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Optical Mobile Communications: Principles,
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Abstract—Owing to the rapid growth of mobile data com-
munication and spectrum crunch at lower radio frequency, uti-
lizing high frequency spectrum such as millimeter wave for
ultra-high data rate mobile communications becomes necessary.
Yet the propagation behaviors of high frequency radio waves make
mobile communications rather challenging with a lot of technical
problems, such as very large propagation loss. In this paper, we
propose a novel approach, referred to as optical mobile commu-
nications (OMC), to cater to the need for high data rate mobile
communication by exploiting optical beams. Taking spatial light
modulator as an exemplary means of laser beam adaptation, we
first present the system model of OMC. It is shown that the down-
link channels in OMC are different from that in a system equipped
with antennas emitting radio frequency signals. That is, the OMC
channels for different mobile terminals are controllable to a large
extent. This new feature creates a new dimension for performance
optimization of OMC. We then investigate the achievable rate re-
gion of OMC using different multiple access schemes in a two-user
downlink system. Numerical results show that expanded rate re-
gion can be achieved in OMC compared to the case where chan-
nels are not controllable, which shows the potential of OMC as a
promising technique.

Index Terms—Optical mobile communications, multiple access,
achievable rate region, beam adaptation.

1. INTRODUCTION

ITH the fast development of mobile communication sys-
W tems (MCSs), radio spectrum has a limitation to provide
extreme high throughput services [1]-[4]. On the other hand,
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optical spectrum can be explored and play a more and more im-
portant role in the next generation of MCSs [5], [6]. Besides
having huge available bandwidth, an optical wireless signal
is also capable of achieving near perfect energy concentration
through directed beams, which is important in the development
of a high throughput wireless communication system. Here “en-
ergy concentration” refers to focusing all the available transmit
energy to the direction of desired receivers, without wasting en-
ergy propagated to other spatial areas. Achieving better energy
concentration is an important development path of the MCSs.
One example is adoption of smaller cells to restrict the trans-
mit energy to smaller areas. Another example is using massive
multiple-input multiple-output (MIMO) [7]-[10] technologies
to achieve a narrower beamwidth, so that the energy can be
transmitted to the desired receivers precisely.

Visible light communication (VLC) [11], [12] is a topic be-
longing to optical wireless communication (OWC). It has the
advantage of utilizing the existing lighting infrastructure to pro-
vide ubiquitous wireless communication services. However, a
typical VLC scheme is not “energy concentration”. Light sig-
nal from the light-emitting diode (LED) source covers an area
(we call the illuminated area) and performs lighting and sig-
nal transmission simultaneously. Due to the fact that the ef-
fective receiving area of the receiver is much smaller than the
illuminated area, only a small fraction of the transmit energy
is collected for communication purpose. Therefore, from the
point view of “energy concentration”, existing VLC schemes
are not suitable for very high throughput and energy efficient
transmissions.

Free space optical (FSO) [13] is a mature OWC approach.
It is typically suitable for very high data rate point-to-point
wireless transmissions. The transmit energy is concentrated on
the direction of the receiver by adopting narrow laser beams. An
acquisition, tracking, and pointing (ATP) subsystem [14] tracks
the receiver adaptively if there is a tiny amount of position shift
between the transmitter and the receiver. Unfortunately state-
of-the-art FSO technologies cannot handle high-speed moving
scenarios which is typical in an MCS.

To meet the need for next generation MCSs, optical mobile
communication (OMC) was proposed recently [15]. Different
from FSO, OMC supports multiple senders and multiple re-
ceivers, with possible high mobility and handover among cells.
OMC achieves higher throughput and energy efficiency, and
supports higher mobility than VLC. OMC is complementary
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to radio frequency (RF) wireless communication systems. It
provides fiber-like high throughput wireless service when the
optical wireless link is available. One of the typical applications
of OMC is infrastructure-to-vehicle (I2V) networks, where ac-
cess points at the roadside compose an access network and send
high-speed data to mobile vehicles. Reverse link can also be
constructed using the same technology. Another application of
OMC is establishing dynamic laser connections in a mobile ad
hoc network (MANET). Quantum key distribution (QKD) [16]
is possible on the laser links to achieve quantum level secu-
rity for the MANET when it serves as a tactical network such
as in unmanned aerial vehicle (UAV) military communication.
Compared with other promising techniques for high-speed mo-
bile communication such as millimeter wave communication
[17], OMC entitles abundant spectrum resource, very high en-
ergy efficiency, good electromagnetic compatibility, lower costs
of hardware implementation, and easy combination with QKD.
Therefore, OMC could be more attractive in future mobile com-
munications with emphasis on ultra-high data rate, energy effi-
ciency and quantum security.

There are several key design problems with OMC. One is
the beam adaptation, i.e., how to allocate optical beams to one
or multiple receivers and track the receivers adaptively in a
potentially high-speed scenario. Beam adaptation also brings
a new dimension of channel modeling, where the channel can
be controllably dynamic, which is useful for obtaining better
performance. In this paper, we propose a method for beam
adaptation based on optical devices and units. We show the
original beam can be split with adjustable power allocations
and redirected to multiple users at different locations using the
proposed method. Based on this, OMC is applied to a I2V com-
munication scenario as an example to show how it works. In
addition, the rate region is analyzed for OMC in a two-user case
using different multiple access schemes and compared with ex-
isting OWC approach. Numerical results show that OMC has
larger rate region than OWC which reveals its potential per-
formance gain. Other possible ways of beam adaptation and
feasibility issues are also discussed to confirm and expand this
work. The contribution of this work can be summarized as
follows:

® We elaborated the new concept of OMC which is originally
proposed in [15]. We not only explained the concept in a
more specific system setup (OMC for the on-road mov-
ing cars), but also provided a candidate implementation
technique based on optical devices and units.

e We analyzed the rate performance of OMC and compared
it with the conventional OWC. The results showed that
expanded rate region could be achieved using OMC, which
is new to existing literature.

® We conducted preliminary experiments in lab to show the
concept of OMC and feasibility of beam adaptation.

This paper is organized as follows. In Section II, the sys-
tem model is given. A beam adaptation scheme is proposed
in Section III. Section IV gives the rate region analysis and
comparison for a two-user downlink OMC system. Section V
discusses some engineering issues related to the feasibility of
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Fig. 1. OMC based on 12V network.

OMC and points on several other problems for further research.
Section VI concludes this paper.

II. SYSTEM MODEL

Consider the system model of OMC based on the I2V net-
work shown in Fig. 1. The same model can be applicable to
other application scenarios. The basic requirement of the opti-
cal source is that it should be capable of splitting the laser beams
and directing them to desired users adaptively. There are several
ways to implement beam adaptation, which will be discussed
in Section V. Among them, optical phased array (OPA) [18]
has high flexibility and integration level, and is capable of split-
ting and steering optical beams with easy control. Therefore,
we build the system model assuming that OPA is used for beam
adaptation in OMC.

It is assumed that an access point (AP) in the 12V network
is sending to N mobile terminals (MTs) in its cell through the
optical wireless links. Let u(¢) be the aggregated RF signal of
the N users to be sent, u(t) = Zf\:l u; (t), where u;(t) is the
RF signal of the ith user. u(t) is modulated on a laser beam at
AP. The modulated signal can be expressed as

s(t) = AcAu(t) cos(2mfet + 0, (t) + o), ey

where A, f., and ¢y are the amplitude, frequency, and initial
phase of the optical carrier, respectively, A, (t) and 6, (t) are
the RF signal-dependent components of the modulated signal,
depending on the modulation schemes used. For example, if
phase modulation is adopted, A, (t) =1 and 6,,(t) = kyu(t),
where £, is the phase modulation factor.

Assuming that the OPA has K phase-shift elements, each of
which is able to add a phase shift ¢ to the incident modulated
optical signal independently, ¢, € [0, 27). The incident optical
power to the kth element is py., which is normalized to the total
incident power such that 0 < p; <1 and 0 < Zle pr < 1.
Phase-shifted optical signal from the kth element is

sp(t) = Acy/DrAu (t) cos2m fet 4+ 0, () + . + ¢0), (2)
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The received optical signal of the nth user can be written as

.
Yn(t) =D s (t = T i) + 04 (1)
h=1

K
:Zhnksk(t_%n _§nk)+0n(t) (3)
k=1

where h,, ;. and 7, ;. are the path gain and path delay from the
kth element to the nth user, respectively. o, (¢) is the additive
optical noise at this user. h, , 7,, %, and ¥, have varying speeds
much slower than that of the optical and RF signals, thus written
as constant values here for simple analysis. 7,, = KL Zif'zl Tk
is an average value of the path delay from the OPA to user n
and 6, = T, — 7, is difference of the path delay of the kth
element to the average value 7,,. 0, j is related to distances of
different OPA elements and typically at an order less than 10~!!
seconds, which can be ignored for A, (¢) and 0, (). Therefore,
the received signal y,, () can be written as

K
Y () = > [l Acy/Pr Au (t — 7)
k=1
X cos2mfo(t — Ty ) + 0u(t — 7)) + Ui + ¢do)] + 0, (2)
4

From (4), the total phase change from the kth element to the
nth user is

571,1« = 27ch7-n,k + 1/)1«

If {¢p,k=1,2,...,K} are set such that {8, ,k=
1,2,..., K} have almost the same phase, i.e., 8, 1 ~ 0.,k =
1,2,..., K, optical power will be aggregated at user n. In
fact, as we will see in the next section, by tuning the phases
{tp,k =1,2,..., K} using a special signal (hologram) as an
input to OPA to control the liquid crystals, it is also possible that
the optical power is redirected to the /V users simultaneously in
an image plane with the aids of a lens system. In this more gen-
eral case, each user shares a fraction of the total optical power.
Therefore, y,, (t) can be written as

mod 27 5

K

Yn (t) = Z[hn,kAC\/szAu (t - 7171,)

k=1
X cos(2m fot + 0y (t — 7o) + B + d0)] + 0n (t) (6)

The RF signal u(t) is then recovered by a coherent optical
receiver, using a demodulation scheme matching the modulation
scheme used by the AP. The recovered signal can be written as

Uy, (t) = guu(t) + wy, (t) (7)

where g, is related to h,, i, pi, 3, and the receiving parameters
of user n, and (3, is further determined by 7,, j, and ¥,. wj, (¢)
is an additive noise in the electrical domain. ¢,, can be assumed
as a constant and viewed as the effective channel gain of user-n
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Fig. 2. Diagram of beam adaptation using LC-SLM.

which represents the combined effects of energy concentration'
through an optical system at the transmitter and the light prop-
agation channel from transmitter to receiver. In the following,
we will give an exemplary approach to implement the function
of (6) and (7).

III. IMPLEMENTATION OF BEAM ADAPTATION

Beam adaptation of OMC requires not only steering an optical
beam to mobile users, but also distributing optical power to
multiple users in a 2-dimension or 3-dimension environment
dynamically. In this section, a feasible scheme based on liquid
crystal spatial light modulator (LC-SLM) is investigated.

LC-SLM has been heavily investigated for beam steering
[19], [20]. In OMC, we will use LC-SLM for beam adaptation
with the help of a lens system. The system diagram is illustrated
in Fig. 2.

The optical setup includes three core parts, i.e., the modu-
lator, SLM, and lens system. The modulator modulates the RF
signal on a laser beam. The modulated optical beam is then re-
flected by a phase-only SLM (POSLM). Here, the POSLM is
a pixelated liquid crystal device driven by a silicon back plane.
The liquid crystal is parallel aligned and it only modulates the
phase of incident light received per crystal element. By doing so
and with other designed mechanisms, SLM is capable of gener-
ating a desired complex light field H (vy, va;t) £ s(t) f(v1,v2)
by feeding it a pre-calculated static signal f(vy,v,) where v,
and v, denote the horizontal and vertical coordinates, respec-
tively [21]. As a consequence, we can use a signal f(vy,v;)
to control SLM such that the reflected light energy is directed
and concentrated to desired users only. However, using SLM for
energy concentration based on f(vy, v,) directly is not efficient
due to the diffraction efficiency of SLM decreasing rapidly with
increasing beam deflection angle [22]. In practice, a lens system
can be employed between the SLM and the user plane to ease
the problem. As Fig. 2 shows, the light field after SLM will be
transformed to a different light field by the lens system and well
projected on the user plane. In this regard, the user plane is also

"Note that the total energy is split among users and concentrate to desired
users simultaneously.
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Fig. 3. Optical implementation of extended FRFT system.

referred to as image plane (I-plane) while the plane right after
SLM is referred to as hologram plane (H -plane) and the signal
f (v, vp) is referred to as hologram signal. The light propagation
through the SLM and lens system can be described by the frac-
tional Fourier transformation (FRFT), which will be detailed in
the following.

The FRFT was first proposed by Namias [23] and it was ex-
pressed in one-dimension form. However, the definition widely
used in the optics system for image projection was proposed by
Lohmann based on the rotation of Wigner Distribution Func-
tion [24]-[26]. Later on, [27] extended the standard fractional
Fourier into a more generalized optical system. The model of
general optical projection system is plotted in Fig. 3, in which
H and I represent the SLM hologram and image plane, respec-
tively. Therefore, according to the extended fractional Fourier
optics theory [28], the complex light field of plane H and [
satisfies the fractional Fourier transform relation, i.e.,

I(pr, past) = s(t)F(pr, p12) (8)

where I (p1, 12;t) is the complex light field of the image (user)
plane with g, pp denoting the horizontal and vertical coor-
dinates, respectively, and F'(p1, i) is the extended fractional
Fourier transform of the hologram signal f(vy,v,) which is ex-
pressed by (9) at the bottom of this page. The parameters a, b,
and ¢ are defined by

o VI—&
WF=dif2— (f — di)(f — )]
B ‘<¢T—m-Mf—@>
¢ = arccos 7
v VI—d (10)

NI Dl - (f—d)(f — o))

where f is the focal length of the lens in the optical system, A is
the wavelength of the light, d; and d, are the distance from the
lens to the hologram plane and image plane, respectively. Eq.
(10) shows the relations between the parameters. That is, when
the parameters, i.e., di, dy, A, and f in the optical projection
system, are determined, the parameters of a, b, and ¢ can be
calculated according to Eq. (10), then the light field propagation
between the hologram and the image can be calculated by Eq.
(8). As the distances measured from the lens to the H and I
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Fig. 4. Experimental setup of beam adaptation using a SLM.

planes can be changed with different orders, in OMC, as long as
the locations of users are known a priori, we are able to generate
a desirable hologram for SLM through inverse FRFT such that
the projected light (image) can be focused on the interested
users’ locations for efficient data transmission. In addition, the
power splitting ratio |g, |> among users can also be taken into
account in the calculation of hologram signal f(v;,v;). By this
means, beam adaptation as well as energy concentration with
controllable power allocation on interested users are realized as
Eq. (7) shows.

To verify the feasibility of the proposed beam adaptation
method, preliminary experiments are conducted in our lab. Fig. 4
illustrates an example of beam adaptation using a commercially
available SLM (P1920-1550-HDMI, Meadowlark Optics). The
experiment generates three optical beams from a single laser
source of 1550 nm by feeding SLM a desirable hologram sig-
nal. The reflected beams from SLM are received using a charge-
coupled device (CCD) camera and projected on the screen of
a laptop. Using SLM, the beam could be flexibly tuned. Fig. 5
shows an CCD image generated by the experiment which shows
the characters ‘OMC’. As another example, an additional exper-
iment with larger distance using 532 nm green light is shown in
Fig. 6. A video clip showing moving green dots is also available
as multimedia attachment of this paper. Those results show the
proposed method can generate arbitrary beam “patterns”, which
is desired in the application of OMC.

For the dynamic response time of POSLM, since it uses the
birefringence of liquid crystal material to tune the light path,
the response time is mainly determined by the viscosity and the
thickness of the liquid crystal layer. Lower viscosity and smaller
thickness are preferred for faster response. However, for phase
modulation of light, at least 27 phase range is required. The
thickness (d) of the liquid crystal layer is therefore determined
by the birefringence difference (A). That is d > 27 /A. Since

2,0 .2 32,0, 2
) a“vi + vy + b uy +
F(Muﬂz)://f(vuvz)exp [.777< ! 2 ATm

2ab(vipy + vzug))] dvrdos ©)

tan ¢ sin ¢
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Fig. 5. CCD camera image generated by SLM.
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Fig. 6.

Experimental setup and projected image at a longer distance.

liquid crystal material with high A always has a high viscosity,
there is an optimized balance between d and A. The commercial
products of highest response time for visible light is around
several hundreds Hertz. To further improve the response time,
special liquid crystal material should be utilized.

Next, we give an example to elaborate how to apply OMC
to 12V scenario based on SLM. Consider the communication
scenario in Fig. 1. We assume the optical source is attached on
the road lamp which is 12 m high. The distance between two
adjacent lamps is 50 m. Thus, the distance between the optical
source and a car in a cell is in the range of 12~27.7 m (we only
consider 2-dimension here). To ease the problem of tracking
and reduce the hardware costs, non-coherent receiving is used
here. A photo-diode (PD) is used to collect the optical power at
the receiver side. The PD is attached on the top of a car. A beam
is adapted to be directed to the PD. For stable communication,
the beam coverage is set to be “wider” than the size of PD, as
shown in Fig. 7. Assume the beam spot has an effective width
of D which is larger than the size of PD denoted by d. Then,
there will be a steady communication link during the procedure
of PD moving from the left to the right of the beam spot. For
example, if D = 11 cm, d = 1 cm and the speed of the carisv =
60 Km/h, the communication time is t = (D — d)/v = 6 ms,

-~
S
A, A

PD Moving direction

Beam spot

Fig. 7. Illustration of the position of PD and beam coverage.

corresponding to a refreshing frequency of 166.7 Hz, which is
sufficient for hologram regeneration (see discussion in V). This
approach makes the pointing and tracking task much easier in a
moving scenario compared to coherent receiving schemes. PD
array of larger receiving area can be used in the future to further
improve the energy efficiency. A lens can also be attached on top
of the PD to collect more power. This approach also reduces the
difficulty of localization: centimeter level accuracy is needed
and can be met by many available localization methods which
will be discussed in Section V.

As for the optical efficiency, theoretically, there is no energy
loss for pure phase SLM, since all incident light is reflected.
However, there are still energy losses due to the absorption of
liquid crystal and the reflection ratio of the top metal on the
SLM. The total energy loss of the absorption of liquid crystal
and top metal can be optimized to less than 10%. Another energy
loss is due to the high order diffraction caused by the pixelating
of the SLM. To reduce the energy of the high order replica,
small pixel size is preferred. The optical energy loss indicates
that

v
dolaf <1

n=1

(11)

IV. ACHIEVABLE RATE ANALYSIS

As aforementioned, OMC is more attractive than FSO since
the former aims to support multiple users simultaneously. In
this section, we present theoretical analysis on the achievable
rate region of OMC and the fundamental multi-user perfor-
mance limit from information perspective for different multiple
access schemes. The achievable rate is an upper bound of the
throughput which is commonly used to evaluate the ultimate
performance limit of different communication schemes. It is
achieved only if many related factors are ideal or fit the sig-
nal model used in the rate analysis. Any non-ideal factor will
result in a real throughput that is smaller than the achievable
rate. Evaluating and minimizing the impact of various non-
ideal factors falls into other important research topics and is
out of the scope of this paper. In conventional OWC, the beams
can not be adapted freely and the channels are fixed ones. For
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example, the commonly used beam splitter can split a beam to
two with a certain power ratio. However, that ratio will be fixed
after the beam splitter is fabricated and cann’t be tuned freely.
Different from conventional OWC systems, OMC features that
its multi-user channels g, can be actively controlled through
optical modules. We will show that this feature allows OMC to
expand its achievable rate region significantly.

Without loss of generality, N = 2 users are assumed. The re-
sult can be easily extended to the cases of more users. The aggre-
gate RF signal at the transmitter side is rewritten in discrete-time
form:

u[n] = v/ Prui[n] + / Pyua[n] (12)

where w;[n] and uy[n] are the information signal intended for
user-1 and user-2 at nth time slot, respectively. Here we assume
uy[n] and uy[n] are i.i.d random variables with zero mean and
unit variances. P; and P> are the allocated electrical powers
for user-1 and user-2, respectively, which are subject to a total
available power constraint P} + P> < P. Atthe receiver of user-
1, the demodulated signal in electrical domain can be written as

@;[n] = giuln] + w;[n],i = 1,2 (13)

where ¢; is the effective channel gain of user-i. Note that in
the relatively short distance of an OMC cell, the propagation
channel of a laser beam can be modeled as flat without fading
and we can use ¢; to describe both SLM power split and the
propagation channel. Extension to a general model with atten-
uation is straightforward. In this regard, the effective channels
will satisfy

@+ el =p (14)

where p < 1 represents possible power loss among the whole
transmission process in practical systems. w; [n] is the additive
white Gaussian noise (AWGN) of user-7 which is zero mean and
has full-band power of 2.

In general, a specific multiple access scheme will fall into
only one of two categories of multiple access methods: orthog-
onal multiple access (OMA) and non-orthogonal multiple ac-
cess (NOMA), depending on the correlations of the information
signals u;[n], i = 1,..., N, in all the resource domains. Take
(12) as an example. For OMA schemes, u[n] and uy[n] are
uncorrelated in the given time and frequency grids, which can
be realized by separating the two users in time or frequency
domains. On the other hand, if u;[n] and u,[n] are correlated,
e.g., user-1 and user-2 are distinguished only by their transmit
powers, the scheme is referred to as NOMA. While NOMA can
be viewed a generalization of OMA and thus intuitively more
spectral efficient, OMA is usually simpler for system imple-
mentation. In this section, we derive the achievable rate region
of OMC under the framework of both OMA and NOMA. The
results are applicable to any specific multiple access scheme.

A. Orthogonal Multiple Access

In OMA, the available degree-of-freedom (DoF), either time
or frequency, is split among the two users. Take frequency split-
ting as an example and assume the ratio of DoF allocated to

user-1 as «w. Then, at the receiver of user-1, by filtering the re-
ceived signal to confine it into the allocated fraction of frequency
band, the filtered signal of user-1 can be derived based on (12)
and (13):

i [n] = g1/ Prug[n] + 04 [n) (15)

where @ [n] and @, [n] denote the filtered signal and noise of
user-1, respectively. The collected power of interested signal
is given by |q;|>P;. Since the normalized bandwidth of user-1
is reduced to «, the perceived power of the band-limited noise
w1 [n] reduces to ao? correspondingly. There is no multi-user
interference in this scenario. User-2 has a similar received signal
model with allocated DoF of ratio (1 — «). Therefore, we can

write the achievable rates of the two users as

Rl,oma S Ro(a7 Plan,U%)a (16)

R2,oma S Ro(l - 057PZaQZan)7 (17)

where the units are bits/s/Hz and the function R,(-) is
defined by

2) laP’p
RO(aap7Q7UH) = OZlng 14+ — (18)
o,

To obtain the boundary of the achievable rate region which
includes all the feasible rate pairs of (Ri oma, R2,0ma), realized
by some combinations of P, P, q;, ¢» and «, we transform the
problem as an optimization problem (P1), which tries to find
the maximal feasible value of R, (1 — a, P3, q2,02) for a given
value of R, (c, Py, q1,02):

(P1): max R,(1—a, Py, q,02) (19)
{P2,q2,a} )
Ro(aaplvqua'%) =T
P+P <P

S.t. 0<P<POLSPLP (20)
la]* + |el* =p
0<a<l1

where | is a given value.

To solve (P1), the first constraint in (20) is transformed to
|1 = g(a)/ Py, where g(a) = a(2"/® — 1)02. Notice that
R,(1 — «a, Py, g, a,zl) is an increasing function of P, and P, <
P — Py, the objective function of (P1) can be transformed to

RO(] - O[,P— PvaZaU%)
(P—axp—%w>

(1 —a)o?

n

= (1 — «a)log, (1 +

Pp+g(a) — (Prp+ 242
(1—a)a?

= (1 —«)log, (1 +

(21)

which is a concave function of Py. Foragivena, R, (1 — o, P —
,/Pg—(a).Note
that |¢|> = p — g(a) /P, > 0 guarantees P; < P anpd 1> =

P, q, J%) achieves its maximum value at P =
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g(a)/P; > 0 guarantees P} > 0. Thus, the original problem
reduces to a simple single variable (of «)) optimization prob-
lem which can be efficiently solved by gradient or line search
approaches.

By varying r; from 0 to its maximum value, which is
log, (1 + pP/o?) by allocating all power (P; = P, |q|* = p)
and DoF to it, we will finally obtain the entire boundary of the
feasible rate region of OMA-based OMC.

B. Non-Orthogonal Multiple Access

In NOMA, the available DoF is fully utilized by all users
simultaneously thus it allows for superposition of the users’
signals. Based on (12) and (13), we can write the received signal
models of user-1 and user-2 in NOMA as
Pyug[n] + ¢/ Poua[n] + wi[n]

Uy[n] =q (22)

a[n] = v/ Piui[n] + @2/ Paua[n] + wy[n] (23)
Since the powers of wy [n] and w,[n] are assumed to be the same,
when |q;| < |g2| such that user-2 has better channel quality, we
can safely claim that in an average sense, as long as user-1
can successfully decode its data u;[n] from 4, [n], then user-2,
which has higher signal-to-noise ratio (SNR) of u;[n], should
also be able to decode u;[n] from 4, [n]. However, it can not be
guaranteed that user-1 can decode any symbol that user-2 can
successfully decode. As a consequence, when the receiver of
user-1 tries to decode its data u; [n], the signal of user-2 has to be
treated as background interference which is independent of the
signal of user-1 and contributes a power of |q;|* P;. Therefore,
the achievable rate of user-1 is limited by

Rl,noma < 1Og2 (1 + 71(|QI D) (24)
where the function 7;(z) denotes the SNR of user-1 and is
defined by

.’IIZP]

22 P + 0% 25

T (z) =

On the other hand, at the receiver of user-2, the SNR of symbol
uy[n] becomes 1 (|gz|) which is larger than 7, (|¢|) since v, (z)
is a monotonic increasing function. In this case, user-2 can
successfully decode u;[n] with a larger SNR than that at user-
1’s receiver. Therefore, as long as the rate of u;[n] is confined
by log, (1 +v1(|q1])), user-2 is capable of perfectly decode
and remove user-1’s signal from 1, [n] and the remaining signal
becomes

wa[n] = @/ Prua[n] + wa[n] (26)
which is interference-free. Now the achievable rate of user-2 is
given by

2
|42 | P2> 27

R2,noma S 1Og2 <1 + 0_2

n

Similarly, when |q;| > |¢2|, we obtain the achievable rate pair
of user-1 and user-2 in NOMA-based OMC as

p

Rinoma < log, <1 + 'qla'z‘) (28)
2> P,

R oma < logy (1 + m (29)

To obtain the boundary of the achievable rate region which
includes all the feasible rate pairs of (R ,oma; R2noma) With
different power allocation and split ratios among P;, P, and
q1, ¢, we can transform the problem to a pair of optimization

problems:
l¢2* Py
P2-A): 1 1 30
R (e 0
10g2 (1 + ‘ql‘lgl[‘);ilglzl ) =7
P+P <P
st. S0<P <PO<P<P (3D
1> + |@* = p
la1] < ||
@2* P2 >
P2 —-B): max lo 14+ — 32
( ) {P2,q2} & ( |2|?P1 + o2 32

log, (1 + LL@PI) =r
P+P <P

st. ¢0<P <PO<P<P (33)
@) + e =p
la1] > ||

where 7 is a given value. Mathematically, (P2-A) and (P2-B)
are even simpler than (P1) and can be efficiently solved. Without
going into details of the derivation, we give the results of (P2-A)
and (P2-B) in the following. For (P2-A), the maximum value of
the objective function is given by

Ry, = Ropt(r1) (34)
The function R, (r) is defined as

ry 21
Ropi(r) = log, 1+pp(2) i (35)
Tn w5

where the function p(r) represents the optimal value of the
allocated power P; for user-2 and is defined by

g2 P(2r 1) 202(2" 1)
P ’ p
(36)

2r

By varying the feasible value of r; in (P2-A) from O to its
maximum value which is log, (1 4+ pP/(20%)) when P, = P
and |q1|> = p/2 (|1 |* < p/2 in (P2-A)), we can get the bound-
ary curve obtained by solving (P2-A). To solve (P2-B), while
the similar approach could be applied as in (P2-A) (the result

P—max{

p(r) =
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is somewhat more complex), there is a better way by exploiting
the duality of the two problems:

Proposition 1: if (ry,, R5 ) lies on the boundary of the
achievable rate region deduced from (P2-A), then (rip =
R;,, R;, = r14) lies on the boundary of the achievable rate
region deduced from (P2-B).

Proof: The job of (P2-B) can be reformulated as finding the
maximum rate of user-1 for a given rate of user-2. By changing
the given rate of user-2 from 0 to its maximum value, which is
also log, (1 + pP/(202)) when |g|* = p/2 and P, = P), the
boundary of the achievable rate region in the case of |q;| > ||
will be obtained, which has to be the same as will be obtained
by solving the original problem (P2-B). However, this new op-
timization problem has exactly the same formulation as (P2-A)
if we redefine user-1 as user-2 and redefine user-2 as user-1. As
a consequence, Proposition 1 holds.

Finally, the desirable boundary of the rate region of NOMA
is the envelop of the two boundary curves obtained by (P2-A)
and (P2-B).

Remarks: Based on Proposition 1, we can predict that: 1) the
achievable rate region of NOMA based OMC is symmetric with
respect to the line R; = R,. In fact, OMA also entitles this
feature as a result of controllable channel in OMC. ii) The rate
region is expanded as compared to any fixed pair of (¢, q),
which means OMC has larger rate region compared to conven-
tional schemes in which the effective channels ¢; and ¢, are
fixed. In particular, the maximum rate of both users in OMC are
expanded to log, (1 + pP/o2) (setr; = Oand |go|* = pin (P2-
A)), which could be much larger than the case with fixed channel
coefficients, especially for users with small channel gains. iii)
As a consequence of (ii), the sum rate performance with maxi-
mally user fairness, will also be improved. With symmetric rate
region, the maximally user fairness is achieved when R, = R,
on the boundary of the rate region. It wouldn’t be hard to derive
that in this case, the sum rate of OMA and NOMA are given by

Ryum.oma = 10g, <1 + 52) 37
Rsum noma = 2Ropt (1) (38)

where r* satisfy
Ropi(r") =1" (39)

Those features allows OMC to allocate the resources to users
with improved balance of performance and user fairness.

C. Numerical Examples

In this subsection, we present some numerical examples to
show the behaviour of the rate regions of OMA and NOMA in
OMC. We will compare OMC to conventional OWC schemes
in which the channel gains are fixed and can not be actively
tuned. To do so, we fix the total transmit SNR, defined by
10log,q JLZ, to be 20 dB. The power loss factor is set to be
p = 0.8. For fixed channel gains, we test two cases: for the first
configuration (‘Config-1" in the legend), we assume |q; |> = 0.1.
Correspondingly, |¢:|> = p — |q1|> = 0.7. For the second con-
figuration (‘Config-2’ in the legend), we set |¢;|> = 0.6 and

7
= = =« OMA, fixed channel
A = = = + NOMA, fixed channel
6 OMA, OMC 1
NOMA, OMC
N
g J
4
é
=
7
R . (bits/s/Hz)
Fig.8.  The achievable rate regions of OMC using OMA and NOMA schemes

with and without channel controlling.
|q2|* = 0.2 to deviate largely from the first configuration. Fig. 8
plots the rate regions of OMC and conventional schemes (de-
noted as ‘fixed channel’ in the legend) using OMA and NOMA,
respectively. Several facts could be observed from Fig. 8. Firstly,
NOMA has larger rate region than its OMA counterpart for both
fixed channels and adjustable channels. For conventional OWC,
the specific channels have great impacts on the rate region: for
any given pair of fixed channels, only a portion of the rate re-
gion of OMC could be achieved, which can not be well adapted
to various channel conditions. Secondly, with adjustable chan-
nels in OMC, the rate regions of both NOMA and OMA are
enlarged compared to the case of fixed channels and each user
can achieve a higher single-user rate. This is inline with the pre-
dictions in previous subsection. Thirdly, it is seen that in OMC,
the gap between OMA and NOMA is not as large as that in
the case of fixed channels. To elaborate, Fig. 9 plots the sum
rate gap between OMA and NOMA based OMC with respect to
different SNR values. Here, the sum rate is chosen to guarantee
maximum user fairness, i.e., it is calculated with the symmetric
rate constraint R} = R, (c.f. (37) and (38)) for both OMA and
NOMAZ. It can be seen that the gap approaches to a constant
(1 bits/s/Hz in this configuration) at high SNR range. In other
words, in OMC with controllable channels, we can use low-cost
OMA schemes while collecting a large portion of potential gains
provided by using more complicated NOMA schemes, which is
a desired feature from implementation perspective.

V. DISCUSSIONS

A. Localization Methods

One of the key technical issues for the functionality of OMC
is the acquisition of the accurate spatial positions of mobile ter-
minals. Wireless localization could be realized through radio

2Tt is found in Fig. 8 that this sum rate is the smallest but the most fair one on
the boundary.
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Fig.9. Symmetric sum rate comparison of OMA and NOMA with adjustable
channels.

signals, optical signals, inertial navigation, image recogni-
tion, and other viable methods. For example, centimeter-level
precision could be achieved using ultra-wideband signal for
localization [29]. Even higher precision is possible if multi-
point localization anchors or larger bandwidth are involved. A
promising localization method for OMC is target tracking based
on image recognition [30]. At the transmitter side, a high speed
camera is used to capture the image of the communication area.
The receivers are set as the targets in the image. Then image
recognition is applied to distinguish the targets from the ob-
served image and adjust the SLM to focus laser beams properly.
As PD is attached on a big car, a coarse-fine recognition step
can be employed. This localization method does not require
the targets to emit radio or optical signals and thus eliminates
the feedback links. In addition, image processing and recogni-
tion is already a mature technology. In the real-time tracking
with high speed camera, the delay time (including the time of
image acquisition and processing) can be reduced to millisec-
onds [31], [32]. To generate the hologram, we only need to
perform inverse FRFT of the image itself after setting the re-
ceiver locations “bright” and other locations “dark”. Since the
image is “sparse”, very efficient transform algorithms (see for
example [33]) can be used for fast generation of the hologram.
In addition, as the cars are moving steadily, receiver locations
on successive images do not change suddenly and can be pre-
dicted with high accuracy, which can be further exploited to
accelerate the hologram generation. Finally, if dedicated inte-
grated circuit is used in real application, the calculation can be
much faster than software based calculation. Therefore, target
tracking based on image recognition is a suitable and feasible
localization method for OMC.

B. Background Radiation

Background radiation due to solar irradiance is an important
issue in practical FSO design [34], [35]. Therefore, it is equally
important in OMC as OMC also involves the radiation from

the lamps at night. If not handled properly, the PD may get
saturated with undesirable light interference. Fortunately, it has
been recognized in literature that the chance of collecting direct
sunlight is low and also predictable [35]. Several approaches are
available and commonly employed which can well tackle this
problem. The most widely used approach is to use a narrow spec-
tral bandpass filter and a spatial filter, prior to photo-detection
[36], [37]. This step will filter out most portion of the back-
ground radiation. Above on this, another means to avoid the
saturation problem is to utilize high-saturation-current photodi-
ode [38], [39]. In general, with deliberate design, the saturation
current of a photodiode can be orders higher than that caused by
direct sunlight and direct lamp light, thus avoiding saturation.
For example, in [38], the saturation current corresponds to a
received power up to 36 KW/cm?. This is way higher than the
average annual solar radiation arriving at the fop of the Earth’s
atmosphere which is roughly 1.36 KW/m? [40]. 36 KW is also
way higher than the foral radiated power of a usual street lamp.
Other available approaches to tackle saturation includes using
lasers with specific wavelength and by signaling design [41].

C. Signal Power Fluctuations Within the Beam/Cell

Due to some non-ideal factors in the system, there will be
potential fading effect represented by signal power fluctuations
within a beam spot and we have to take measures to alleviate its
extent. Firstly, by carefully setting the control signal f(vy,v,),
we can generate a desired beam spot without sudden signal
power fluctuations, especially when considering the power in-
tegral effect of the PD. Secondly, with a beam expander, we
can project the expanded laser beam onto the SLM such that
the beam power distribution is approximately uniform on the
surface of the SLM. Finally, to avoid any outage due to the
transition state at the edge of the beam spot, we can generate a
longer beam and restrict the PD into the center part of the beam.
With those means, the fluctuation of the received signal power
within a beam spot can be restrained to a low level.

Another form of signal power fluctuation exhibits as the re-
ceiver moves toward or away from a lamp, which is closely
related to the cell coverage and handover. With fixed receiving
angle of the PD, the received power can fluctuate in a wide
range. In such a case, tradeoffs should be done. For example,
the transmitter can allocate more power to the user when it is at
the edge of a cell to improve its performance. The power budget
of the optical source can be chosen such that the worst-case per-
formance is guaranteed at the cell edge. In this regard, the cell
coverage is still mainly determined by the infrastructure. Alter-
natively, one can deploy ATP system as well as array of PDs with
diverse receiving angles to maintain a relatively stable power
within the cell coverage. The optical sources can be connected
by wire or wireless techniques to facilitate coordination and
handover. Handover is a common issue in cellular communica-
tions. However, OMC has its unique feature compared with RF
communication. In RF communication, the handover appears
to be opportunistic because of the randomness of the commu-
nication channels between the user and different base stations.
The time/location/base-station-to-choose are highly random at
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the cell edges. In contrast, OMC represents a relatively static
scenario: the location and cell to handover are highly fixed, and
the time for handover is highly predictable. Therefore, handover
in OMC is expected to be easier than that in RF.

D. OPA Implementation

In previous sections, we used SLM for beam adaptation.
There are other possible ways to implement OPA such as
nanophotonic phased array (NPA) [42] and digital micromir-
ror device (DMD) [43]. NPA is similar to its RF counterpart,
consisting of many typically identical optical antennas. Each
antenna emits light of a particular amplitude and phase. By in-
terfering with these emissions, a desired far field radiation pat-
tern is formed. MIT has designed a large-scale, compact NPA
system that is compatible with complementary metal-oxide-
semiconductor (CMOS) processers, including 64 x 64 optical
nano-antennas on silicon wafers [44]. All 4096 optical nanos-
tructures are balanced in power to produce a complex radiation
pattern. Since the wavelength is much shorter than RF, NPA
potentially supports excessive number of antenna elements to
generate arbitrary radiation patterns. It is expected that the fu-
ture development of NPA will make the beam track more accu-
rate. Another OPA implementation form is laser beam deflection
based on DMD. At present, DMD chip is mature and highly reli-
able [45]. At the same time, it entitles high frequency of flip and
short response time (2~ 5 us) [46], [47], which renders very fast
controlling. The drawback is that most of the current DMD can
only be locked at two predefined angles [48], [49], which can
not be accurately deflected to angles in the middle. Thus, only
coarse beam adaptation can be achieved using current DMD.
Calibration with other technologies is needed to get finer adap-
tation. More advanced DMD with finer adjustable lock angles
is desired in OMC.

E. New Problems in Signal Processing

Due to the unique feature of OMC, i.e., the effective per user
channel is controllable, it will bring many new problems and re-
search opportunities in signal processing. One open issue is the
performance analysis for the case of multiple SLM simultane-
ously serving users. Section IV only investigates the achievable
rate of NOMA and OMA with single SLM and photodetector.
The capacity of such a channel model and the gap between
the achievable rate and channel capacity are fundamental per-
formance limits and remain unknown. Extended capacity and
rate analysis for the case of multiple SLM and photodetectors
is non-trivial and quite difficult due to the new dimension of
degree-of-freedom. It is expected that OMC outperforms legacy
systems with large gains as indicated by Section IV. Nonethe-
less, to claim the potential gain, effective and efficient resource
scheduling algorithms are mandatary. For example, how to effi-
ciently utilize resources in time, spatial, power, frequency, po-
larization, and orbital angular momentum domains in the new
scenario of OMC, are required, which leads to new challenging
optimization problems. Besides resource scheduling, other sig-
nal processing problems such as channel estimation and feed-
back, high order components elimination of SLM, as well as

cell-switching, are to be solved for efficient functionality of
OMC.

VI. CONCLUSION

This paper proposed a new communication technology called
OMC which utilizes laser-beam-based optical communication
to simultaneously serve multiple high-mobility users with ultra-
high throughput. It is a natural evolution of current RF com-
munication to future communication schemes which require
high data rate multi-user mobile communication using high fre-
quency spectrum. It also provides a possibility of supporting
QKD in future quantum communications. The paper discussed
the system model and the implementation form of OMC using
SLM as a means to split and concentrate energy to desired users.
It is shown that the channel has a new feature compared with
the system with antennas emitting RF signal, i.e., the effective
channel is controllable. This feature makes the OMC potentially
outperform the legacy systems with fixed channel gains, which
is proved by rate region analysis. Finally, feasibility and chal-
lenges in signal processing are discussed for future research of
OMC.
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