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ABSTRACT

The globally introduced 5G mobile networks enable a variety of broadband applications from massive machine type
communications (mMTC) to ultra-reliable low latency communications (URLLC). Within this context, optical
technologies such as radio over fiber (RoF), radio over free space optics (RoFSO) and optical satellite networks are
designated to provide excellent backhaul services. In this paper, the power optimization problem is investigated for a
fully optical hybrid satellite network. Specifically, the dual hop decode-and-forward optical downlink is considered with
a geostationary satellite source, an optical ground gateway and an optical user equipment. The power allocation problem
is formulated as a convex optimization problem under separate total and peak power constraints and then a methodology
is proposed for the maximization of system’s capacity. Moreover, the proposed methodology takes into account the
atmospheric attenuation, the optical channel correlation and turbulence effects and its performance is evaluated through
numerical simulations and comparisons with other power allocation implementations. Results regarding the spectral
efficiency are presented and commented proving the proposed methodology’s superiority.

Keywords: Optical hybrid network, dual hop relay satellite, spatial multiplexing MIMO, optimum power allocation,
atmospheric turbulence, scintillation, channel correlation, channel capacity.

1. INTRODUCTION

The Free Space Optics (FSO) technology is considered a mature type of wireless communication similar to Fiber Optics
and complementary to RF radio-communications. The incorporation and deployment of FSO backhaul links in the 5G
framework will be beneficial as they provide inexpensive installation costs, limited power consumption, low mass,
enormous spectrum (THz) as well as enhanced secrecy due to the directivity properties of the laser beams [1]-[2].
Optical satellite communication systems have been tested and their feasibility has already been demonstrated through
various experiments with geostationary (GEO) satellites [3], low earth orbit (LEO) satellites [2], medium earth orbit
(MEO) satellites [4]-[5], deep space satellites, nanosatellites among others. Despite the phenomenal characteristics of
bidirectional optical satellite links, their availability is seriously degraded in the presence of foggy or cloudy weather due
to the intense absorption and scattering [6]. However, the laser beam propagation is heavily dependent on the
atmospheric turbulence even in cloud-free environments which inflicts beam spreading and mainly the so-called
scintillation effects [7]. Scintillation is a temporal phenomenon causing received irradiance fluctuations because of the
changes in the refractive index along the slant path [7].

The multiple input multiple output (MIMO) antenna systems and their usages e.g. multi-user MIMO, massive MIMO,
distributed MIMO, V-BLAST are a core component in many wireless network standards as they offer beam-steering
possibilities, higher data throughput via spatial multiplexing and advanced diversity techniques [8]. MIMO-based relay
systems are commonly employed to improve reliability and coverage especially when the direct link qualities are poor
and the need for cooperative or multi-hop communication emerges [9]. The relay transmission schemes are classified
primarily into decode-and-forward (DF) and amplify-and-forward (AF) where the DF is better opted for good source-
relay channels [9]. The power allocation problem for two-hop, MIMO-based relay networks has been studied in [10]-
[11] and methodologies have been proposed for uncorrelated Rayleigh channels. Additionally, capacity bounds and
outage analysis for all-optical relay-assisted log-normal links have also been reported in [12].

In this contribution, a power allocation methodology is proposed for a hybrid fully optical satellite network comprising
of a GEO satellite multi-channel source, an optical ground relay station (gateway) and an optical user equipment (edge
node). A dual hop, DF scheme is employed for the downlink optical channels that are affected by attenuation,
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scintillation and spatial correlation. The transmitting nodes have separate total available powers and peak powers
therefore the power allocation optimization is performed with respect to both source’s and relay’s power constraints. The
proposed methodology is based on the convexity theory described in [13]-[14] and the waterfilling algorithm [15] but
also encompasses the statistical properties of the channel besides the optical channel state. Finally, numerical data are
generated to simulate the examined system model for various channel settings i.e. scintillation profiles, correlation
coefficients, and the methodology’s performance is compared to other power distribution implementations to show the
achieved spectral efficiency gain.

The remainder of the paper is structured as follows: In Section 2, the network architecture framework is given along with
the hybrid optical MIMO technical characteristics. The major communication assumptions are also reported. In Section
3, the systemic equations and important metrics are given and a power allocation methodology is proposed for the
optimization of the system’s capacity. In Section 4, numerical data are generated and simulations are executed. The
numerical results are then presented followed by related remarks. Finally, Section 5 concludes this paper.

2. NETWORK ARCHITECTURE FRAMEWORK

The system under investigation is a three-node network consisting of a GEO satellite source equipped with Nt optical
transmit telescopes, an optical ground relay station (OGRS) with Nt optical transmit and Nr optical receive telescopes
installed, and the optical ground user station (OGUS) with also Nr optical receivers. The GEO-OGRS and OGRS-OGUS
links form Ng x Nt optical MIMO antenna systems and is assumed that the channels are correlated in general and half-
duplex which implies that the end-to-end transmission takes place in two distinct time slots.
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Figure 1. Network architecture. The GEO source, the OGRS gateway and the OGUS form optical MIMO systems over
correlated, turbulent channels.

The channel spatial correlation depends on many factors i.e., the aperture size, the optical link distance, the type of
turbulence and primarily the transmitter/receiver element spacing [16]-[17]. The spatial correlation coefficient between

channels 7 and m of distance dﬂm is given by the following expression [16]-[17]:

Rﬂ)n (dnm )

2 2
Gl,n O-I,m

Pun(d,,) = M

where —1 < P < 1 is the spatial correlation coefficient, an is the spatial covariance and 012 is the scintillation index

which is defined as the normalized variance of the received irradiance. The spatial covariance of channels » and m is in
turn [17]:

R (d ):M—l )
AL )(L)

and the associated scintillation index of channel n is [1], [7]:
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where <I " > is the average value of the received irradiance / , (W/m?). An analytical formula for the derivation of Ry, is
given in [16]-[17].

Fried’s parameter rc(m) determines the channel correlation length and is another useful metric to quickly evaluate the
possible correlation between optical channels [1], [3]:
-3/5
AGIS()
v =| 0.42k% sec() j C2(z)dz 4)

AOGRS
Where k=27/ (rad/m) is the wavenumber, A(m)is the communication wavelength, { is the zenith angle, C-(z) is
the refractive index structure parameter, z(m) is the altitude from ground and Aocrs, Acro are the altitudes of OGRS and
GEO satellite. If the telescopes’ spatial spacing is greater than 7, then the channels can be assumed uncorrelated.
Regarding the communication technical characteristics, the simple On-Off-Keying NRZ (OOK-NRZ) modulation
scheme is employed for transmission and the Direct Detection (DD) decoding scheme for reception while the optical
wavelength is assumed equal to A = 1550nm. The optical link pointing/tracking errors are assumed arbitrarily small and

therefore neglected while a feedback channel provides CSIT knowledge to both source and relay. Finally, cloud-free
conditions are presumed hence solely the atmospheric attenuation and turbulence are taken into account.

3. THE PROPOSED METHODOLOGY

3.1 Channel modeling and important metrics

The GEO-OGRS and OGRS-OGUS optical MIMO channel matrices will be referred to as H, and H, respectively of
dimensions Ng x Nt. The systemic expressions are the following:
Y, =HX, +n, )
Y, =H,X, +n, (6)
where Y1,2 are the received signal vectors of OGRS and OGUS respectively, X1,2 are the transmitted signal vectors of

GEO and OGRS respectively and n,, are the optical detection noise vectors. There are three independent detection

noise sources: The electronics noise e.g., thermal noise, the shot noise due to photonic interactions and the beat noise
e.g., background radiation, amplified spontaneous emissions [1], [3]. The optical noise variance shall be assumed
constant in this analysis although it’s a function of the incident optical power. Therefore:

2 2 2 2
G, =0,,. +0,, +0,,, =const (7

elec shot

The optical signal propagation through the atmosphere is deteriorated by the atmospheric attenuation and turbulence that
cause irradiance losses and scintillation [18]-[19]:

1=1,,-¢" ®)

where [, o is the average received irradiance and X, is a random process representing the log-amplitude of the field

fluctuations.
The average irradiance term for a collimated Gaussian beam is [18]-[19]:

2 2
= — . . . . 1 . _21”
Iavg T Pt -1 Mam %VZ (D) eXp[ %VZ (D)) ©)
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where 77,77, are the quantum efficiencies of the transmitter and receiver, 77, is the atmospheric transmittance, D(m) is

atm
the optical link distance,  is the radial distance from the beam center and #(D)(m) is the beam waist after propagation of
distance D. For perfect link pointing the 7=0 and only the beam spreading effects take place.

The variance of X , 1s directly related to the scintillation index (SI) according to the following formula [1], [7]:

o, = e -1 (10)
The special case of weak turbulence (SI<1) was thoroughly studied by Rytov from whom a theoretical closed-form
expression for SI was derived [1], [7]:

7 AGFO 5
7 =225k sec (&) | Co(2)(2— Aogrs )° dz an
A()GRS

Moreover, for satellite links with elevation angle greater than 20 degrees, [ is a log-normally distributed process with
Probability Density Function (PDF) [1], [18]-[19]:
2
1,
[1n(1/1avg)+2o,

exp — (12)

1
I\2ro, 26,

f/(l)z

The channel capacity of the optical MIMO DF dual hop system in (bps/Hz) is derived from the Shannon theorem as [9]-
[10]:

C,=min(C, G,) (13)

where the correspondent capacities in (13) are expressed as [10]-[11]:

! —HQH/|,C

n

— H,Q,H;

n

(14)

1 1
C = Elog2 I+ = Elog2

where I (NgxNg) is the identity matrix, Q1 and Q: are the covariance matrices of transmitted symbols Xi and X
accordingly. From the Singular Value Decomposition (SVD) technique we obtain parallel, independent fading channels

[10]:

H, = U1A1V1H:H2 = U2A2V2H (15)
X, =V, Z’ X, =YV, Xj’zzUlHYnY\;zUzHYz (16)
Y, =A X, +n.Y, = A, X, +n, (17
The (14) are then transformed to:
rank(Hl) P rank (H,) P 7/
Z 10g2 1+ 1k }/lk ,CZZE Z 10g2 1+M (18)

k=1 n

where Pl 4 (i=1,2) are the transmitted powers regarding the GEO and OGRS transmitters, 7, , (i=1,2) are the eigenvalues

of matrices A1and Aa.

3.2 Problem formulation and methodology

In this Section, the power allocation problem for an optical MIMO DF dual hop network is firstly structured and then a
methodology is proposed that maximizes the system’s capacity with respect to separate power constraints. The
optimization problem is formulated as follows:
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PAL: {P* P;k}:argpmax min(C,, C,) (19)

Lk>
ik

0<P, <P

peak,2

Np Ny
zpl,k < Ptotal,l s ZPZ,k < Ptotal,Z
k=1 k=1

where Pl*k , P; . are the optimum transmission powers of channel k& for GEO and OGRS accordingly, Ppmk’i (i=1,2) is the

st. 0ZP,LP

1L,k — = peak,1°>

(20)

peak transmitting power constraint and P, i (i=1,2) is the total transmitting power constraint. In order to solve the max-

min problem efficiently, the following transformation is applied:

PA2: {}’l*k,}’z*k}:argmaxﬁ (1)
o i
st. 0<C,,0<C, and (20) (22)
where the slack variable @ is the minimum of C,, C, .

The PA2 is now in standard form to be solved with convex techniques since the objective function is the minimum of
two concave functions and the constraints are also convex. Firstly, the Lagrangian is formed for the channel & but we will
omit the k index notation [13]-[14]:

Ny Ny
LB, B)=0-240~C)~2(0~C)~th(F ~Pr )~ 1B =P ) VQ E ~Buy) QB ~Eyun)  ©23)
k=1 k=1

where/L,ﬂi,vi (i=1,2) are the non-negative Lagrange multipliers. Then the Karush-Kuhn-Tucker conditions are

necessary and sufficient therefore we obtain [13]-[14]:

OLP.P) _,
Sk * aPl*
V-L(F ,P)=0= . (24)
OL(RP) _

. 0
oP,

2

By calculating the first derivatives and applying the complementary slackness conditions we get:

2 2
P’ =min P i1, max {i—a—;,O} , P, =min P k2> max {L—G—;,O} (25)
’ Vi h ’ Vi 7

where the dual multipliers v;, V, are computed numerically from the total power equations given below:

N,

5

NT
3k £
Bi=FB > szk =F (26)
=

k=1
A root-finding algorithm such as the iterative subgradient method or the bisection method can be equally
employed to solve for the V,,V, optimal values. It is shown from (27) that v, lie in the interval (0, 1 / P o)
so an initial choice e.g. v,(0)=0.5 / Pk and a small fixed step size e.g. 1e-3 are usually sufficient to rapidly

converge to the optimum solution.
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4. NUMERICAL RESULTS

In this Section, the proposed methodology is evaluated through numerical simulations for various network topologies
and settings and its performance is tested against other known power allocation methods. Specifically, the impact of
spatial correlation on the system’s capacity is examined as well as the sum rate difference between the proposed
allocation scheme and the Even Power Allocation algorithm. Finally, the special case of poor GEO-OGRS channel
conditions is considered to investigate the power efficiency of the proposed scheme.

To begin with, the case of a 3x3 optical MIMO is assumed for both GEO-OGRS, OGRS-OGUS links under atmospheric
attenuation and weak scintillation conditions. In order to solely examine the impact of correlation, the average irradiance
of the channels is normalized to unity while the scintillation index is calculated using the following input parameters:
A=1550nm, {=30°, Aocrs=2000m, Acro=35786km while the Hufnagel-Valley model was employed for the C%,[1], [7].
Furthermore, we assume correlated optical channels on the transmitter side for the GEO-OGRS links i.e., the columns of
H; are correlated, and on the receiver side for the OGRS-OGUS links i.e., the rows of Hz are correlated. As an example,
the correlation matrix of first row of Hiis given below:

o hy
by hy oy {1 p p (28)
H = h, h, hy %’ Corr(H))=h,|p 1 p
hy hy  h hilp p 1
For the first simulation, the peak transmitting power is fixed at p =P = 1w and the system capacity is

peak 1 peak 2

=P

computed using the proposed methodology for a range of total available powers P, otal 2

total 1

=P, from IW to 3W

and for p=0,0.5,0.95. The optical channels are subjected to weak scintillation thus are log-normally distributed and

1000 channel realizations were generated for each simulation run. In Figure 2, the overall system capacity is exhibited as
a function of GEO’s and OGRS’s total power for different channel correlation coefficients.
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Figure 2. System capacity versus the total available power for various channel correlation coefficients. The higher the
correlation the lower the network’s spectral efficiency.

It is observed that the system capacity increases with the increment of total power. However, the correlated channels are
significantly worse for data transmission than the uncorrelated ones since the capacity falls off with higher values of the
correlation coefficient. Moreover, as the p., = 1 the system capacity becomes less sensitive to the total available
power by only showing a slight increase with larger total power.
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Regarding the second simulation, the peak transmitting power is again fixed at Prosin = Preain = 1W and the proposed

methodology shall be juxtaposed with the Even Power Allocation (EPA) Algorithm for a range of total available powers
P =P

vl 1 > iata = Py from 1W to 3W. The EPA algorithm is basically a reference algorithm in order to demonstrate

the superiority of the proposed power allocation methodology in terms of bit rate-based performance.

In Figure 3, the performance comparison is depicted. It is clear that the proposed methodology outperforms the EPA
algorithm by far, reaching greater data rates. Nevertheless, at 3W the proposed methodology works similarly to the EPA.
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Figure 3. Performance comparison between the proposed power allocation methodology and the even power allocation
algorithm. The proposed methodology achieves higher data rates over all total power values and outperforms the simpler
even allocation. Then, at 3W the two algorithms perform the same as expected.

For the last simulation, it is assumed that the channel conditions of GEO-OGRS links are of poor quality (high
attenuation, scintillation, correlation) and so the GEO transmits with full total available power Po¢q 1 = 3W. The
proposed methodology is then employed over a range of OGRS’s Pyytq;, from 1W to 3W and the two sub-system

capacities are computed. In Figure 4 the two channel capacities are exhibited to show that in this case, the OGRS can
utilize 1.25W total power to obtain the network’s maximum power efficiency.
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Figure 4. Channel capacities of GEO-OGRS, OGRS-OGUS in poor source-relay conditions. The Pyyrq;1 = 3W is fixed

while the Pyytq, is sweeped from 1W to 3W using the proposed methodology. The OGRS needs no more than 1.25W to
reach the maximum capacity since the network capacity is the minimum of them two.
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5. CONCLUSION

In this paper hybrid optical satellite links are investigated in a MIMO DF dual hop network formation. A power
allocation methodology is then presented and proposed for the optimization of the system’s capacity under separate peak
and total available power constraints. The power allocation problem is initially structured as a convex optimization
problem and then solved with the corresponding convexity theory and SVD method whilst taking into account the spatial
channel correlation, the atmospheric attenuation and the turbulence strength. Finally, numerical simulations are executed
to examine the impact of correlation on system capacity, to evaluate the proposed algorithm’s performance through
comparison with the EPA algorithm and to give insight to the special case of poor source-relay conditions regarding the
system’s power efficiency. The derived numerical results are presented and remarks are made validating the proposed
methodology in various network topologies and settings.
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