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Abstract: Free-space optical communication (FSO) offers high security and high bandwidth,
which is why it is widely used in digital communication systems. However, atmospheric
turbulence or scintillation induces a voluminous degradation to the signal. So, different
modulation techniques are introduced to improve the performance of FSO systems. In this
paper, a novel inverted Manchester code (IMC) and a 3 bits-per-symbol modulation format
are proposed, referred to as IMC/BPSK. The BERs of the IMC/BPSK amplitude branch and
phase branch are studied theoretically and numerically over the gamma—gamma channel
model separately, and the capacity is also been studied. The simulation comparison with
8-PPM is also made. The results show that the BER performance of IMC/BPSK is better
than that of 8-PPM with the same symbol rate. Therefore, the proposed modulation format is
feasible, which can effectively improve the tolerance degree of the atmospheric turbulence
effect.

Index Terms: Inverted Manchester code, IMC/BPSK, FSO, gamma-gamma channel model,
atmospheric turbulence.

1. Introduction

Free space optical communication (FSO) has been widely deployed for inter-satellite and deep-
space communications. In recent years, however, because of its multiple advantages such as
extremely high bandwidth, license-free, and interference immunity etc. [1], FSO has attracted con-
siderable attention for a variety of applications, e.g. last mile connectivity [2], optical-fiber backup
and enterprise connectivity. In such kind of applications, FSO systems basically utilize atmosphere
as transmission medium rather than the free space. So the performance of FSO link is inherently
affected by atmospheric conditions. Among these conditions, atmospheric turbulence has the most
significant effect. It causes random fluctuations at the received signal intensity, i.e., channel fading,
which leads to an increase in the bit error rate (BER) of the optical link.

In order to improve the stability and reliability of FSO systems and weaken the influence of
atmospheric turbulence, it is very important to study the suitable modulation technologies. In the
FSO systems, intensity modulation with direct detection (IM/DD) is widely used, such as on-off
keying (OOK) [3] and pulse-position modulation (PPM) [4], [5]. However, there are also many
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Fig. 1. Generation of IMC signals.

issues, like the lack of power efficiency in OOK and the sacrifice of bandwidth efficiency in PPM.
Furthermore, phase-shift keying (PSK) is also an alternative scheme to OOK and PPM [6], [7], and
the performance of PSK with pointing errors has been investigated in [8].

In this paper, a novel inverter Manchester code (IMC) is proposed, and then combined with
amplitude and phase modulation, a new modulation format of IMC/BPSK is put forward, which is a
3bits-per-symbol modulation format. On this basis, a FSO system based on IMC/BPSK is designed.
IMC can be divided into two branches according to its code element: the branch loading the
amplitude information is called amplitude branch and the other branch loading the phase information
is called phase branch. In such a code, the amplitude branch and phase branch can transmit 1bit and
2bits information respectively, which improves the bit rate of FSO systems. The IMC/BPSK signal
propagates through the atmospheric channel, which is modeled as Gamma-Gamma distribution. At
receiving end, an avalanche photodiode (APD) is utilized to get photocurrent, and the demodulation
progress of amplitude branch and phase branch are separated. Based on this system, the BER
formula of amplitude branch and phase branch are derivated through Meijer-G function, the channel
capacity of IMC/BPSK is also been analysed. To verify our work, the simulations are made. We
first get the optimal value of APD gain, which is used to achieve the best BER performance under
different turbulence. After obtaining the BER curves of amplitude branch and phase branch, we
compare them with 8-PPM under the same condition, the reason is that both IMC and 8-PPM can
transmit 3bits information in one symbol. The result shows that IMC/BPSK format is better than
8-PPM in the suppression of the atmospheric turbulence effect.

The rest of the paper is organized as follows: In Section 2, the IMC scheme and a FSO
system based on the IMC/BPSK are proposed. In Section 3, the BERs of the IMC/BPSK over
Gamma-Gamma channel model are theoretically analyzed, the expressions of BER and capac-
ity are given. Section 4 shows the numerical results of BER performances and the comparison
between IMC/BPSK and 8-PPM. Conclusions can be found in Section 5.

2. IMC and the IMC/BPSK Based FSO System

Because of IMC is a novel code that we designed with unique features, and the modulation format
IMC/BPSK and the FSO system are all based on the features of it, here we decide to describe the
generation and the features of IMC at first. And then we will give the FSO system on the basis of
IMC.

Fig. 1 shows the scheme to generate the electrical IMC signal. The NRZ data and a 50% duty
cycle Clock 1 (the same frequency as NRZ) first pass through a XOR gate to generate Manchester
code, then the generated Manchester code and a 50% duty cycle Clock 2 (twice the frequency of
NRZ) pass through a NAND gate to generate IMC signal. And the waveform generation process of
IMC signal is shown in Fig. 2. In Fig. 3, there are two varying symbols in IMC signal that represent 0
and 1. Furthermore, the first and third slot vary between 01 and 10, whereas the second and fourth
slot always keep constant. So we utilize this characteristic to modulate the amplitude information
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Fig. 4. Schematic diagram of FSO system based on the IMC/BPSK modulation format.

on the first and third slot, which is referred to as amplitude branch, and we modulate the phase
information on the second and fourth slot, which is referred to as phase branch.

Fig. 4 shows the FSO system based on the IMC/BPSK modulation format. The laser beam is
externally modulated by electrical IMC signal with certain rate to generate the optical IMC signal.
A phase modulator is used to overlay on the IMC signal with two times rate BPSK signal, so the
IMC/BPSK signal is generated. Then this signal is launched by the antenna. At the receiving end,
the optical power is divided into two branches to demodulate the information of the amplitude and
the phase respectively.

3. The Performance of IMC/BPSK
3.1 Gamma-Gamma Channel Model

The Gamma-Gamma distribution is suitable for both weak and strong turbulence [9], so we use it
in the analysis. The probability density function (PDF) of a random variable K is given by [10]

atp

2p)F (Ks\Z apK s
e ) XK“""(Z K‘) @
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where K (.) is the c th-order modified Bessel function of the second kind, I'(.) is the Gamma function,
a and g represent the large and small scale optical wave intensity, which are related to scintillation
index, and K is the mean value of the random variable K.

Assuming plane wave propagation, o and g can thus directly be linked to physical parameters
and represented by [10]

- -1
0.4902
a=|exp —GF’E? —1 2)
i (1+1.1105 )8 )
- 21
0.510%
p=|exp | —2T | 1 @)
i (1+0.6905 )s ]

where « and g are the scintillation parameters depending on the Rytov variance o2, which is for
plane wave propagation expressed as [10]

o2 = 1.23C2KkEL * (@)

In (4), C2 is the strength of the atmospheric turbulence, L is the propagation distance, k, = 27/
is the optical wave number, where A is the wavelength. In general, C2 ranges from 10~ 13m=2/3 for
strong turbulence to 10~'"m—2/3 for weak turbulence [11]. The scintillation index is related to « and
B as

X 1 1 1 5
sc=—+ 5 + - 5 (5)

3.2 Amplitude Branch

For the amplitude branch, the demodulation pattern is direct detection. For a high bit rate optical
communications, APD is frequently the photodetector of choice due to its internal gain, which
provides better sensitivity and fast response times than PIN photodiode [12]. Here we use Si-APD
in the FSO system. For an APD detector, the noise mainly consists of thermal noise and shot
noise produced by signal current and dark current. In general, the value of dark current is quite
small, which is negligible. In the case of ignoring the dark current, the photocurrent received at the
receiving end can be expressed as [13]

o0
x()=e > gah(t—ts) +n(t) (6)
n=—00
where e is electron charge, g, is the random gain of APD, h(f) is response function, t, is response
time, n(t) is the thermal noise whose power spectral density is 2kTy /R, , k is the Boltzmann constant,
To is the absolute temperature at the receiver, and R, is the load resistance of APD.
Because the statistical process of photoelectric detection is Poisson process, the received light
intensity can be represented by the number of the received photons [14]

Ar(t) = Ao + As(t)d(t) @)

where 2,(f) denotes the average photon number received per time unit, A, is the average photon
number received caused by background light noise, and i4(f) is the instantaneous photon number
received under the effects of atmospheric turbulence.

In fact, because of the IMC slot is very short and the change of atmospheric scintillation is
normally slow, we therefore can assume that the scintillation is fixed in an IMC slot, so A1) is
constant, and it is expressed as [14]

_ 1Agl
" 2hv

As (8)
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where n is quantum efficiency of the detector, A, is the area of the receiving aperture, | is the
received irradiance of light, h is Planck constant, and v is the frequency of light waves.

According to (7), both Ag and | are random variables consistent with Gamma distribution. So the
conditional bit error rate of amplitude branch can be expressed as [15]

Pblyamp = Q (V )/amp) (9)
where yan, is the signal-to-noise ratio (SNR) of the receiving end [14]
= \2 12
e)°K
Yamp = — 5 (g¢) : (10)
(Ge)°F(Ks+ 2Kp) + 202
where Q (x) is expressed as [16]
1 o0 y2
Q(X)_E/X exp<—3> dy (11)

where g = E(g,) denotes the average gain of APD, e denotes electron charge, K, = A, T, /4 denotes
the average background noise photon count per IMC slot, K s = AT, /4 denotes the received photon
per IMC slot, T,, denotes the symbol period, F = (E(g2)/g%) denotes the noise factor of APD, and
02 = (2kTo/R.)(Tw/4) denotes the thermal noise at the receiver per IMC slot. The noise factor F is
represented by [14]

1
Feg+(2-2)a-0 (12
where ¢is the ionization factor.
Simplify (10),
K%
=T LKk 1
Yamp FK.+ K, (13)
202
Kp= L 2FK 14
= (o) + 2 9

According to the above formulations, and considering the channel coefficient and the noise are
independent, the BER of the amplitude branch is expressed as [14]

Pamp — /O 0T (K K (15)

In order to provide a closed-form solution of the above integral, we express the K (.) and erfc(.)
function in terms of the Meijer-G function, which can be expressed as [17]

Kc(\/}) = %Ggg (2 (;_/2,0/2) (16)
Q@) = oo (ITZZ) ”
erfc(z) = %Gfig <22|:>,1/2) -

Then the BER of the amplitude branch is derived by substituting (1), (16), (17), (18) into (15), i.e.,
atp 00 atb_1

Pamp = LZ_/ (2) Gg’g (1,32
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Finally, using the integral form for the Meijer-G function [18], which is given in Appendix, we get
a closed-form solution for the BER of the amplitude branch, which is derived as

outf-3 » ( 8K_52 (1—/-‘5)/2-,(2—/-‘3)/2,(1—a)/2,(2—01)/2,1)

72T (@) T (B) ~°% | o2 (FKs+K)

Pamp = (20)

0,1/2

3.3 Phase Branch

For the phase branch, the demodulation pattern is heterodyne detection, where the received signal
is combined with a local oscillator laser. Then the photodetector detects the mixed optical signal to
generate the photocurrent. In the case of neglecting atmospheric turbulence, the total power of the
mixed signal can be expressed as [19]

P = Ps+ PiLo +2y/PsPLo coswiet + 6(1)] (1)

where Ps and P, o are the power of the received signal and the power of the local oscillator
laser, w/r = ws — wy o is the angular frequency of intermediate frequency signal, and 6(t) is phase
modulated signal.

For BPSK, 6(t) takes 0 and r to represent 0 and 1. Then, the output of the APD photodetector
can be written as

I(t) = gR(Ps + PLo) + 2gR+/(PsPLo) cos [wr t + 6(t)] + n(t) (22)

where R is the responsivity of the receiver, g is the average APD gain, and n({) is the noise combined
with the shot noise ig () and the thermal noise i, (t). After filtering the DC component, the output
electrical signal is given by

i(t) = 2gR+/(PsPLo) cos [wirt + O(t)] + isn(t) + itn(t) (23)

The shot noise igy (1) is generated by the received signal and the local oscillator laser with a power
spectral density (PSD) of N = 26g°FR(P, o + Ps), where e is electron charge, and F is the noise
factor of APD. The thermal noise it (t) is a zero-mean stationary Gaussian random process, where
PSD is 4kT/R,, k denotes the Boltzmann constant, T denotes the receiver temperature in Kelvin,
and R, denotes the APDs load resistance.

So the SNR in the case of neglecting atmospheric turbulence can be written by

|29Rv/PsPLol?
26§2H(PS + PLo)FB + 4kTB/R,

Vph = (24)
where B denotes the effective noise bandwidth, and we use B = R,/2, where R}, is the bit rate. It is
noted that in a heterodyne detection pattern, if the power of the local oscillator laser P, o is much
higher than that of the received signal Ps, the shot noise caused by the received signal and even
the thermal noise could be neglected [20]. So we remove the parts of 2ég°RPsFB and 4kTB/R,
which denote the power of shot noise caused by the received signal and the power of thermal noise.
Then simplify (24),
__ 2RPs
oh = eFB
In order to discuss the phase branch and the amplitude branch under the same conditions, an
equivalent transformation Ps = 4K ;hv/T, is utilized, where K ¢ denotes the received photon per IMC

slot, hv denotes the energy of a photon, and T,, denotes the IMC symbol period. Then the SNR can
be eventually written as

(25)

2RK shv
eF

Yph = (26)
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The conditional BER of BPSK is represented as [15]

Pp(Ks) = %erfc (@) (27)

where erfc(.) is the complementary error function. Since the bit rate is high enough, we can assume
that the charge of scintillation is very slow. Thus, the average BER of phase branch can be expressed
by [21]

Ponsss /0 " Py(K (K K (28)

Then we obtain the expression for the average BER of phase branch by substituting (1), (27) into
(28), and replacing erfc(.) and K ;(.) by Meijer G-function, which is derived as

@)% (¥ (KT i
Pphase = ——/ (:) '8_
2/al(@)(B)Ks Jo \Ks Kslia—p)/2.(-0)/2

;
dK s (29)
0,1/2

Using the integral formula for Meijer-G function that is given in Appendix, the closed-form expres-
sion for the average BER of phase branch is deduced as
1—a,1-8,1
) (30)

b 1 RK shu
phase = 5 Jal(@)T(B) a2 eFap

0.1/2

3.4 Channel Capacity

In order to evaluate the performance of the system more comprehensively, we study the capacity
of IMC/BPSK in this section. Before evaluating the channel capacity, several assumptions are
required. First, the channel is assumed to be uncorrelated [22]. Second, the channel is assumed to
be memoryless, stationary and ergodic, with independent and identically distributed intensity fast
fading statistics [23].

According to Shannon theorem, the channel capacity is related to the instantaneous electrical
SNR, which is referred to as y. In case of turbulent atmosphere, the PDF of y can be written as [24]

_ @ () v
W= rargrly) e (W“'g\@) ey

where ¥ denotes the average electrical SNR.
Then the channel capacity with atmospheric turbulence-induced fading can be expressed as [24]

c=8 /0 l0gs(1 + 1)f, ()dy (32)

where B denotes the bandwidth.
Substituting the SNR of amplitude branch and phase branch into (32), the capacity of these two

branches can be obtained.
Yamp
Kag (2 af | — d)/amp (33)
V Yamp

wtB 4

atf_ 4

(@p)’ v ‘
c amp + Y amp
™ (@)L (B)Vamp IN(2) Jo amp) Vamp

at+p

Con = pr(@f) = OO Yoh N o Yoh
o= e b 0 (2] Kea(2 e 2 o @0
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where B,m and By, denote the bandwidth of amplitude branch and phase branch, Vamp and Yoh
denote the average electrical SNR of the amplitude branch and the phase branch.

In order to make (33), (34) more tractable, (16) and the following formula are used for expressing
K¢(.) and In(1 + y) by Meijer-G function [23].

In(1+2) = G35 (zH:;) (35)

Then we can obtain the closed-form expression of capacity under gamma-gamma modeled
channel by simplifying the results of last step, where (39) is utilized.

_otf q_otp
Bamp (aB) % ap)? | * !
Comp = amp (B) 8! 1(6 ) (36)
47 In(2)T ()T (B)Vaimp Vamp |ap wprz pu parz _wip _aip
Bonlef)? 2|
h
Con = P —G2g = (37)
47 In@2)C()T(B)7,h Vph @B afiE pu fatl _atp _atp

Since the demodulation of the two branches are respective, the channels of them can be con-
sidered as two subchannels of a shared channel, whose capacity is the sum of all the capacity
of subchannels. So we can obtain the total IMC/BPSK capacity as Ciyc = Camp + Cpn. Moreover,
since the amplitude branch carries 1bit per symbol and the phase branch carries 2bits per symbol,
which is mentioned in Section 2, the data rate of the phase branch is two times more than the data
rate of the amplitude branch. However, each IMC symbol contains one amplitude symbol and two
phase symbols, so the bandwidth of them must be the same, where By, = Bpn = 1/2Bjuc. Then
the capacity of IMC/BPSK can be obtained by substituting (13) and (26) in (36) and (37).

_atp
C Binc(e) 7 K ’
MC = 8xIn@)r()r(B) | \ FK.+ K,

—p _tp )
ap api2 pou o2 _aif _atp
4" 4 >4 4 407
J— _atp
+<2RKshv) ey (p)eF
eF 26\ 32RKhv

)) -
4. Numerical and Results Analysis
In this section, using the above derived formulations, we can estimate the BERs of the IMC amplitude
branch and phase branch over atmospheric turbulence channels. In all the numerical analysis below,
the system parameters we set are listed in Table 1 [8], [14], where A, T, R, e, k, h are from [8], K,
v, R, are from [14], others are set as the average level.

Fig. 5 depicts the BER evolution of the amplitude branch in terms of average APD gain g for
different levels of the received photons per IMC slot, where the temperature is 300K. For analysing
the impacts of the scintillation index and the average APD gain on BER, we set X for 0.25, 0.4
and 0.7. It can be seen that the BER decreases first and then increases with the increasing of g, so
there exists an optimal value of g. This is because APD amplifies the signal and noise at the same
time. When 7 is relatively small, the signal amplification dominates, and the BER value decreases
when g increases. But when g exceeds the optimal value, the noise amplification dominates, so
the BER begins to increase. When focusing on the increase of the scintillation index, the reduction
in the optimal APD gain can be found clearly. This means that the effect of increasing the APD
gain is relatively small under the circumstance of strong turbulence. Moreover, for a certain gain,

2FK.+ K
% GS’Z; (ap) _s2+ n
16K
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TABLE 1
System Parameters and Constants

Parameters Symbol Value
Wavelength A(nm) 1550
Symbol period Tow(s) 1%1079

Average background noise photon count per IMC slot Ky 10
lonization factor ¢ 0.028
Load resistance RL() 50
Quantum efficiency n 0.8
Temperature T(K) 300
Distance L(km) 3
Responsivity R(A/W) 1
Electron charge e(C) | 1.6x10719
Boltzmann constant k(W/K/Hz) | 1.38% 10723
Planck constant h(J *s) | 6.63 10734
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Fig. 5. BER curves of the IMC amplitude branch in terms of APD gain for different K5 and Xsc.

the more photons received in an IMC slot, which means the higher received power, the better BER
performance will be.

The BER of amplitude branch versus K is plotted in Fig. 6 for various levels of scintillation
index, which gives the impact of the scintillation index on performance. As expected, the BER
performance becomes worse with the increase of atmospheric turbulence. It can be seen that it
is useful to achieve the same BER performance by increasing the signal power under the weak
turbulence scenario. But the effect is gradually weakening when the atmospheric turbulence is
strong.

Fig. 7 shows the phase branch BER versus the average APD gain for various levels of scintillation
index. It can be seen that the BER performance becomes worse with the increase of average APD
gain, which is fairly different from the amplitude branch. This is because we neglect the thermal
noise and the shot noise caused by the received signal in the process of computing SNR. So the
shot noise caused by local oscillator laser grows faster than the received signal with the increase
of average APD gain, which results in the deterioration of BER.
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Fig. 7. BER curves of the IMC phase branch in terms of average APD gain for different scintillation
index.

Fig. 8 depicts the evolution of phase branch BER in terms of the received photons per IMC
slot for various levels of scintillation index, where the average gain of APD is set as the optimal
value. It can be seen that the BER decreases with the increase of the received photon number
and the decrease of scintillation index. When K is set as 1000 and the scintillation index is set
as 0.70, which represents the strong turbulence, the BER of the phase branch can reach 107°.
Compared with the amplitude branch in the same condition, the BER performance of phase branch
is significantly better.

Fig. 9 represents a comparative illustration about the amplitude branch and phase branch of
IMC/BPSK and 8-PPM. The BER performance is plotted versus the average received photons per
IMC slot under Gamma-Gamma distribution. The scintillation index is set as 0.25 and 0.70, which
represent the weak and strong turbulence. Correspondingly, the average gain of APD is 20 and 18.

Fig. 9 clearly shows that when Xs¢ increases, all the BERs of the amplitude branch, the phase
branch and 8-PPM worsen. And when K s increases, the BERs become better, however, the effect
is diminishing. That means the atmospheric turbulence will deteriorate the BER performance, while
increasing the number of received photons will have a positive effect on it.
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Fig. 9. BER curves of the IMC/BPSK and the 8-PPM.

Fig. 9 also shows that the BER performance of the phase branch is much better than that of
the amplitude branch and 8-PPM, which is the same as we expected. As the main effect of the
turbulence is intensity scintillation, and its influence on amplitude is more serious than that of the
phase. So the signal that is modulated by phase modulation has better BER performance with the
same data rate and received signal power. It can be also seen that the BER of amplitude branch
is a bit lower than that of 8-PPM, which is because the amplitude branch of the IMC can also be
considered as 2-PPM modulation, and there is a feature in M-PPM modulation that is the higher
values of M, the worse BER performance will be [25]. Considering the BERs performance of the
two branches, it can be concluded that the performance of IMC/BPSK is better than that of 8-PPM
in terms of adaptation to atmospheric turbulence.

Fig. 10 shows the comparison between the average channel capacity of IMC/BPSK and 8-PPM
under gamma-gamma modeled channel, where Xg; is set as 0.25 and 0.7, and other parameters are
set from Table 1. The average channel capacity is the result of C/B, which represents the information
transmission capacity of unit bandwidth. Fig. 10 shows that the average channel capacity decreases
with the enhancement of scintillation index, which explains the effect of atmospheric turbulence on
channel capacity. It can be clearly seen that the average channel capacity is higher than that of
8-PPM, which also means the bandwidth efficiency of IMC/BPSK is better. It is mentioned that the
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Fig. 10. Average channel capacity curves of the IMC/BPSK and the 8-PPM.

IMC/BPSK and 8-PPM both carry 3bits data per symbol, however there are only 4 slots in an IMC
symbol that is less than 8 slots in 8-PPM, so the channel capacity of IMC/BPSK must be higher
than that of 8-PPM, when their bandwidths are equal. On the contrary, the bandwidth of IMC/BPSK
must be lower than the bandwidth of 8-PPM with the same data rate.

5. Conclusion

In this paper, a novel IMC and a new modulation/demodulation format IMC/BPSK are proposed.
Based on the format, the BER performances of FSO systems over Gamma-Gamma distribution
models have been studied. The IMC/BPSK is generated by combining amplitude modulation and
phase modulation, and this modulation format is 3bits-per-symbol scheme, which can obviously
improve the system capacity. In the demodulation scheme, an APD detector is used to improve the
systems performance. The amplitude branch is direct detection and the phase branch is heterodyne
detection. In order to evaluate the performance of the IMC/BPSK, the BERs of the amplitude branch
and phase branch over Gamma-Gamma distribution are deduced, respectively. The expression of
channel capacity under turbulent channel is given. The analytical work has been verified by Monte
Carlo simulations. The results shows that both the amplitude and phase branch can effectively
degrade the impact of atmospheric turbulence. Finally, a comparison between IMC/BPSK and 8-
PPM is presented, and the results show that the performances of IMC/BPSK are much better than
that of 8-PPM under the same levels of turbulence.

Appendix

In this appendix, we give the integral formula for Meijer-G function [17], which is utilized to get (19)
and (28).
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q p
=3 Z P94 (40)
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