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Abstract. In this paper, we present two novel low-complexity transmission schemes for
optical ground station (OGS)-satellite free space optical (FSO) uplink. Specifically, the TCAM-
scheme which is a joint dual-branch threshold combining and adaptive modulation scheme and
the SCAM-scheme which is a joint dual-branch selection combining and adaptive modulation
scheme. In both schemes, the data rate is adjusted according to the instantaneous received
combined SNRs at the satellite. We analyze the performance of the proposed schemes in
terms of the outage probability, the average spectral efficiency and average bit error rate, while
considering both subcarrirer intensity modulation/direct detection (SIM/DD) and coherent FSO
detection techniques. Numerical results show that both TCAM and SCAM schemes provide
better performance as compared to a single FSO uplink, while SCAM scheme enjoys better
performance than TCAM scheme. This comes at the expense of increased complexity of the
SCAM scheme. Also, coherent FSO detection technique shows better performance than the
SIM/DD FSO detection technique for both schemes. The choice of which scheme and which
FSO detection technique to use is a compromise of required quality of service and complexity.

1. Introduction
In recent years, providing end users with high data-rate services such as telecommunications,
multimedia and high-speed Internet has gained an increased importance due to the growing
demand on these services. This objective can be manipulated by transmitting huge amount of
data from services providers to constellations of low earth orbit (LEO) satellites which in turn
relay the data to vast number of customers over very wide geographical areas [1]. Free space
optical (FSO) uplinks from an optical ground station (OGS) to LEO satellites have emerged as
attractive candidates to be used in transmitting huge amount of data with high speed. This is
because FSO uplinks are characterized by their wide unregulated spectrum with a significantly
greater bandwidth as compared to their radio frequency (RF) links counterparts [2]. This leads
to that many space agencies such as the European Space Agency, the National Aeronautics
Agency and the Japan Aerospace to pay increased attention to FSO uplinks and to conduct
many studies in this field (see [3] and references therein).

A transmitted optical beam from the OGS to the satellite is affected by turbulence
eddies with different sizes and refractive indices because of the random variations in the
atmosphere’s temperature and pressure [4]. These atmospheric turbulences cause random
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irradiance fluctuations. When the size of the turbulence eddies is bigger than the diameter
of the transmitted optical beam, the the hot spot is randomly moved in the reception plane
at the satellite causing beam wander-induced fading [4]. The misalignment between the OGS
and the satellite due to building sway or satellite vibrations cause pointing error-induced fading
which can also attenuates the transmitted optical beam [5]. Also, when the laser beam travels
through the atmosphere towards the satellite, it can be affected by various weather conditions
including clear air, fog, and cloud [6]. The quality of the FSO uplink can be greatly deteriorated
by these fading effects.

Many methods had been presented in the literature to mitigate these effects and improve the
reliability of the FSO uplink. One method was using the transmit diversity technique [7,8] in
which a number of received laser beams are combined at the receiver by using linear combining
techniques such as maximal ratio combining (MRC), equal gain combining (EGC), and selection
combining (SC). The main idea of this method is that multiple transmitted laser beams that
are separated by distances greater than the spatial coherence radius are less likely to be affected
by the same amount of channel fading and less likely to be all in bad conditions. The MRC
technique was adopted in [7,8] for the FSO uplinks, while the EGC and SC techniques were used
for FSO downlinks in [9]. This transmit diversity technique had shown a noticeable performance
improvement of the OGS-satellite FSO transmission system at the expense of an increased
hardware complexity at the receiver side. Another method is adopting the adaptive modulation
technique in which a target bit error rate (BER) is maintained while adjusting the parameters of
the modulation scheme, such as the constellation size according to the channel state information
(CSI) [10,11]. This technique aims to use the FSO channel more efficiently in adverse channel
conditions as the FSO channel experiences slow-fading [5]. In [10], the capacity of the FSO
uplink was improved through changing the modulation order of an M-phase shift keying (M-
PSK) modulation scheme. In [11], the spectral efficiency of the FSO uplink was improved by
changing the modulation order of an M-amplitude shift keying (M-ASK) modulation scheme.

In this work, we present two new low-complexity joint transmit diversity and adaptive
modulation schemes for the OGS-satellite FSO uplink in order to mitigate the fading effects
and increase the reliability of the FSO uplink. Specifically, the TCAM-scheme which is a joint
dual-branch threshold combining (TC) and adaptive modulation scheme and the SCAM-scheme
which is a joint dual-branch selection combining (SC) and adaptive modulation scheme. The
proposed schemes discretely adjust the data rate on the two FSO uplinks in accordance with the
instantaneous received combined signal-to-noise ratio (SNR) at the satellite where different sizes
of an M-quadrature amplitude modulation (M-QAM) scheme are used. The proposed schemes
are based on TC and SC schemes which are less complex as compared to other transmit diversity
techniques as the MRC and EGC schemes.

The rest of the paper is organized as follows. The OGS-satellite FSO uplink model is
presented in section 2. The proposed TCAM and SCAM schemes are introduced in section
3. The performance of the TCAM and SCAM schemes is analyzed in section 4, followed by the
numerical results in section 5. Finally, section 6 concludes the work in this paper.

2. OGS-to-Satellite FSO Uplink Modelling

The FSO uplink is assumed to experience modulated-Gamma fading due to the combined effects
of the atmospheric turbulence and beam wander along with pointing error impairments due to
the misalignment between the OGS and the LEO satellite. The modulated-Gamma distribution
fits well the experimental data as well as the simulation results from the Lincoln laboratory
numerical wave optics code [4]. In the modulated-Gamma distribution, the received irradiance
with Gamma distribution is assumed to be modulated by a beam-wander factor with Beta
distribution [4]. Thus, considering subcarrier intensity modulation/direct detection (SIM/DD)
and coherent FSO detection techniques, a unified probability density function (PDF) of the
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received SNR, denoted by vrso, is given by [12, Eq. (16)]

2

1
8% v (YFSO/1r)™ (14,1462
_ — GS,O T +p, 1+ 1
f’YFSO(’yFSO) TF(I/)WFSO 2,3 (1+M>(1+52) |52 NTRY ( )

where 7 = 1 for coherent FSO detection technique with p, = ypso and r = 2 for SIM/DD
FSO detection technique with p, = ypsovu(2 + 1) (262 4+ §%) /(1 + §2)3(1 + v)(1 + u)?, where
Yrso is the statistical average of instantaneous received SNR for both detection techniques. v
is the shape parameter of the Gamma distribution, u is the beam-wander parameter, § is the
severity parameter of the pointing error-induced fading (small values of § means large pointing
errors-induced fading effects and the vice-versa) and G[.] is the Meijer G-function as defined
in [13, Eq.(9.301)]. The shape parameter is calculated as v = [exp (o, y + 02 y) —1]71 [4]

where o2, = 0.490%, /(1 + (1 4+ ©)0.5605/°) "% and 02, = 05102, /(1 + 0.6905/°)*° with
a%u is calculated by

0%, = 8. 700, k™S (H — ho)®® sect/5(¢),

H
uu:Re{ / C2(m){€3 [AE +i(1 - BE]® — A g}dh} .
ho

where k = 27/ is the optical wave number with A is the wavelength of the optical beam beam,
H is the altitude of the satellite, hg is the altitude of the ground station and ( is the zenith
angle measured from the vertical direction, £ =1 — (h—hg)/(H — ho), i =+/~1and © = 1 — 6.
Assuming a Gaussian-beam wave model, © = ©y/(03 + A3) is the refraction parameter at
the satellite side with ©¢ and A are the curvature parameter and Fresnel ratio respectively.
©p = 1 — L/Fy, where Fj is the phase front radius of curvature of the laser beam at the OGS
and L = (H — hg) sec(C) is the slant distance between the OGS and the satellite. Ag = 2L/kW¢,
where Wy is the radius of the laser beam at the OGS. A = Ao/(©3 + A3) = 2L/kW? is the
diffraction parameter at the satellite side, where W is the radius of the laser beam at the satellite.
For a collimated laser beam, Fy = oo which leads to © = 1/(1 + A2) and A = Ag/(1 + A2). The
beam-wander parameter is calculated by [4]

— exp (Ul2nX + O-lan) [ —

34.29(AL/kro2)6 (02, /W?)

: 3)

where Upe is the variance of the pointing error that is resulted from the effects of the beam-wander

and is given by [4]

5 1
A\ (2Wo) ¢ m2We/rd \©
2 ~ 2 0 0/'0
=~ 0.54L 1 (—5200 H>20 K 4
<2W0> <> [ <1+w2w3/r3>  H>0Km, @)

where 7( is the atmospheric coherence width that is given by [14]

—3/5

ro = |0.423 k% sec(C) / C2(h)dh . (5)

C2(h) in (2) and (5) is the the structure parameter which is usually modelled by the H-Vj 7
model with a nominal value of C2(0) = 1.7 x 10~'*m~2/3 at the ground level and an rms wind
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speed value of 21 m/s [14]. The unified cumulative distribution function (CDF) of the received
SNR vrso is given by [12, Eq. (17)]

Fyeso (vFso) = MGQT—&-LST—H k2,0

52 V=25
pr 3r,1 [A’YFSO |1,m} ’ (6)

T

where A = (82uv/r(1+ p)(1+62))", 2r-terms 1 defined as ry = £+ . L5 P4l 4w

r 0 r 0 r e
52 24r—1 p ptr—=1 v v4r—1
- .

and 3r-terms kg defined as ko = -, ..., =, L A — L L HE

3. Joint Transmit Diversity and Adaptive Modulation Schemes Modelling

The OGS is equipped with two laser sources which provide dual FSO uplinks to the LEO satellite,
denoted by FSO; and FSOy where the corresponding received SNRs are denoted by vrso; and
Yrsoa, respectively. The two sources are assumed to be separated by a distance that is greater
than the atmospheric coherence width rg. It is feasible to satisfy this condition as there are
no space limitation at the OGS. Thus, the two FSO uplinks are considered to be statistically
independent from each other. It is worth to mention here that the two FSO uplinks will have
the same statistical distribution as defined by (1) and (6). A data symbol can be transmitted
over any one of the two FSO uplinks according to a threshold combining (TC) technique or a
selection combining (SC) technique while adopting the M-QAM scheme on both uplinks. M-
QAM is widely adopted in the high data-rate FSO systems due to the ease of its modulation
and demodulation processes and its high spectral efficiency [15]. The OGS can use any one
of N constellation sizes of the M-QAM scheme according to the instantaneous received SNR
at the satellite which is assumed to be sent to the OGS via an error-free feedback link. The
main target is to maintain the instantaneous bit-error-rate (BER) less than a targeted value of
BERy (to satisfy the required quality of service (QoS)) while achieving the maximum possible
spectral efficiency. Let vinq, Vthas -, Yeny e the SNR thresholds that are corresponding to N
constellation sizes of M = 4,16, ...,2?N | respectively such that v, < Yo < ... < Yehy- Note
that vy = 0o. These thresholds can be calculated according to the target value BERg by
using [16]

2
Yinn = (2 = 1)[ = 5In(5 BERo)], 2% =4, (7)
where the instantaneous BER. of the M-QAM scheme of size 22" is well approximated by [16]

~1.5
22n — 1

BER;(y) = 0.2exp ( ’y) , 2% >4, 0 <~y <30dB. (8)

It is worth to mention here that the FSO uplink is considered a slow fading channel where the
correlation time of the atmosphere is in the order of 10 millisecond or more [14] which ensures
that the OGS will change its constellation size according to the instantaneous CSI before the
FSO uplink changes.

3.1. Joint Dual-branch Threshold Combining and Adaptive Modulation Scheme
(TCAM-scheme)

In this scheme, the OGS will first use the FSO uplink FSO; for data transmission. The
constellation size 22V will be used over FSO; as long as yrso; > 7Yy in order to grantee
the maximum spectral efficiency. If vrgo; decreases beyond ~, 5, the satellite checks another
SNR threshold ~,, in a descending order until one threshold satisfies yrso; > Yh,,- Then,
the satellite transmits a feedback signal to the OGS in order to use the corresponding M-QAM
scheme in its data transmission. If vpso; < vy, the satellite transmits a feedback signal of
1-bit to the OGS in order to use the FSOs uplink for data transmission. When the OGS uses
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the FSO» uplink, the satellite will repeat the same threshold checking process as was done with
the FSO; uplink aiming to maximize the spectral efficiency through the usage of the largest
possible constellation size 22V, This is done by sending a feedback signal to the OGS in order to
use the chosen 22V-QAM scheme. If Yrso9 < Ying, the satellite transmits a feedback signal to
the OGS in order to suspend data transmission over both FSO uplinks!. The average feedback
load of the proposed TCAM-scheme can be calculated as [logs(N 4 1)] (1 4+ Py[vrso; < Ven1))
bits. Considering the operational modes of this transmission scheme, the received SNR at the
satellite, denoted by ., is given by

if >
e = YFSO1, 1 YFSO1 Z Vthi (9)
YFPso2, if Yrso1 < Yini-

Under the assumption of independent and identically distributed (I.I.D.) FSO uplinks, the CDF
of 7. is given by

F,.(vrso) = Pi[vrso1 < vrso, Yrso1 = Yihi) + Pr[vFsos < Yrso, Yrsor < Vi)

_ F’YFSO (%hl)Fv’Fso ('VFSO) + F’YFSO (’YFSO) - F’YFSO (7th1)7 if Yyrso > Yina (10)
Fyeso ('Ythl)F’YFso ('YFSO)a if yrso < Yin1,

where F, ., (7rso) is given by (6). By differentiating (10) with respect to yrso, the PDF of 7,
in this case is given by

f ( _ F’YFSO ('Ythl)f'yFso (’YFSO) + f'YFSO (’YFSO)a if Yyrso > vin1 11
ve(YFso) = . (11)
F’YFSO (’Ythl)prso (’YFSO); it yrso < Yih1s

where f,,..,(7Fso) is given by (1). Based on the operational modes of the TCAM scheme, the
average number of FSO uplink’s CSI estimations needed can be calculated as 1 4 [F .o (Vtn1)]-

3.2. Joint Dual-branch Selection Combining and Adaptive Modulation Scheme (SCAM-scheme)
In this scheme, the satellite checks the received yrgso; and yrso, and then sends a feedback
signal of 1-bit to tell the OGS to use the FSO uplink that supports the maximum SNR for data
transmission. Thus, the received SNR at the satellite, denoted by -, is given by

Ye = Max{Vrso1, 7Fso2}- (12)

In order to achieve the maximum spectral efficiency, the OGS will use the constellation size 22V
over the chosen FSO uplink as long as 7. > ympn- If 7 decreases beyond 7,5, the satellite
checks another threshold vy, in a descending order until one threshold satisfies yip,, < v.. In
this case, the satellite sends a feedback signal to the OGS in order to use the corresponding
M-QAM scheme in its data transmission. If the thresholds checking process reaches ~;,; and
Y is less than vy, the satellite sends a feedback signal to the OGS in order to suspend data
transmission over both FSO uplinks. The average feedback load of the proposed SCAM-scheme
can be calculated as [logy(N +1)] (1 4+ Py[ve < Ynq]) bits. Under the assumption of I.I.D. FSO
uplinks, the CDF of ~,. is given by

E,.(vrso) = Pilypsor < Yrso|Pr[vrsos < 1rso) = [Fyrso (YP50)]% s (13)

where F, ., (v7rso) is given by (6). By differentiating (13) with respect to yrso, the PDF of 7,
in this case is given by

Jre(VPs0) = 2Fy 56 (VP$0) freso (YPSO), (14)
where f,,.s,(7Fso) is given by (1). Based on the operational modes of the SCAM scheme, the
average number of FSO uplink’s CSI estimations needed is equal to 2.

! When data transmission is suspended, pilot signal is assumed to be continuously transmitted over both FSO
uplinks to examine their qualities.
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4. Performance Analysis of the Proposed Transmission Schemes

4.1. Outage Probability

When the combiner SNR ~, falls below 7;,;, the transmission scheme can’t support the target
BER and thus it goes into outage state. Thus, the outage probability P, of the transmission
scheme can be calculated as

Pout = ch(%m), (15)
where F, (vrso) is the CDF of 7. given by either (10) or (13) according to the used scheme.

4.2. Average Spectral Efficiency
The average spectral efficiency 7 of the transmission schemes is defined as the average number
of bits transmitted over each symbol period [16]. Thus, n can be calculated as

N
n= Z 2H[F% (’Ythn—i-l) - F“/c (’Ythn)L (16)

n=1

where F, (vrso) is given by either (10) or (13) according to the used transmission scheme.

4.8. Average Bit Error Rate

The average BER P, of the transmission schemes is defined as the ratio of the average number
of erroneously received bits over the total average number of transmitted bits [16]. Thus, P, can
be calculated as

p=1 ivj mBER,, (17)
ot
where BER,, is the average BER of using constellation size 227, given by
Vthni1
BER, = / BERy(vrso) fr.(ypso)dyrso, (18)
Vehn

with BER,, (yrso) is given by (8) and f,.(yrso) is given by either (11) or (14) according to the
used transmission scheme. Numerical methods can be used to evaluate (18).

5. Numerical Results

In this section we introduce several numerical examples to study the proposed schemes’
performance. The parameters of the FSO uplinks that are used in the numerical results are
taken from [4] where we assume H = 300 Km, iy = 100 m and A = 1550 nm. Three different
constellation sizes 22" of values 4, 16 and 64 are assumed to be used. Assuming target BERg of
1079, the corresponding thresholds 741, n = 1,2, and 3 are calculated by using (7). It can be
observed from Figs. 1 — 3 that coherent FSO detection technique gives better outage and BER
performances and higher spectral efficiency than SIM/DD FSO detection technique. However,
this comes at the cost of more complexity of the coherent FSO detection technique as compared
to the SIM/DD detection technique.

In figure 1, we plot P, of the proposed TCAM and SCAM schemes and a single FSO uplink
as a function of 4pgo with 6 = 7 and ¢ = 0°. It can be observed that the proposed TCAM and
SCAM schemes provide an outage performance much better than that of a single FSO uplink
with the same adaptive modulation scheme. Also, it can be observed that both schemes show the
same outage performance for both coherent and SIM/DD detection techniques. This is because
both schemes have an outage probability of [F, 4, (ven1)]? which corresponds that both schemes
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Figure 2. Average spectral efficiency of the proposed TCAM and SCAM schemes and a single FSO
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will be in outage when both FSO uplinks are in outage. As expected, the outage performance
of both schemes is improved as the quality of both FSO uplinks is improved.

In figure 7?7, we plot 7 of the proposed TCAM and SCAM schemes and a single FSO uplink
as a function of Ypgo with d = 1 and { = 60. It can be seen that the average spectral efficiency
of both proposed schemes increases by increasing ¥pgo for both SIM/DD and coherent detection
schemes. This is because higher modulation constellation size is used as the quality of the FSO
uplinks improves. Also, both schemes provide average spectral efficiency much higher than that
of a single FSO uplink with the same adaptive modulation scheme. It can observe also that the
SCAM scheme has an average spectral efficiency higher than that of the TCAM scheme.

In figure 3, we plot P, of the proposed TCAM and SCAM schemes and a single FSO uplink
as a function of ypgo with § = 1 and ¢ = 60. It can be observed that the SCAM-scheme can
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Figure 3. Average BER of the proposed TCAM and SCAM schemes and a single FSO uplink.

achieve BER performance better than that of TCAM-scheme and a single FSO uplink. Also, it
can be observed that the TCAM-scheme shows almost the same BER, performance as the single
FSO uplink. As expected, the average BER decreases as the quality of both FSO uplinks is
improved.

6. Conclusion

In this work, we presented two novel low-complexity transmission schemes for OGS-satellite
FSO uplink, named as TCAM and SCAM schemes. The two proposed schemes had shown a
superior performance improvement in terms of outage probability, average spectral efficiency
while enjoying good BER performance as compared to a single FSO uplink. This is owing to
their increased ability to mitigate the fading effects that encounter over the FSO uplink which in
turn had improved the reliability of the data transmission system. Also, numerical results had
shown that the SCAM scheme had better performance than the TCAM scheme at the expense
of higher complexity in terms of the average number of FSO uplink’s CSI estimations. Also, for
both proposed schemes, coherent FSO system shows improved performance than the SIM/DD
FSO system at the cost of its increased hardware complexity. By the end, the choice of which
FSO transmission scheme and which FSO detection type to be used is a compromise between
the required QoS and system’s complexity.
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