IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 4, APRIL 2023

2221

Latency Aware Transmission Scheduling for
Steerable Free Space Optics

Xiang Sun -, Member, IEEE, Liangkun Yu -, Graduate Student Member, IEEE, and
Tianrun Zhang, Graduale Student Member, IEEE

Abstract—Free space optics (FSO), which uses light as the carrier to transmit data in free space, has been demonstrated as a secure
and high-speed solution for long distance and line-of-sight wireless communications. Applying FSO as fronthaul/backhaul
communications between base stations (BSs) and the gateway can significantly increase the fronthaul/backhaul link capacity.
Traditionally, the gateway has to be equipped with multiple FSO transceivers, each of which is used to communicate with a BS by
establishing a dedicated FSO. In this paper, we propose to use a steerable FSO system, where the gateway is equipped with a
steerable FSO transceiver to communicate with multiple FSO transceivers at different BSs in a time division muitiplexing manner.
Applying the steerable FSO system can reduce the number of FSO transceivers at the gateway, and thus reduce the capital cost of
implementing an FSO based fronthauVbackhaul network. We formulate the transmission scheduling problem in the steerable FSO
system to optimize the active time for each FSO link associated with the steerable FSO transceiver such that the overall delay of
transmitting a packet from geo-distributed BSs to the steerable FSO transceiver at the gateway is minimized, while guaranteeing the
latency requirements of the BSs. We propose the laTency aWare transmission Scheduling for sTeerable FSO (TWIST) algorithm,
which is designed based on Sequential Quadratic Programming, to efficiently solve the proposed problem. The performance of TWIST

is validated via extensive simulations.

Index Terms—Free space optics, steerable, scheduling, queue, delay, sequential quadratic programming

1 INTRODUCTION

REE space optics (FSO) is a type of wireless communica-~

tions technology that uses light propagating in free space
to convey data wirelessly. As compared to traditional radio
frequency (RF) communications, FSO has a higher link
capacity [1], lower operational cost {2], lower interference
{3], and securer communications [4]. Owing to these advan-
tages, FSO has been applied as a fronthaul and backhaul
solution in next generation mobile networks. For example,
FSO is applied to achieve high-speed backhaul communica-
tions between a macro base station (BS) and a drone
mounted BS (DBS) in drone assisted mobile networks,
where the DBS is deployed over any place of interests (such
as a hotspot or disaster struck area) to relay data between
the macro BS and the mobile users [5], [6], {7], [8]. In addi-
tion, Curran et al. [9] proposed an FSONet architecture,
where different small cell BSs are interconnected together
via FSO links to establish a wireless backhaul mesh net-
work. Applying FSO to achieve the communications
between a gateway and a BS can provide high link capacity
and flexibility to meet the requirements of the mobile net-
work. To enable the gateway to commumicate with multiple
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BSs, the most common solution is that the gateway can be
equipped with multiple FSO transceivers, each of which is
used to communicate with a specific BS {10]. For example,
as shown in Fig. 1, if three BSs try to communicate with a
gateway via the FSO links, the gateway has to be equipped
with three FSO transceivers. The gateway equipped with a
dedicated FSO transceiver for each associated BS incurs
high capital cost, especially when the number of the BSs is
large. Also, establishing a dedicated FSO link between a BS
and the gateway is not necessary since the capacity of an
FSO0 link is much higher than the data rate requirement of
the BS in the access network,! especially when the distance
between the gateway and the BS is short. In order to reduce
the capital cost of FSO based point-to-multipoint communi-
cations between the gateway and the BSs, we propose to
use a steerable FSO transceiver that can communicate with
multiple FSO transceivers in different time slots. Here, a
steerable F50 transceiver is an FSO transceiver mounted on
a steering gimbal such that the direction of the FSO trans-
ceiver can be adjusted by controlling the movement of the
steering gimbal. Therefore, as shown in Fig. 1, once the gate-
way is equipped with a steerable FSO transceiver, it can
dynamically switch the direction of its FSO transceiver
among the three BSs to communicate with them in different
time slots. Note that other methods, such as Galvo Mirrors
(GM) [14], digital micromirror devices (DMD) [15], and

1. Typically, the capacity of an FSO link is around 10 Gbps at a dis-
tance of 2 km {11], [12], and the data rate requirement of the access net-
work for a BS is up to 300 Mbps [13]. Thus, the capacity of an FSO link
is more than enough to meet the data rate requirement of the access net-
work fora BS.
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Fig. 1. A steerable FSO system for mobile fronthaul/backhaul networks.

micro-electromechanical systems (MEMS) [16], can also be
applied to dynamically steer the optical beams in order to
achieve point-to-multipoint communications. However,
applying different beam steering methods does not affect
the system models and the proposed problem formulation
as well as solution later on.

Although applying steerable FSO transceivers at the
gateway can reduce the cost, the capacity of the FSO link
between the gateway and a BS decreases since the FSO link
can only be active (i.e., transmitting data) in a fraction of
time when the steerable FSO ftransceiver at the gateway is
pointing to the FSO transceiver at the BS. It is critical to
determine the active time of the FSO link between a BS and
the gateway since the active time determine the overall
throughput of the FSO link. Intuitively, a BS with heavier
traffic load will have a longer active time for its FSO link to
the gateway. Yet, the duration of the active time for an FSO
link is determined by not only the traffic load of the BS but
also other factors, such as the achievable data rates of an
FSO link, the switching speed of the steerable FSO trans-
ceiver, etc. In this paper, we will consider the uplink com-
munications (from different BSs to the gatway) as an
example and design a transmission scheduling algorithm to
determine the active time of all the FSO links such that the
sum of the average delay of transmitting a packet from dif-
ferent BSs to the gateway is minimized, while guaranteeing
the QoS of each BS. The contributions of the paper are listed
as follows.

1) We propose to apply a steerable FSO system to
achieve FSO based point-to-multipoint communica-
tions for mobile fronthaul/backhaul networks.

2) In order to estimate the average delay of an FSO
transmitter in processing an incoming packet in the
context of a steerable FSO system, we propose a new
queuing model, i.e., an M/D/1 queue with periodic
vacation (where the length of the vacation is fixed in
different scheduling cycles), to model the procedure
of an FSO transmitter in buffering and transmitting
packets to a steerable FSO receiver, and derive the
related queuing delay. The accuracy of the model is
demonstrated via simulations.
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3) We formulate the transmission scheduling problem
to optimize the active time of the FSO links between
the gateway and the associated BSs such that the
total average delay of transmitting a packet from the
BSs to the gateway is minimized and the QoS of each
BS can be satisfied. We propose the laTency aWare
transmission Scheduling for sTeerable FSO (TWIST)
method to efficiently solve the problem. The perfor-
mance of the problem is demonstrated via extensive
simulations.

The rest of this paper is organized as follows. In Section 2,
we briefly introduce the related works. In Section 3, we pro-
vide the FSO link capacity model and propose a new queu-
ing model to estimate the average delay of an FSO
transmitter/BS in processing a packet. Also, we formulate
the transmission scheduling problem to minimize the sum
of the average delay of FSO transmitters/BSs in processing
a packet, while guaranteeing the latency requirement of the
BSs. The TWIST algorithm is proposed and described in
Section 4 to efficiently solve the transmission scheduling
problem, and the simulation results are analyzed in Sec-
tion 5. A brief conclusion is drawn in Section 6.

2 REeLATED WORKS

FSO has been adopted as a promising technology to signifi-
cantly improve the fronthaul/backhaul network capacity in
heterogeneous mobile networks [17], [18], [19], [20], [21].
Based on the implementation of steerable FSO transceivers
[22], the topology of the FSO based mesh network can be
dynamically reconfigured upon requests. Curran et al. [9]
optimized the topology and routing paths for a backhaul
mesh network, where a number of small cell BSs equipped
with steerable FSO transceivers are interconnected with
each other via FSO links to forward the data streams
between the gateway and small cell BSs. Alzenad et al. [23]
proposed an FSO based vertical backhaul/fronthaul frame-
work, where a number of drones equipped with steerable
FSO transceivers are cooperative together to establish a
mesh network in the air to relay data streams between the
gateway and geo-distributed BSs. Based on the proposed
framework, Gu et al. [24], [25] designed a method to dynam-
ically reconfigure the topology of the FSO-based vertical
backhaul/fronthaul network based on the traffic load of dif-
ferent BSs as well as the states of the FSO links among dif-
ferent drones. Here, topology reconfiguration can be
achieved by adjusting the steerable FSO transceivers at dif-
ferent drones. Fan et al. [26] applied the steerable FSO sys-
tem in gound-to-train communications. Specifically,
different railside BSs and a high-speed train are equipped
with steerable FSO transceivers. A railside BS can transmit
data streams to a high-speed train (which relays the
received data to the passengers over WiFi connections) via
the established FSO link. The steerable FSO transceivers on
the BS and the high-speed train should be well-aligned
(when the train moves along the railway) to provide a reli-
able and broadband FSO link. Also, the steerable FSO trans-
ceiver on the high-speed train should be switched to and
aligned with the target BS when the train is handed over
from the source to the target BS.
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TABLE 1
Summary of Notations

Notation Definition

T Set of FSO transmitters (TXs) at the BSs

T Scheduling cycle

t; Active time of FSO TX ¢

A Average packet arrival rate of FSO TX i

Ty, Packet departure rate of F5O TX 4

i Utilization of FSO TX ¢ during a scheduling cycle
P Utilization of FSO TX i during a free period

T Average delay of FSOTX i

Latency requirement of FSO TX ¢

grotal Largest angle among the FSO TXs

2] Average angle velocity

i Optical efficiency of FSO TX ¢

n= Optical efficiency of the steerable FSO receiver (RX)

v Visibility range

c? Atmospheric turbulence strength

Q Radius of the aperture in the steerable FSO RX

1/14- Divergence angle of FSO TX 4

; Standard deviation of the beam displacement for

FSOTXi

t Wavelength of the optical beam

K Planck constant

Ny Sensitivity of the steerable FSO RX

L Packet size

d; Distance from FSO TX i to the FSO RX

Y Atmospheric attenuation factor

q Size distribution of the scattering particles

w; Equivalent beam width of TX ¢

134 Pointing error from FSO TX i to the FSORX

hgtn Atmospheric attenuation from FSO TX i to the FSO
RX

bt Atmospheric turbulence from FSO TX 4 to the FSO
RX

R Geometric loss from FSO TX 4 to the FSORX

T Capacity of the link from FSO TX i to the FSORX

N, Sensitivity of the steerable FSO RX

joad Received optical power

pi" Transmission optical power

erf() Error function, ie. erf(e) = % 7, e dt

The steerable FSO system is also applied to other use
cases. Rahman et al. [27] explored the FSO based virtual real-
ity (VR) architecture, where a steerable FSO transceiver is
used to communicate with a VR headset in motion with its
user via an FSO link. They have demonsirated that the
throughput of the FSO link can be 40 Gbps or higher, thus sat-
isfying the data rate requirements of various VR applications.
Hamedazimi et al. [28] proposed the FireFly architecture,
which applies FSO to achieve inter-rack communications ina
data center. Specifically, each top-of-rack (ToR) switch in a
data center is equipped with an FSO transceiver. Different
ToR switches communicate with each other by establishing
FSO links via ceiling mirrors (which reflect an optical beam
from one FSO transceiver to the other).

All the mentioned works use the steerable FSO system to
dynamically adjust the FSO based network topology or
maintain an FSO link between two endpoints, where the
endpoints may move over time. However, to best of our
knowledge, none of the works applies the steerable FSO sys-
tem to achieve point-to-multipoint communications and
designs the related scheduling algorithm to minimize the
data transmission delay.
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3 SysTem MODEL

Consider the scenario that multiple BSs (each of which is
equipped with a fixed FSO transmitter) try to transmit data
streams to the same steerable FSO receiver at the gateway
over the FSO links, and Table 1 lists the definitions of the
notations used in the paper. Denote Z as the set of FSO
transmitters at the BSs, and 7 is used to index these F50
transmitters/BSs. Denote T as the duration of a scheduling
cydle, in which the steerable FSO receiver receives the data
from the FSO transmitters in Z based on the round robin
manner. That is, during the scheduling cycle 7T, the steerable
FSO receiver initially points to an FSO transmitter in Z to
establish an FSO link, then iteratively switches to the rest of
the FSO transmitters in Z to establish FSO links, and finally
switches back to the initial FSO transmitter. For example, as
shown in Fig. 1, three FSO transmitters/BSs are trying to
communicate with the steerable FSO receiver at the gate-
way. The steerable FSO receiver would first point to the
FSO transmitter at BS1, establish an FSO link, and receive
data from the FSO transmitter at BS1. Then, the steerable
FSO receiver would iteratively point to the FSO transmitters
at BS2 and BS3 to receive data from them. Finally, the steer-
able FSO receiver would switch back and point to the FSO
transmitter at BS1 for a new scheduling cycle. Note that
time synchronization among the FSO transmitters and the
steerable FSO receiver is very critical to quickly establish
the FSO link between the steerable FSO receiver and an FSO
transmitter once the steerable FSO receiver is pointing to
the FSO transmitter. The existing synchronization solutions,
such as Unique-Word [29], can be applied in the proposed
steerable FSO system. Denote #; as the amount of active time
(i.e, communications time) for FSO transmitter i to send
data to the steerable FSO receiver at the gateway during a
scheduling cycle 7.? If @ is the average angle velocity of the
steerable FSO receiver, then we have

otal
r-Y a2, ®
i€l e

where 6! is the largest angle among the FSO transmitters
with respect to the steerable FSO receiver. For example, as
shown in Fig, 1, three FSO transmitters (i.e., TX}, TX,, and
TX;) communicate with the same steerable FSO receiver
(denoted as S) at the gateway. Thus, the largest angle 8%
equals the angle between lines 7X; - § and TX;3 — S, ie.,
§%4 = 9,5 + 03. Note that in the three dimensional layout,
the FSO transmitters may be in different altitudes, but 6'**
still equals the sum of the angles among all the FSO trans-
mitters and the steerable FSO receiver, and so Eq. (1) is still
valid.

3.1 Achievable Data Rate of an FSO Link Between a
BS and the Gateway

An optical beam transmitted from FSO transmitter ¢ to the

steerable FSO receiver over the atmosphere may suffer from

various losses. Specifically,

2. Note that the steerable FSO receiver has to inform the scheduling
information (such as the beginning of active time and the amount of
active time for each FSO transmitter) to the FSO transmitters once the
scheduling is modified.
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3.1.1 Atmospheric Attenuation

An FSO signal may be attenuated owing to absorption and
scattering from atmospheric molecules and aerosols, and
the strength of the atmospheric attenuation from FSO trans-
mitter ¢ to the steerable FSO receiver can be estimated
by [30]

atm __ ,—yd;
h{™ =774,

(2

where d; is the distance between FSO transmitter ¢ and the
steerable FSO receiver and y is the atmospheric attenuation
factor indicating how much power of an optical beam is
attenuated per kilometer over its propagation path in atmo-
sphere. Here, y can be estimated by [30]

where v is the visibility range (i.e., the maximum distance
that an object can be clearly discerned) in km, ¢ is the wave-
length of the optical beam, and g is the size distribution of
the scattering particles in the environment, which depends
on the visibility range v [30], i.e.,

1.6, v > 50 km,
g=<{ 1.3, 1 6 km < v < 50 km, (4)
0.585v3, v < 6 Jan.

3.1.2 Atmospheric Turbulence Induced Fading

The atmospheric turbulence-induced fading is to describe
the average faded power induced by both spatial and tempo-
ral random fluctuations of refractive index due to tempera-
ture, pressure, and wind variations along with the FSO link
between a gateway and a BS [31]. Gamma-gamma and log-
normal distributions are the two commonly used models to
characterize the distribution of the atmospheric turbulence
induced fading for an FSO link. Specifically, the log-normal
distribution fits the weak-to-moderate turbulent better and
the gamma-gamma distribution works in the strong turbu-
lent [32]. Note that using different atmospheric turbulence
distribution models will not affect the problem formulation
and algorithm design later on. In the paper, the log-normal
distribution will be used to model the atmospheric turbu-
lence induced fading.

Denote h!“" as the atmospheric turbulence induced fad-
ing of the FSO link from FSO transmitter i to the steerable
FSO receiver, and the probability density function (PDF) of
R is [33]

tur) __ 1 1 (hl (hsllr) +2£:2z)2 4
P( i )_E\/Z__HQWGXP(—'—S&%_— s (5)

where ¢ is the log-amplitude variance for an optical beam,
which can be approximated by

§/1
£~ 1.23024,/1»7:1}1. ©)

T

Here, C? is the strength of the atmospheric turbulence, and
k is the number of optical waves, ie., k= 27 /t. Thus, the
average atmospheric turbulence induced fading, denoted as
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3.1.3 Geometric Loss

Geometric loss is caused by the divergence of the optical
beam between an FSO transmitter and an FSO receiver, and
geometric loss can be estimated by [33]

=
hoe e [erf ( 2”9)] , ®)
! di;

where () is the radius of the aperture for the steerable FSO
receiver at the gateway as shown in Fig. 2, ¢; is the diver-
gence angle of FSO transmitter i, and d; is the distance
between the steerable FSO receiver and FSO transmitter i.

3.1.4 Pointing Error

Pointing error is due to the misalignment of the optical
beam from FSO transmitter i to the steerable FSO receiver,
and pointing error can be estimated by [33]

2
h? ~ exp (— %) ; (©)]

1

where §; is the displacement between the center of beam
spot from FSO transmitter i and the center of the lens at the
steerable FSO receiver and w; is the equivalent optical beam
width, ie.,

2 _ %)2 \/Eerf(gi) (10)
' ( 2 2‘//.'GXP(—Q?).

Here, g; = (V212) /(di;).

Note that the displacement §; in Eq. (9) is a random vari-
able, whose value depends on the accuracy of the Acquisi-
tion, Tracking, and Pointing (ATP) system for each FSO
link. Normally, the distribution of §; is modeled as a Ray-
leigh distribution [34], i.e.,

8; 52
p(8:) =;§exp(—a—'?), (11)

1 1

where o; is the standard deviation of the Rayleigh distribu-
tion for FSO transmitter i, which is determined by the
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accuracy of the ATP system. Thus, the average pointing
error, denoted as E(hf), is

o0 wz

3.1.5 Achievable Data Rate of an FSO Link

The achievable data rate of an FSO link from FSO transmit-
ter 1 to the steerable FSO receiver at the gateway depends
on the received optical power, i.e. [35]

. ]7:1 _ p?h?tmE(hsur) hi)FoE(hf) n?nrx (18)
) Epr Epr

where E, is the photon energy at wavelength : (i.e, E, =
keft. Here, « is Planck constant and ¢ is the speed of light)
and N, is the sensitivity of the steerable FSO receiver.

Note that, in the real implementation, the achievable data
rate of an FSO link from FSO transmitter i to the steerable
FSO receiver at the gateway can be obtained via the field
test. But, in the simulations, Egs. (3), @), (5), (6), (7), (8), (9),
(10), (11), (12), and (13) are used to estimate the achievable
data rate of each FSO link, which is one of the input parame-
ters of the proposed optimization problem in Section 3.3.

3.2 Average Delay of an FSO Transmitter in
Processing a Packet

Each FSO transmitter is associated with a queue to buffer
the packets from the users via the BS. Once the steerable
FSO receiver is pointing to an FSO transmitter at a BS, the
FSO transmitter is active and sends the packets from its
queue to the steerable FSO receiver via the FSO link.
Assume that the packets arriving at FSO transmitter ¢’s asso-
ciated queue follows a Poisson distribution, where J; is the
average packet arrival rate. Meanwhile, when FSO transmit-
ter i is active (i.e., the FSO link is established from FSO
transmitter 4 to the steerable FSO receiver), the service time
of FSO transmitter 4 in transmitting a packet is determin-
istic, which depends on 7;, i.e., the achievable data rate of
the FSO link from FSO transmitter ¢ to the steerable FSO

receiver. Denote p; as the packet deEarture rate of FSO
Authorized licensed use limited to: UNIVERSITY O
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transmitter #'s queue when FSO transmitter ¢ is active, ie.,
i =3, where L is the average size of a packet.

During a scheduling cycle 7', FSO transmitter ¢ comprises
two periods, i.e., the transmission and vacation periods. In
the transmission period, FSO transmitter i is active and
transmitting the packets to the steerable FSO receiver at the
gateway. In the vacation period, F5O transmitter i does not
transmit packets (i.e., idle), but waits for the steerable FSO
pointing to itself. To the best of our knowledge, none of the
existing queuing models can be applied to characterize the
procedure of FSO transmitter ¢ in buffering and transmit-
ting packets in the context of the steerable FSO system.
Thus, we propose a new queumg model, i.e., an M/D/1
queue with penodlc vacation® (where the duration of the

vacation is fixed in different scheduling cycles) to estimate
the average delay of FSO transmitter 4. In general, the aver-
age delay of FSO transmitter ¢ in processing a packet
(denoted as 1;) includes two parts, i.e., the average queuing
delay of a packet waiting in the FSO transmitter i's queue
(denoted as t7“*“) and the average delay of transmitting a
packet from FSO transmitter i (denote as %), That is, 7; =
T 4 i, where 7 = L.

Lemma 1. The average queuing delay of a packet waiting in the
FSO transmitter i’s queue is

o2 AT —t)? +—L%rt—pT

2(""1 - )T

prueue

C2(1-p) +

(14)
where p; = %and o= ‘;‘\_:_ ]

Proof. proof The average queuing delay of a packet waiting
in the FSO transmitter i's queue comprises three parts,
ie.,

s R; the average time of waiting for the packets
(which were arrived in previous scheduling
cycles) in the queue to be transmitted. The value
of R; can be estimated based on the M/D/1 queue
delay, i.e.,

[

Ri= 201 -p;)’

(15)

where p; is the utilization of FSO transmltter i
during a scheduling cyde, i.e., p; =

e W;: the average time of waiting for the packets
(which were arrived in the current scheduling
cycle) in the queue to be transmitted. The whole
scheduling cycle can be further divided into three
periods, i.e., vacation period (I' ~t;), congestion

3. In the context of the steerable FSO system, a queue with periodic
vacation means that an FSO transmitter may be periodically on and
back from the vacation. Here, an FSO transmitter on vacation means
that an FSO link is not established between the FSO transmitter and the
steerable FSO receiver, and so the FSO transmitter cannot transmit
packets from its queue to the steerable FSO receiver. Hence, the packet
departure rate for the queue during the vacation period is zero. Simi-
larly, an FSO transmitter back from the vacation implies that an FSO
link has been established between the FSO transmitter and the steerable
FSO receiver, and so the FSO transmitter is able to transmit packets
from its queue to the steerable FSO receiver.
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period (t9), and free period (¢ - tf), shown in
Fig. 3. In the vacation period, the arrival packets
are accumulated in the queue, and thus the queue
length is increasing over time during the vacation
period. In the congestion period, the FSO trans-
mitter is active, and so all the packets, which were
arrived during the vacation and congestion peri-
ods, are transmitted to the steerable FSO receiver.
The average queue length during the vacation
and congestion periods is Q—"Zﬁﬂl Also, the aver-
age length of the congestion period is f = %{-"}L
Finally, in the free period, the arrival packets will
be immediately sent to the steerable FSO receiver,
which is basically an M/D/1 queuing system,
and thus the average queue length during the free

period is 2—(1—':75, where g is the utilization of FSO

transmitter ¢ during the free period, ie., g = ")—:
Hence, W; can be estimated by

Average queue length when a packet

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 22, NO. 4, APRIL 2023

Based on Lemma 1, we can calculate the average delay of
FSO transmitter i in processing a packet based on the fol-
lowing equation.

ueue tr
7 =T 1

” 2 (o)
2 il =)+ (b

TN

-AT) 1

2(p — M)T mi

(19)

In order to guarantee the stability of the M/D/1 queue
with periodic vacation, the utilization of F50O transmitter i
during a scheduling cycle T should be less than 1, i.e.,

AT
pi=" <12 pT—ti+e<0,

i

(20)

where ¢ is a very small value to enable the inequality to be
bounded.

Average queue length when a

arrives in the vacation and congestion periods Packet arrives in the free period
R

T = ti+12) (T -t

e\
ti—t; (o)’ (16)

+ JEERLLIR LA,

T 2 T 2(1-p.
Wi = (1-p)
3.3 Problem Formulation
where (T-.;l%) and #‘- are the probability of a Due to the directional feature of the FSO communications,

packet arrives during the vacation/congestion
period and the free period, respectively. The
numerator in Eq. (16) is the average queue length.

Plugging t{ = %:—i—';\)—:\'- into Eq. (16), we have

NS S U PO
,:,\,(T t:) +-l—_‘—pui-(t, piT) an
! 2p; = N)T

e S the average time of waiting for the FSO trans-
mitter becoming active. If a packet arrives during
the vacation period, it must wait until the FSO
transmitter is active. Thus, we have

T-t T-t ’

2 T (18)

S =

where Z5% is the average time of a packet waiting

for FSO transmitter ¢ becoming active, and T—}'-'- is

the probability of the packet arriving during the
vacation period.

Thus, the average queuing delay of a packet waiting in

the FSO transmitter i’s queue is 17" = R + W; + 5,

which can be further transformed into Eq. (14). o

4. Fig. 3is an intuitive illustration to explain how the average queue
length varies in different periods, where z-axis indicates different peri-
ods in a scheduling cycle and y-axis represents the average queue
length (i.e., the average number of packets in the queue).

Authorized licensed use limited to: UNIVERSITY OF

traditional multiplexing technologies (such as time division
multiplexing, frequency division multiplexing, and space
division multiplexing), which are widely used in the RF-
based point-to-multipoint communications, are unable to be
used in the FSO based point-to-multipoint communications.
Hence, the steerable FSO system is proposed to adjust the
direction of an FSO receiver, thus achieving point-to-multi-
point communications. Owing to the characteristic of the
steerable FSO system (i.e., each FSO link is periodically inac-
tive owing to the adjustment of the steerable FSO receiver),
a new queuing model, i.e., M/ D/1 queue with periodic
vacation (where the length of the vacation is fixed in differ-
ent scheduling cydes), is proposed to estimate the latency
in the steerable FSO based point-to-multipoint communica-
tions. Based on the proposed latency model, we formulate
the steerable FSO receiver scheduling problem to minimize
the sum of the average delay of transmitting a packet from
each FSO transmiitter to the steerable FSO receiver, while
guaranteeing the QoS in terms of the latency requirement of
each FSO transmitter, i.e.,

P0O:argmin ) 1, (21)

b Ger
st. VieZ, 1; <y, (22)
VieZ, piT —ti+€<0, (23)

where ¢, is the latency requirement of FSO transmitter i,
and 7T is the length of the scheduling cycde defined in
Eq. (1). Constraint (22) indicates that the average delay of
processing a packet in an FSO transmitter should be no
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longer than the predefined latency requirement. Constraint
(23) ensures the stability of the FSO transmitter i's queue.
Note that PQ is the problem formulation for the uplink sce-
nario (i.e., transmitting data from different BSs to the gate-
way). However, the same problem formulation can be
applied to the downlink scenario (i.e., transmitting data
from the gateway to different BSs), where 1; and ¢; are the
average delay and latency requirement of processing a
packet from the steerable FSO transmitter to FSO receiver ¢,
respectively, p} is the utilization of the steerable FSO trans-
mitter in transmitting Rackets to FSO receiver i during the
free period G.e., pj= ,—: Here, ); and pu; is the average
packet arrival rate and average packet departure rate with
respect to the FSO link from the steerable FSO transmitter to
FSO receiver 1), and ¢; is the active time of the steerable FSO
transmitter in sending packets to FSO receiver i during a
scheduling cycle T'.

4 LATENCY AWARE TRANSMISSION SCHEDULING
FOR STEERABLE FSO '

The objective of PO, ie., f(t;) = Y iez Tir is a function of #;
(according to Eq. (19)). It is easy to derive that the Hessian
matrix of the objective function is not semi-definite, and
thus PO is not convex. To tackle this nonconvex problem,
we design the laTency aWare transmission Scheduling for
sTeerable FSO (TWIST) algorithm, which basically applies
Sequential Quadratic Programming (SQP) (36). The basic
idea of SQP is to transform P0 into a Quadratic Program-
ming (QP) subproblem in each iteration and solve the QP
problem until the algorithm converges to a local minimum.
Specifically, let L(t;, «;, 8;) be the Lagrangian function of PO,
ie,

Lt B)=) i+ ei(ti-¢) +Y " BAT-ti+6),
il iel i€l

(24)
where t = {tl,,};g,...,tm}T, a= {al,ag---am}T, and B =
{ﬁuﬁz‘“ﬂgz[}
as the vector of # in the k" iteration, ie, t¥ =
{t(lk),tgk),.. . ,tgl) } . Denote H® as the Hessian matrix of
the Lagarangian function £(¢,@, §) in the k™ jteration. Also,
et 860 = {6 A4, a8}, wohere AL <t
Thus, we construct the following QP problem, which basi-

cally reflects the local properties of PO in the k* iteration
[36].

are the Lagrangian multipliers. Denote ¢

P1omins A0 HOA 47 (379 ) A, (25)
A 2 ieZ

st. VieT, v(rﬁk) - go,.) A 4B g =0, (26)

VieZ,V (pgT—tg*”+ e)Atﬁ"’+ ATt 4 e=0, @n

where the objective function is the 2" order Taylor expan-
sion of the objective function in PO, and Constraints (26)
and (27) are the 1* order Taylor expansion of Constraints
(22) and (23) in PO, respectively, during the K* jteration. P1
can be solved by the quasi-Newton method [37] to derive
the optimal solution At™, which basically indicates the

search direction for t in the next iteration. %&eciﬁcally, based
Authorized licensed use limited to: UNIVERSITY OF N
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on the Karush-Kuhn-Tucker (KKT) conditions, we have the
following Jacobian equation [38].

HMVg, (t(m)
At
Ve, (t¥)o Aa®
ApH
Ve (£9)0
vLEh,a®, gt
= — g1 (t0) " , (28)
g2 (t®)"

: : WY T
where Aa‘”:{al——a(l”,ag ~a(2"), - .,agzg—agi.z} , AN =
(%) (*) w7 _
Bi—By Ba=By e B~ Bgyp o &) ={n—0,n-
@2t — oz}, B2(t) = {P\T —ti+¢, Pl —ta+e,...,

p'miT = tz) + €}, and Vg, (t) and Vg,(t) are the Jacobian
matrices of gi(t) and g,(t), respectively. By solving
Eq. (28), the optimal solutions of P, ie., At®, Ae®, and
Aﬂ<k), can be obtained to update ¢, @, and $ in the next itera-
tion, ie.,

A o %) At(k),
o) = o | Aa(k),

ﬂ(Hl) = ﬂ(k) + Aﬂ“").

@9

Meanwhile, the Hessian matrix of the Lagrangian function
can be ngdated based on the Broyden—Fletcher-Goldfarb-

Shanno (BFGS) algorithm {39}, i.e.,
T Ty T
e o, At HOALOALD H¥ 30
a0 AL AHTEBALS
where
M =v L(tw) o ﬂm) VL (t(a, a®, ﬂea) ) @31)

Based on the updated values of (), g®+b, g+l and
H&D anew Q problem will be formulated and solved in
the k+ 1 iteration. The iteration continues until the algo-
rithm converges into a local optimal, i.e., ll AtW|l < ¢, where
¢ is the predefined convergence threshold. TWIST is sum-
marized in Algorithm 1.

Algorithm 1. TWIST

Initialize «®, 8O, ¢, and H®,

k=1

while ||[At®]] > ¢ do
Construct a QP problem, i.e., P;
Derive At®), Aa®, AB* by solving Eq. (28);
Update t*+1), a*+1), gt+1) based on Eq. (29);
Update ¢*+!) based on Eq. (31);
Update H*") based on Eq. (30);
k=k+1;

end

5 SIMULATIONS

We conduct extensive simulations to validate the accuracy
of the derived average delay model (ie., Eq. (19)) for the
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Fig. 4. Simulation setup.

M/D/1 queue with periodic vacation and the performance
of TWIST. Assume that there are 6 adjacent BSs, each of
which is equipped with an FSO transmitter to transmit their
data streams to the gateway. The gateway is equipped with
a steerable FSO receiver to receive the data from different
BSs in different time slots. The distances and angles
between the FSO transmitters at the BSs and the steerable
FSO receiver at the gateway are illustrated in Fig. 4. Note
that although Fig. 4 shows a 2D layout, the distances and
angles in the figure indicate the values in a 3D plane. All the
FSO transmitters (i.e., BSs) have the same latency require-
ment, ie., ¢; = 300 ms; however, they have different packet
arrival rates and we assume that A} = Ay = Ag = 6300 x ¢
packets/s, Ay = A5 = 4200 x ¢ packets/s, and A3 = 2800 x ¢
packets/s, where ¢ is the parameter to adjust the packet
arrival rates of different FSO transmitters/BSs. Other simu-
lation parameters are listed in Table 2.

5.1 Accuracy of the Average Queuing Delay Model

In order to validate the accuracy of the derived average
delay model in Eq. (19), we use Matlab Simulink to emulate
the process of a steerable FSO receiver iteratively receiving
packets from four FSO transmitters. Assume that the steer-
able FSO receiver at the gateway is serving/connecting four

TABLE 2
Simulation Parameters

Parameter Value
Transmission power of TX i (p" ) 3mWI[11]
Optical efficiency of TX i (5{") 0.92
Optical efficiency of the FSO receiver (") 0.5
Visibility range (v) 25km
Atmospheric turbulence strength (C} 107 83m2/3
Aperture radius of the FSO receiver (Q) 42.5 mm[12]
Divergence angle of TX i (¢;) 0.125 mrad[12]
Stz;ndard deviation of the displacement 0.0001 m?
(a7)
Wavelength of the optical beam (1) 1550 nm
Planck constant (x) 6.626x10~H
mZkg/s
Sensitivity of the FSO receiver (V) 33067 photons/bit
Average angle velocity (w) 240 degree/s
Packet size (L) 9000 Bytes
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Fig. 5. Accuracy of the average delay model.

FSO transmitters/BSs (i.e., TXs 2, 3, 4, and 5), and Fig. 5
shows the theoretical and simulated average delay of the
four FSO transmitters in processing a packet over different
values of ¢ (i.e, different packet arrival rates). The simu-
lated average delay is almost the same as the theoretical
value for each FSO transmitter under different packet
arrival rates. The average percentage errors of the four FSO
transmitters are 1.68% 0.737%, 1.68%, and 1.81%, respec-
tively. Hence, we conclude that the average delay model in
Eq. (19) can accurately estimate the average delay of an FSO
transmitter in processing a packet.

5.2 Performance of TWIST
Two baseline scheduling algorithms, i.e., round robin (RR)
and weighted round robin (WRR) [40], are used to compare

the performance of TWIST.
In RR, the active time of all the FSO transmitters is the
same, i.e, t; =ty = --- = ti7) = t. That is, the steerable FSO

receiver connects to the first FSO transmitter for ¢ time
period to receive packets from the FSO transmitter, and
then connects to the next FSO transmitter for another ¢ time
period. After the steerable FSO receiver connects to the last
FSO transmitter for ¢ time period, it goes back and connects
to the first FSO transmitter for a new scheduling cycle. In
order to guarantee the stability of the queues in all the FSO
transmitters, p{T —t +¢ <0, Vi € T, where T = |T|t + 2=,
W te

That is, Vie Z, t > 1—'1‘7— Thus, in RR, the active time of
all the FSO transmitters is selected to be t; =t =max

p+c
{ = P |Vz€l'}

In WRR, the active time of the FSO transmitters are pro-
portional to their associated weights, which equals their
packet arrival rates. That is, an FSO transmitter with a
higher packet arrival rate will have longer active time than
an FSO transmitter with a lower pac.ket arrival rate, i.e, ¢;:
tr:...itz) = Ar:dat...: Az). Similarly, in order to guarantee
the stablhty of the queues in all the FSO transmltters, pT—
t+e<0,Viel, where T= Enem t; + “—. Then, we have
ti= X\ X ma.x{ ”i(l_p,'_ |\7‘z € 1'}.

Assuming the steerable FSO receiver is serving TXs 2, 3,
4, and 5, Figs. 6 and 7 show the average delay of each FSO
transmitter and the total average delay of the FSO transmit-

ters, respectivel X incurred by TWIST, RR, and WRR under
at 16:24:54 UTC from IEEE Xplore Restrictions apply.
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different traffic loads in terms of packet arrival rates. Note
that adjusting ¢ indicates changing packet arrival rates (i.e.,
;) of the four FSO transmitters. From the figures, we can
find that TWIST always incurs the lowest average delay for
each FSO transmitter and the lowest total average delay
among all the scheduling algorithms. Also, as shown in
Fig. 7, the difference of the total average delay between
TWIST and WRR/RR increases as ¢ (i.e., the average arrival
rates) increases. In addition, as shown in Fig. 6, TWIST can
always generate a feasible scheduling, which guarantees
both the stability requirement (i.e., Constraint (23)) and the
average delay requirement (i.e., Constraint (22)) for the four
FSO transmitters, under different £. Yet, RR and WRR are
unable to find a feasible scheduling when ¢ > 1.6, which
also demonstrates TWIST outperforms WRR and RR.
Assuming the steerable FSO receiver is serving TXs 2, 3,
4,and 5, and ¢ = 1 (i.e., A3 = 6300 packets/s, Ay = A5 = 4200
packets/s, and Ay = 2800 packets/s), we further analyze
how the latency requirement affects the performance of
TWIST, RR, and WRR. Fig. 8 shows the average delay of all
the FSO transmitters by varying the latency requirement of
FSO transmitter TX3, i.e., ¢;. As shown in the figure, TWIST
can dynamically adjust the active time of the FSO transmit-
ters to guarantee their latency requirement. Yet, WRR and
RR are unable to adjust the scheduling as ¢; varies, and
thus the latency requirement of TX3 cannot be satisfied
when ¢; < 38 ms. Fig. 9 shows the total average delay of
the four FSO transmitters by varying ¢,. We can see that

RR/WRR incurs a lower total avera%e dela% than TWIST
Authorized licensed use limited to: UNIVERSITY OF NEW
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Fig. 10. Sum of average delay over w.

when ¢, is lower than 32/31.7 ms. This is because TWIST
tries to guarantee the latency requirements of all the FSO
transmitters, and so if TX3 has a low latency requirement,
TWIST has to increase the active time of TX3 (i.e., t3), which
may exponentially increase the average delay of the other
FSO transmitters. As a result, the total average delay
incurred by TWIST exponentially increases.

Assuming ¢ =1, ¢; =300 ms, and the steerable FSO
receiver is serving TXs 2, 3, 4, and 5. Fig. 10 shows the total
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average delay of the four FSO transmitters by varying the
average angle velocity w. Obviously, increasing o can signif-
icantly reduce the total average delay incurred by TWIST,
RR, and WRR, and the performance gap between TWIST
and RR/WRR increases as w increases. Thus, it is promising
to apply GM, DMD, and MEMS, which are the solutions
(mentioned in Section 1) to steer the optical beams much
faster (i.e., larger o).

As discussed in Section 3, the visibility range v (which
depends on the current weather condition) determines the
atmospheric attenuation, and thus significantly affects the
achievable data rates of FSO links. Thus, we further analyze
how the visibility range v affects the performance of differ-
ent algorithms. Assuming that ¢ = 1, ¢; = 300 ms, and the
steerable FSO receiver is serving TXs 2, 3, 4, and 5, Figs. 11
and 12 show the average delay of each FSO transmitter and
the total average delay of the FSO transmitters, respectively,
incurred by different algorithms. From Fig. 11, we can find
when v < 4.3 km, none of the algorithms can generate a fea-
sible scheduling because of the low achieve data rates of the
FSO links caused by severe atmospheric attenuation. As v
increases, the atmospheric attenuation reduces, and so the
achievable data rate of each FSO link increases. TWIST is
the first algorithm that generates a feasible scheduling as v
increases. Also, the performance (in terms of the average
delay of each FSO transmitter and the total average delay of
the FSO transmitters) of TWIST is always better than RR

445 5 55 6 65 7 7.5 8 85
Visibility v (km)

9 95 10

Fig. 12. Sum of average delay over the visibility range.
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and WRR. Yet, the performance gaps between TWIST and
RR/WRR reduces as v increases.

We further investigate the performance of the scheduling
algorithms under different number of serving FSO transmit-
ters. Assuming ¢ =1 and ¢; = 300 ms, Fig. 13 shows the
total average delay of all the serving FSO transmitters by
varying the number of serving FSO transmitters. Basically,
the steerable FSO receiver serving more FSO transmitters
could significantly increase the average delay of each FSO
transmitter. From the figure, we can find when the number
of serving FSO transmitters is more than 3, TWIST outper-
forms RR and WRR, and the performance gap increases as
the number of serving FSO transmitters increases. Note that
RR and WRR are unable to generate a feasible scheduling
solution when the number of serving FSO transmitters is 6
and 5, respectively.

Finally, we analyze the complexity of different algo-
rithms by testing the execution time of the algorithms exe-
cuted by a server (1.8 GHz Intel core i5-8250u CPU and 8
GB memory). As shown in Fig. 14, TWIST always incurs
longer execution time than RR and WRR under different
number of serving FSO transmitters. However, the execu-
tion time of TWIST (<10 ms) is still practical as the schedul-
ing algorithm does not need to be frequently executed. Note
that the execution time of TWIST does not monotonically

9 —0—RR —&—WRR —8— TWIST A

Runtime (ms)

L
2 3

4
Number of serving BSs

Fig. 14. Execution time.
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change when the number of serving FSO transmitters
increases. This is because the execution time of TWIST
depends on the initial values of (¥, g, ¢©, and HO n
Algorithm 1. That is, the initial values, which could be a bad
estimation that incurs more iterations when the number of
serving FSO transmitters is 6, may be a good estimation that
incurs fewer number of iterations when the number of serv-
ing FSO transmitters is 4.

6 CONCLUSION

In this paper, we proposed to apply the steerable FSO
system to achieve the communications between the gate-
way and multiple BSs in order to reduce the capital cost
and fully utilize the FSO link capacity. Based on the pro-
posed steerable FSO system, we derived a model to esti-
mate the average delay of transmitting a packet from an
FSO transmitter to a steerable FSO receiver in the context
of point-to-multipoint communications. The accuracy of
the average delay model was validated via simulations.
In addition, we formulated the transmission scheduling
problem to optimize the active time for each FSO link
such that the overall delay of transmitting a packet from
the FSO transmitters to the steerable FSO receiver at the
gateway is minimized, while satisfying the latency
requirements of the FSO ftransmitters. We designed
TWIST to efficiently solve the problem. The performance
of TWIST was demonstrated via simulations. Note that
the proposed TWIST algorithm can be used not only in
the fronthaul/backhaul communications for mobile net-
works but also in the parallel multi-reconfigurable intelli-
gent surface (RIS) empowered FSO system [41], where an
FSO transmitter is equipped with a number of apertures,
each of which can transmit an optical beam to an FSO
receiver via a RIS. Thus, the FSO receiver has to adjust
its direction to receive different optical beams transmit-
ted from different apertures at the FSO transmitter.

In the future, we will develop a steerable FSO testbed
to verify the performance of TWIST. The steerable FSO
testbed comprises two FSO transmitters and one steer-
able FSO receiver [42]. An FSO transmitter is consisted
of a collimating lens (Thorlab F810FC-1550) mounted on
a kinematic platform, a SFP module, a thunderbolt adap-
tor (QNAP QNA-T310G1S), and a laptop. The laptop is
used to generate digital data streams, which are sent to
the SFP module via the thunderbolt adaptor. The SFP
module is used to generate the optcal signals by modu-
lating the data streams. Finally, the collimating lens is to
collimate and emit an optical beam, which carries the
optical signals, to the FSO receiver. The FSO receiver is
consisted of a collimating lens (Thorlab F810FC-1550)
mounted on a rotation stage (Thorlab DDR-100), a SFP
module, a network interface controller (Intel x520), and a
server. The collimating lens is to receive the optical
beam sending from an FSO transmitter. The received
optical beam is sent to the SFP module, which demodu-
lates digital data streams from the optical signals and
sends the digital data streams to the server via the net-
work interface controller. The rotation stage is used to
steer the collimating lens of the FSO receiver to receive
the optical beams sent from the two FSO transmitters.
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