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Abstract

In this paper, an analytical time-domain model is presented to analyze the radio over free space
optical (RoFSO) systems considering scintillation effect with the log-normal distribution. This analytical
model uses general cases of a dual-drive Mach-Zehnder modulator (DD-MZM) and photodetector (PD)
for typical optical double sideband (ODSB) and single sideband (OSSB) signals. In addition, we show
output current of PD as a function of the summation of each frequency component in time domain.
Finally, we calculate the received signal power with the power spectral density (PSD) and derive a

closed-form average BER performance.

Index Terms

Free space optical (FSO) systems, radio over free space optical (RoFSO) systems, dual drive Mach-
Zehnder modulator, optical single sideband (OSSB), optical double sideband (ODSB), closed form, time

domain.

I. INTRODUCTION

Recently, free space optical (FSO) systems are actively researched to support the future

broadband access network [1]-[4]. Especially, FSO systems is a necessary technology for tactical
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military communications due to the increasing bandwidth requirements particularly for the trans-
mission of high resolution imagery acquired by tactical sensors [5]. The United States Department
of Defense Advanced Research Projects Agency (DARPA) Strategic Technology Office has
specifically proposed the Optical RF Communications Adjunct (ORCA) [6]. Subsequently, there
are reported many works on radio over FSO (RoFSO) systems, useful and necessary in the
military communications [7]-[9].

In RoFSO systems, a dual-drive Mach-Zehnder modulator (DD-MZM) has been widely used
for high data rate services since it is robust against laser chirp and provides high spectral
efficiency [10]. Moreover, for analyzing complex nonlinear RoFSO systems with DD-MZM,
analytical model is used for a simplified estimation and optimization of a system performance
[11], [12]. For modeling the nonlinear part consisted of a DD-MZM and photodetector (PD),
there are two approaches which are based on frequency domain and time domain.

In a frequency domain based approach, the calculation of the convolution between input
signal in time domain and channel transfer function can be easily obtained by multiplication in
frequency domain. Additionally, it is easy to handle pure carrier signals since it can be simply
expressed as delta functions. [12] shows an exact analytical model with a closed form for fiber
optic links with general parameters of a DD-MZM in frequency domain, which solved complex
equations simply and efficiently by utilizing Fourier transform of an optical field signal at the
end of optical fiber and Graf’s addition theorem. Subsequently, the output photocurrent including
harmonics can be clearly expressed in [12].

In a time domain based approach, it is often difficult to numerically evaluate the convolution
since it requires infinite sum or integration. Furthermore, a time domain approach can generate
infinite sum of signals [11]. In spite of the above challenges, time domain based approach has an
alternative advantage to deal with complicated input signals which have been difficult to express
and handle in frequency domain such as phase noises from a laser and RF oscillator [13], [14].
Thus, [13] and [14] straightforwardly analyzed the system performance in time domain, and at
the last step of analysis, they utilized the power spectrum density to investigate the characteristics
of a received signal. Therefore, the time domain approach to model the entire ROFSO systems
can be used for efficiently analyzing the system as an alternative if the output of a channel can
be easily evaluated and final results can be expressed with a closed form.

In this paper, we present a time domain model for nonlinear optical link incorporating general
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parameters of a DD-MZM such as dc bias, phase shift, and each amplitude to each arm of
a DD-MZM in conjunction with a photodetector. Also, we derive a closed-form average BER
performance considering scintillation effect using the log-normal distribution. For the application
of this analytical model, we show simple typical modulation cases: optical single sideband
(OSSB) and optical double sideband (ODSB). Additionally, the power spectral density (PSD) of

the photocurrent is shown to describe the characteristics of a photocurrent in detail.

II. CHANNEL MODEL

FSO systems basically utilize free atmospheric space medium for transmission, and are inher-
ently affected by atmospheric conditions. Especially, in this paper we consider the scintillation
effect influencing the signal fading. Subsequently, its an interesting problem to analyze the
degraded signal strength and link performance against scintillation effect.

We use the log-normal distribution which well represents scintillation. The log-normal distri-

bution is modeled as follows [15], [16]:
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where ¢ is the scintillation coefficient and oy, is the standard deviation of K, K = In(y)/2.

According to the atmospheric conditions, a,% is defined as
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where d = (kD?/4L)'/?, D is the diameter of the receiver collecting lens aperture, L is the link
distance in meters, £ = 27/\ is the optical wave number, ) is the wavelength and 0% is Rytov

variance which has been used as an estimate of the intensity variance. 0% is given by
0% =123 C? g7/6L1/6, (3)
C? is the strength of the atmospheric turbulence and stands for the altitude-dependent index of

the refractive structure parameter. The scintillation index (ST7) is defined as ST = et — 1.

III. ANALYTICAL TIME-DOMAIN MODEL FOR THE RADIO OVER FSO SYSTEMS

Fig. 1 shows the overall architecture of the ROFSO system. A RF signal from the RF modulator
is split by a phase shifter. This RF signal is injected directly into the DD-MZM as shown in (6).
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Fig. 1. Overall architecture of the radio over FSO system considering of optical transmitter, turbulence channels, and optical

receiver.

The output signal of the DD-MZM is transmitted via atmospheric turbulence channels between
telescopes. The received signals are detected by the photodetector (PD), and the photocurrent
corresponding to the transmitted RF signal is extracted by the bandpass filter (BPF). Finally,
data is extracted by the RF demodulator module. The optical signal, x,p(¢) from the laser and

the RF signal, zrp(t) from the RF modulator are modeled respectively, as follows:

xLD(t) = AO . exp(ijDt) (4)
Z‘RF(t) = VRF . COS(WRFt)
where A and Vip define amplitudes from a laser diode (LD) and RF oscillator, wyp and wgp

are angular frequencies of the signals. After optically modulating z,p(t) by zrr(t) with a

DD-MZM, the output signal of a DD-MZM is represented as [14]

oty =2 100 o f gy [T ] [TV e O]

= A, - efwrnt Z ay, - exp(jnwgrt) (5)

where a,, = j"[J,(51) exp(jnb; + j0) + J.(52)]. (= Vie/Vz), Vi and V, are a normalized
DC, a bias voltage and a switching voltage of a DD-MZM, respectively. L (: 10~ Lo/ 20) is

the attenuation of DD-MZM due to an insertion loss Lpys. Zrr(t) is the phase-shifted version
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of zrp(t). Bi(= myVrr/Vy) and Po(= m\/1 — v2Vgr/V;) are the modulation indexes for each
arm and < is the ratio of a power splitter.
After the transmission of turbulence channels, the received optical signal is expressed as

Er(t)=+/p- Ay - e“rrt Z ay exp(Jnwrrt). (6)

n=—oo

By using a square law model, the photocurrent i(¢) can be obtained as follows:
i(t) =RIER()” +n(t)

:3%9014(2) Z Z jn+3mej[(”_m)wRFﬂ{Jn(ﬂl)(]m(61>ej(n_m)91 +Jn(51)<]m(52)€j(n01+0)

n=—oo m=—0o0
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where R is the responsivity of a photodetector (PD) and n(t) are additive noises such as thermal
and shot noises. For simplifying (7), the Graf’s addition theorem [17] and n = m + a are
utilized. It is noteworthy that substituting m + a for n is necessary to make double infinite sum
independent and can be extendedly applied in multicarrier to reduce an infinite sum. By using

the method, (7) is reduced to

i(t) = RpAZ > go - "R 4 n(t) )

a=—00

Go = j° [6—ja(—01+\lf1)Ja(Zl)+e—ja(—91+\1f2)ej9ja(z2)_|_€—ja(\1’3)€—j9ja(23)+€—ja(‘1’4)Ja<Z4)} 9)

Zi = \Ju? + 02 — 2u0; cos(a) (10)
u; — v; cos(;) = Z; cos(W;) (11)
v sin(ey) = Z;sin(¥;) (12)
where u; = v; = 1 and oy = 0 for Z;, uy = (1, va = P, and ay = —0 for Z,, us = [o,

vy = [, and az = 6, for Zs, uy = P, vy = P, and oy = 0 for Zy, and frp(= wrr/27) is the
frequency of the input RF signal. It is noticeable that the form of the output photocurrent i(t)

in (8) is similar to the form of the input Er(¢).
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A. Optical double sideband modulation (ODSB)

For ODSB modulation, 1 = 8, = 3, 6 = 7, and ¥, = ¥, = U3 = ¥, = 0. From (8), we

can obtain the photocurrent, i,(t), for ODSB signals as follows:

ia(t) = Rp A Y dy - r" 4 nt) (13)

where d, = 7%[(—=1)* 4+ 1]J,(0) + 7°[j(—=1)* — 1]J,(25). With (13), we can straightforwardly

obtain the PSD of a photocurrent in ODSB case as follows:
Py=F{(i;(t) x iq(t + 7))} (14)

=RQ°AS D |dal? - 5(f — afrr)

where * denotes complex conjugate, (-) and F'{-} denote mean and Fourier transfer functions,

respectively.

B. Optical single sideband modulation (OSSB)

For OSSB modulation, 8; = 2 = 3, ) = 7/2, ¥; = U, =0, Uy = —7/4, and V3 = /4.

From (8), we can obtain the photocurrent, i4(t), for OSSB signals as follows:

e 9]

is(t) = RoAS Y sq - ™R (1), (15)

where s, = j[e’%™/2 4+ 1]J,(0) + joti[e®3™/* — e=iam/4] J,(1/283). From (15), we can evaluate

the PSD of a photocurrent in OSSB case as follows:

o0

Py =R2GPAS > [sal® - 0(f — afrr). (16)

a=—00
IV. DERIVATION OF BER PERFORMANCE

In this section, we derive a closed form of the average BER considering considering scintil-
lation effect. First, we define the signal to noise ratio (SNR) as follows:

_ Py(or By) R2p2 AT
n Pth + Pshot o 4kTB + Q%A%@B
where T = >>°°  |du|? - 6(f — afrr) for ODSB or > >0 |s.]? - 6(f — afrr) for OSSB,

a=—0Q a=—0Q

SNR 7)

P,, is the thermal noise power, P, is the shot noise power, k = 1.38 x 10723.J /K is the
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Boltzmann constant, ¢ = 1.6 x 107°C is the electron charge, T" is the absolute temperature,
and B is the effective noise bandwidth. Using the above SNR and scintillation effect, we then

derive the average BER (F;) as

B - / T QWENR),(¢)d,

_ /Oo 0 R2p2AFT 1 cap - (In(p) + 203)? g
0 4kTB + q%A%(ﬂB 2304 /27{0’% 80']% I

Using the change of variable z = (Inp +203)/ /80, and the Gauss-Hermite quadrature formula
[18], (18) can then be simplified as

(18)

2 A%T€2(\/§¢7kxi—20z)

1 o0
P, = —/ exp (—z2) d,
" 202102 Jo Q<\/4I<:TB+q?RA(2)Be(\/§UW—?Ui)) p(-°)

1 i Q §R2A3T62(\/gakwi—20£)
VTS LRTB + gRA2 Be(Voorai—207)

where N is the order of approximation, x;, ¢ = 1,...., N are the zeros of the Nth-order Hermite

(19)

polynormial and w;, ¢ = 1,...., N are weight factors for the Nth-order approximation; N = 10

is used for the analysis [19].

V. NUMERICAL RESULTS

In this section, we present numerical results for the BER performance of RoFSO systems
according to various metrics such as the scintillation index (S7), propagation distance (L), C’fl,
temperature (7'), the power of the laser diode, and wavelength (\). The system parameters used
in the analysis are described in Table L.

Fig. 2 illustrates the results of the average BER as a function of the scintillation index under
the log-normal channel for ODSB according to three different temperature (e.g, 240 K, 290

K, 340 K). Generally, the transceivers of FSO systems are installed on rooftops so that they
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TABLE 1

ROFSO SYSTEM PARAMETERS.

Parameter ‘ ‘ Value
Wavelength of LD () 850 nm or 1550 nm
Diameter of receiver 3 cm
Date rate 1.2 Gbps
Switching voltage (V) 25V
DD-MZM insertion loss (Lpar) 6 dB
Ratio of a power splitter () V0.5
Normalized DC (0) w/2
Responsivity () 0.6 A/W
10 _ﬂé_,_,_.a—--"ﬁ‘;;' e
_’;:::-,3:;:;1.3-'—1—1&-“’*‘E"'-E- --0-- T =240K
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Fig. 2. Average BER as a function of the scintillation index under the log-normal channel for ODSB with three different

temperatures (e.g., 240 K, 290 K, 340 K).

are affected by the temperature of environment. As shown in Fig. 2, with the increase of the
temperature the BER performance for S/ between 0.25 and 0.75 is getting worse.

Fig. 3 represents the relationship the average BER and the propagation distance for ODSB
according to two different wavelengthes (850 nm and 1550 nm). Using the relationship between

Rytov variance (012%) and the optical wave number (x = 27/)) as shown in (3), we can expect
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Fig. 3. Average BER as a function of the propagation distance for ODSB according to two different wavelengths (e.g., 850
nm, 1550 nm).

the influence of the wavelength to the FSO systems. As a result, we confirm that wavelength
affects the system performance and the systems using 1550 nm has the better performances than
that using 850 nm.

Since the turbulence channel is sensitive to C’,% as shown in (3), we represent the result of the
average BER as a function of C? according to three different propagation distances (e.g, 1000
m, 1500 m, 2000 m) for OSSB in Fig. 4. Furthermore, as the propagation distance increases,
the average BER increases rapidly since the long distance makes the turbulence channel strong.
Also, it is shown that the difference of average BER corresponding to L = 1.5 Km and L =1
Km is almost 3.1 times larger than that between L = 2 Km and L = 1.5 Km at a given C? of

3 x 10714,

VI. CONCLUSIONS

In this paper, we propose an analytical time-domain model for the radio over FSO systems
using a DD-MZM and PD. This model can be also extended to another link required to a
time domain such as phase noise from a laser and RF oscillator since this analysis is directly

evaluated in time domain. Additionally, this approach can be easily modified for multicarrier input
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Fig. 4. Average BER as a function of C'2 for OSSB with three different propagation distances (e.g, 1000 m, 1500 m, 2000 m).

signals because no complicated convolution is required. Also, we derive a closed-form average
BER performance considering scintillation effect using the log-normal distribution based on the
Gauss- Hermite quadrature formula for ODSB and OSSB. As a result, we could more easily
predict BER performance without requiring complicated calculations. In practical terms, when
establishing RoFSO systems, we could construct an engineering table using this derived BER

formula according to various conditions.
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