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Abstract:  In this paper, we derive the average bit error rate (BER) of
subcarrier multiplexing (SCM)-based free space opticsQFSystems
using a dual-drive Mach-Zehnder modulator (DD-MZM) for iopt
single-sideband (OSSB) signals under atmospheric tunbalehannels. In
particular, we consider the third-order intermodulatitv3), a significant
performance degradation factor, in the case of high inpgiadi power
systems. The derived average BER, as a function of the inguoidlspower
and the scintillation index, is employed to determine thénopm number
of SCM users upon the designing FSO systems. For instan@s thie user
number doubles, the input signal power decreases by almdBtr?under
the log-normal and exponential turbulence channels atengiverage BER.
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1.

Introduction

Nowadays, as Internet is widely spread, a volume of multimésffic is streamed into net-
works and the number of users is ever increasing. Henceiegtffiwzideband communication
systems which accommodate multiple users are necessaypf@me good candidate for wide-
band communication systems is subcarrier multiplexing(pBased free space optical (FSO)
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Fig. 1. Overall architecture of the FSO system considerfrgptical transmitter, turbulence
channels, and optical receiver.

systems because SCM schemes have great flexibility in éithgcbandwidth, with utilizing a
single wavelength, thereby enabling them to accommodatee range of users and applica-
tions [1] and FSO systems can provide cost-effective braadibandwidth with high data rates
[2].

The primary methods for enhancing the performance of the $a@séd FSO systems has
been to increase the signal power to ensure a high signabdise ratio (SNR). However, this
increase in power also results in problems that degradersyserformance, such as an increase
of laser relative intensity noise (RIN), and harmonic distm from the Mach-Zehnder mod-
ulator (MZM) and other devices in FSO systems. Among thegeadkation factors, intermod-
ulation distortion can significantly degrade the systenfgrerance because intermodulation
power is typically higher than noise power in systems withhinput power [3]. Fortunately,
a majority of second-order intermodulation (IM2) terms d&eneliminated by a symmetrical
dual-drive MZM (DD-MZM). However, third-order intermodation (IM3) terms are more se-
vere as they are too close to the fundamental frequency coempoand their power increase
is faster [4]. Thus, a more detailed investigation of SCMdzhFSO system performance that
considers the effects of IM3 is required.

In this paper, we first represent the signal-to-noise-astidion ratio (SNDR) that includes
the IM3 factor by using a Bessel expansion with a small-digpproximation. We then analyze
the average BER by considering the effects of IM3 under apimesc channels, where the log-
normal and exponential distributions describe turbulendeced fading in a range from severe
to moderate. Finally, numerical results are provided testiate the degradation of performance
according to the input signal power and the scintillatioteix.

2. FSO system architectureand derivation of SNDR

Figure 1 describes the overall architecture of an SCM-b&S¥d system. Here p(t) is the
optical signal from a laser diode (LD), we assume that thesphise of LD is negligible,
Xre (1) = X1 (t) + ... + Xm(t) + ... + xm(t) is the group of input RF signalsm(t) is the tone
signal allocated to one user in the SCM group, and PD is a gletd¢ctor. As shown in the Fig.
1, the optical signak p(t) and the input RF signabsr (t) can be modulated using DD-MZM
and a 98 phase shifter to generate optical single-sideband (OS®Bjals. Then, The input
signals arex p(t) = A-exp(jarpt), Xe (t) = SM 1 Xm(t), andxm(t) = Vrr - cOg amt) Where
1<m< M, AandVgr are the optical carrier and RF signal amplitudes, respalgtiandcw_p
and wy are the angular frequencies of the signals. We assume thdtetuency difference
between users is larger than the bit duration; thus, we usefty the user signal.
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Using a Bessel function, the output signal of DD-MZM can bpressed as [3]

 Lat Aot [T xge (1) o mXRe(t)
sy = = el TR enil3 0} =
o LA e o)
B(t) = 3 jhelnet g, (B x ... x i jrelnemt 3 (B x .. x i jrelnemty (B m)
Clt) = | % eI (BTT) X .. X | i et 30 (BTT) X .. X | i elnMty, (B

whereVy; andf = VRF/(\/_ZV,T) are the switching voltage and the normalizecdf DD-MZM,
respectively. In additior¥rr (t) is the phase-shifted version gée (t) andLgy = 10 -om/20 jg
the attenuation of DD-MZM due to insertion lokgy. From (1), the fundamental and IM3
components will be generated by beating each signal; tHear,the transmission of the tur-
bulence channels, the optical signal can be detected byBhénPthis paper, we focus our
investigation on the worst performances among the SCM gdugpto the IM3 components,
since the worst performance may limit the whole system. fiipalty, we consider IM3 com-
ponents having the same frequency as the user—at md$hby 1)/2| times—because when
M is odd, the worst user has @M — 1)/2 pair, and wherM is even the worst user has an
M/2— 1 pair. In this case, the photocurreé(t} after passing PD can be obtained as

i(t) = DIER®)P+n(t) 2)
= ifw (t) + i2fw+1* fw+2 (t) + i2fw+2* fw+4 (t) + i2fw+3* fw+6 (t) +
2tz () o 26, s, ) () Hiso(t) +0(0)

wherel] is the responsivityEgr(t) is the received optical signal at PR, (t) is the fundamental
frequency component of the worst use,,, ,,,(t) + ... + 120, (w120~ w21 1)/2) (t) are
the IM3 components happening at the same frequency as ttst ugar by| (M — 1)/2| times,
iso(t) are other spurious terms such as IM2, aid are additive noises such as thermal and
shot noises. Note, however, that IM2 terms are ignored B fiaper since they are easily re-
moved by utilizing an appropriate filter; hence, we concameton the fundamental frequency
and IM3 components. Additionally, we assume that high-ocdenponents of the Bessel func-
tion are negligible since the value BfiTin a Bessel function is very small due to the fact that
V> Vre in general. As such, using power= |i(t)|? andJy(B ) ~ (Bm)"/2"n! for Brr< 1

[3], the power of a fundamental frequency component of thestugserPs,, can be expressed as
P, = (OLZAZ0-D2M-Y(Bm)-Jy(Bm)° 3)

w

1

2
(:—ZLBrréLgnAZD) . Brn<1

whered is the turbulence channel coefficient. Similarly, the poofdM3 Pas,,. . f,, ., Can be
obtained as

M-1
P2fw+m* fwiom — 2 {TJ (6L§IIA2D)2 (D|2M + Ele) (4)

R

2
Z{MT_lJ <1—16(Bn)36L§nA2D> W, pn<l
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where the frequency is changedgg, = mLDA?f2/c due to dispersion [6] in the turbulence
channelA is the LD wavelengthl, is the communication distancB,is the dispersion param-
eter, and c is the speed of light. Since the frequendigsf{,) of signals are much higher than
the difference|(fw — fm|) [7], W can be approximated as

Y ~ 5-3cos

<27TLDC/\2f\,%,) | @)

Next, the probability density function (pdf) of the turbnte channel coefficierd can be mod-

eled as [5]
)2
fa(é)_;@(p<_w>7 0>0 9)

\/ 21026 20y

whered = &, u, andoi denote the mean and standard deviatioK pfespectively. Here, the
scintillation index is defined &S = Eg% 1, and the log-normal channel is characterized by

a scintillation index less than 0.75 (i.e., weak turbulgribg If the scintillation index is close
to 1 and/or the propagation length is long (i.e., stronguletce), the pdf o® becomes the
exponential distribution [5], such that

f5(6)_i@<p<—%>, 0>0 (20)

where,d is E[5)].

3. AverageBER analysisof FSO systems

In this section, we derive a closed form of the average BER dnsiclering the turbulence
channels and IM3. First, we define the SNDR as follows:

Pt
SNDR = w 11
Pofyim— fuws2m T PR+ Penot D
0%GPge
~ forBrk 1
52HPS- + 4KTB+qIA25B P
where
2 A2 2 A2 2
o (MLaA’D M- 1 |M—1]| [ mLE A0 W, (12)
2V 128| 2 V3
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k = 1.38x 10-23J/K is the Boltzmann constart,= 1.6 x 10-1°C is the electron charg&,

is the thermal noise poweRy,: is the shot noise poweF, = 30K is the absolute temperature,
B s the effective noise bandwidth, aRee = V3 /2 is the input signal power. Using the above
SNDR and turbulence channels, we then derive the averageBffBs

R- | " Q(VENDR) f5(8)ds. (13)

Using the change of variable= (Ind — L) /+/20k and the Gauss-Hermite quadrature formula
[8], (13) can then be simplified as

1 N GPae 2(V2016+ 1)
R=—=>wWQ , s : (14)
V& H P3_ e2(v200+H0) 4 4KT B + qL1 A2Bel V2014 +Hk)

whereN is the order of approximatiow;, i = 1,....,N are the zeros of thHth-order Hermite
polynormial andw;, i = 1,....,N are weight factors for thith-order approximatiorly = 10 is
used for the analysis [5]. Finally, by employing the samepss as for the log-normal channel,
the average BER for the exponential channel can be given as

N SZGPR .
R= ZlWiIXiI Q4| = X —
i & HP3-x* 4 4kTB + qUA?BSX?

(15)

4. Numerical results

Figure 2 illustrates the results of the average BER in baghdly-normal and the exponential
channels. The system parameters used for the analysisientie following: the wavelength
(A) is 1550 nm, the switch voltag&/) is 2.5 V, the DD-MZM insertion lossLpy) is 6 dB,
the responsivity [(1) is 0.8 A/W, the communication distanck)(is 2 km, and the worst RF
frequency €w) is 25 GHz. Since SNDR is sensitive to the input signal powet the total
number of usersM), as shown in (14), in Fig. 2(a) we present the average BERfasciion
of the input signal power according to the total number ofsismder the log-normal and the
exponential channels. In Fig. 2(b), we show the relatignbleiween the scintillation index and
the average BER.

In Fig. 2(a), the numerical results also show that when tlee namber doubles, the input
signal power decreases by almost 2 dBm under both turbulgmmenels at a given average
BER. Additionally, for a given the input signal power of 20mBit is shown that the difference
of average BER corresponding to 8 users and 32 users undértudsalence is almost 2.5
times larger than that under strong turbulence. Then, Klg). $hows that as the scintillation
index increases from 0.25 to 0.75, the average BER decreémest 4.1832 dB for 8 users at
a signal power of 20 dBm; the numerical results for these itimms show that the difference
of the average BER is almost 2.74 times larger than for 32sumehe signal power of 18 dBm
under the log-normal channel.

5. Conclusions

In this paper, we investigated SNDR using a Bessel expaibgiaonsidering the effect of IM3

components. Also, we derived a closed-form average BERopmaence under atmospheric
turbulence channels using log-normal and the exponensaililitions based on the Gauss-
Hermite quadrature formula. As a result, we could more gasiédict average BER perfor-
mance without requiring complicated calculations. In fcat terms, when establishing FSO
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Fig. 2. Average BER: (a) as a function of the input signal poweder the log-normal

channel (withS = 0.25) and the exponential channé&[§] = 3) according to three sets of
users (e.g., 8, 16, 32), and (b) as a function of the scitithandex under the log-normal
channel according to three sets of users with an optimatisignal power.

systems, we could construct an engineering table usingl#rised average BER formula ac-
cording to the input signal power and the number of users.ribteworthy that all the derived
equations are reasonable oifiyr < 1. Thus, when we establish FSO systems practically, we
should carefully consider the desired environment.
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