complexity of the system.

The rest of this paper is organized as follows: In section 2,
we propose the model of the system. The receiving signal and
the corresponding channel fading are analyzed. In section 3,
an algorithm for positioning calibration with OPA is proposed.
In section 4, The circuitous phased encoding is utilized in the
system for improving the quality of the recovered light field and
decreasing the algorithm complexity. Section 6 draws conclusion.

2. SYSTEM MODEL

2.1. Overview of the Adaptive Receiver
System

As shown in Figurel, the receiver system consists of a
transmissive OPA, lens system and optical receiver (photodiode
or coherent receiver). The base station directly transmits the
optical signal to the OPA. The OPA adjust the beam for aiming
at the center of the receiver. The optical signal contains the

Modulation
module

gollimator

FIGURE 1 | Structure of FSO receiver system with adaptive alignment.

Frame header Data information

Beam alignment Information transmission
stage stage

FIGURE 2 | Construction of data frame.

frame header and the data part, as shown in Figure 2. The data
frame header can be an unmodulated uniform light field, which
is used to generate a specific pattern with OPA. The light intensity
of this pattern obeys a specific distribution to ensure that the
light intensity received by the receiver at different positions is
completely different. Therefore, the receiver can feed back its
location to the OPA according to the received light intensity.
Before analyzing the specific control method of the system, we
need to model the signal received by the receiver.

2.2. Receiving Signal and Channel
Modeling

We utilize intensity-modulation/direct detection (IM/DD) with
on-off keying (OOK) modulation in this system. The receiving
signal can be presented as

y=vhx+n (1)

where n denotes the Gaussian noise with variance of 03 and mean
of zero; ./y = P is the transmit intensity for x = 1; h is the
channel fading, where

h = GG, LyLahghy )
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Optical phased unit
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FIGURE 3 | Structure of the optical phased array.

where G, Gr, Lp, La, ha, hp are the transmitting optics gain,
receiving gain, propagation loss, atmospherical power loss, the
turbulence-induced intensity fading, the pointing error- induced

intensity fading, respectively [1, 2, 18]. We can have G; = 02,

where 0, is the diffraction-limited beam angle; G, = /\T’ where
A is the normal receving area and A is the wavelength; L, =

n d)2 , where d is the distance from the transmitter and receiver;

L, = e %% where o0p is the extinction loss coefficient of the
channel in reciprocal distance units. h, is the channel fading
caused by the deviation of the beam center from the receiver
center, which can be reduced by adaptive adjustment of the
receiver. Since h, is one of the most important factors affecting
the performance of the receiving signal, the alignment of the
optical signal is meaningful for the communication system.
Then the channel fading can be expressed as

4Ae%04

h= ——
2 ha’’p
nd*o;

3)

4Ae%¢
nd20?
affecting the system’s small-scale fading.

where

are constants, hg,h, are random variables that

3. ADAPTIVE ALIGNMENT WITH OPTICAL
PHASED ARRAY

The device for both optical imaging and fine-tuning in this
system is the OPA. Therefore, OPA is the core of the system and
we need to design its adjustment method. Figure 3 shows the
structure of the OPA. We assume that there are M x N phased
units in OPA. Each unit can be regarded as a square with the
side length of d. The spacing between units is §d. The amplitude

function of the light field through the OPA t(x, y) is
t(x, y) = i(x, y)a(x, y) { rect( ) ® q(x, y)+
(4)

[Tect(g E) - rect(f 7) 1®plxy) ),

where i(x,y) is the light field irradiated on the OPA, rect(.)
is the rectangular function, ® is the convolution operation,

a(x,y),q(x,y), and p(x,y) are

X y
> = t I R
alxy) = rec (M Ad’'N Ad)

X )
= rect n rect n >
M Ad N Ad

M—-1N -1
qy) =€¥ Y Y s(x— mAdy — nAd), (6)

m=0 n=0

(5)

M—-1N -1

plx,y) = ¥ Z Z 8(x — mAd,y — nAd), 7)

m=0 n=0

where ¢ is the phase shift superimposed on the OPA unit, ¢, is
the phase shift superposed on the gaps between OPA units. Since
the light field modulated by OPA needs to pass through a lens
group to restore the desired light field, the light field needs to
undergo optical Fourier transform. The reconstructed light field
amplitude distribution function T(u, v) is the Fourier transform
of the original OPAS reflectivity function t(x, y), that is T'(u,v) =
F {t(x, y)}, where F {} is the Fourier transform. Incorporating (4),
we can obtain

T (u,v) = I(u, v)A (1, v) ® {dzsinc(ud, vd)Q(u, v)
+ [Adzsinc(uAd, vAd) — d®sinc(ud, vd)] P(u, v)} R

where
A(u,v) = Fla(x,y)},
. sin(mu) sin(mwv)
sinc(u, v) = ,
Tu TV
Q(u,v) =F {exp(i(p)} ® Z 8 (u — %,v - é) , ©
P(u,v) = F{exp(i(pc)} ® Z 8 <u — %,v - é) .

The OPA control signal is the ¢ on each phased unit. According
to the (8), when we determine the desired light field T(u,v),
we can inversely deduce the OPA reflectivity function t(x, y),
thereby determining the phase distribution of units ¢ on the
OPA. Therefore, whether it is to perform holographic projection
at the frame head or adjust the position of the beam in the
frame header stage, we only need to edit T'(#,v) and substitue
it into (8). Assume that the receiving area of the photodiode is
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S. In the stage of frame header transmission, the holographic
imaging we design needs to cover the maximum range of
OPA beam deflection. Moreover, the design of the holographic
imaging needs to ensure that when the center of the diode
is at different coordinates, the light intensity on the area S is
different. Thus, we can confirm the coordinates of the receiver
center in the OPA projection plane according to the feedback
path of the photodiode. In the data transmission stage, we
can set T(u,v) as a tiny spot at the center coordinates of the
receiver. However, the Fourier holographic algorithm of this
scheme has high computational complexity and low imaging
quality. Therefore, in this system, we should use circuitous
phased encoding to improve imaging quality and reduce
algorithm complexity.

4. CIRCUITOUS PHASED ENCODING FOR
ACCURATE ALIGNMENT

Encoding is to convert the complex amplitude distribution of the
sampled image into the transmittance function of the computed
hologram, so that it can improve imaging quality and reduce
algorithm complexity.
Suppose we want to encode a complex function
F(u) = M (u) ™ (10)
where F(u) represents the phase distribution function of the
spatial frequency u. M(u) represents the amplitude information
we want to encode. Assuming that the optical field transfer
function is a pure phase function, since the approximate
power loss in free space is 0. Then the expected optical
field function is
T(u) = M) (11)
In order to restore the image through the lens, we need to encode
the transfer function in the form of Fourier series, namely

oo
Tw)= ) Ta(we™® (12)
n=—00
In the above formula, the coefficient is
Tn(u) — ei(n—M(u))ﬂ sin {72' [n B M(u)]} (13)

T [n - M(u)]

The n-order expansion in the function formula can be interpreted
as forming different diffraction orders. So this function not only
encodes the phase distribution, but also encodes the amplitude
information within the coefficients. Among them, n = 0
and n = 1 are the two most important levels. The first
diffraction order (n = 1) reproduces the original phase function
F(u), and is amplitude modulated according to it. Then we
can reproduce any desired complex transfer function with the
first diffraction order. However, due to the sinc function in,
the amplitude function M(u) will be distorted to a certain

extent. To solve it, we will multiply the complex conjugate
of the exponential factor, i.e., keep the sinc function part,
and obtain

sin {71 [1 — M(u)]}
T [1 — M(u)]

Ty (u) = (14)

Then we compensate for the distortion generated by the
sinc function, construct a distortion compensation look-
up table, and build the distortion modulation function
accordingly. In the end we can get an ideal distortion-free
function, namely

ot

(15)

Compared with the Fourier holography reconstruction before
the improvement, the holographic imaging under this encoding
method has higher quality of the recovered light field and lower
algorithm complexity.

5. EXPERIMENTAL RESULTS

Since the beam deflection angle of OPA is small and it is difficult
to perform large-scale beam scanning with OPA alone, we can
only use it to assist in improving the tracking accuracy when there
exists a beam tracking system at the transmitter. Therefore, the
OPA-controlled FSO adaptive calibration receiver proposed in
this paper is only suitable for real-time high-precision calibration

FIGURE 4 | Experiment of OIRS assisted tracking.

TABLE 1 | Handing delays.

Link Time
Fourier superposition light field coding 8 ms
Control signal loading 7 us
OPA response 13 ms
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when the beam deviates from the center of the receiver in a
small range. When the user moves, we still need to place the
mechanical calibration structure on the transmitter to track
the user. Figure 4 is an experimental photo of OPA assisted
tracking. The left is the mechanical tracking system at the
transmitter and the right is FSO receiver with adaptive alignment
based on pure phased holographic imaging. The experimental
measurement data of the system’s handing delay is shown
in Table 1.

6. CONCLUSION

This paper proposes a FSO receivier system with adaptive
alignment based on pure phase holographic imaging. Compared
with the traditional receiver, this scheme is equivalent to
increasing the receiving area, since the area of OPA is much
larger than that of the receiver. In addition, this system
is also one of the solutions for target tracking in optical
mobile communication. Each time a data frame is transmitted,
the receiver system will perform a signal alignment, which
transfers parts of the burden for signal tracking to the
receiving end.
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