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Abstract

Free space optical (FSO) communication has been a subject of interest for researcher and the corporate world since a few
decades ago. This has been motivated by the huge benefits associated with this technology. Meanwhile, the generation
and all optical up conversion of millimeter wave (mmw) for propagation in a FSO channel has been an important research
direction. In this article, a single side band tone mmw generated by the optical carrier suppression (OCS) method has been
modulated by modified duo-binary return to zero (MDRZ) and polarization shift keying (PolSK) modulated baseband data.
The resulting optical signal was propagated in a FSO cannel subjected to combined weather and atmospheric turbulence
induced fading. Later on, a comparative analysis was carried out between hybrid OCS/MDRZ and OCS/PolSK mmw signals
propagated over free space. Using the performance metrics such as the bit error rate, quality (Q) factor and the received
power among others, the simulation results indicated that hybrid OCS/MDRZ performs better than hybrid OCS/PolSK.
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1 Introduction

Free space optical communication system has been con-
sidered as one of the most promising wireless connectivity
for next generation networks. Discovered quite long, the
main motivation for increased research in the last few dec-
ades have been the radio frequency crunch, i.e. spectrum
crisis as the number of users and thus devices connecting
to the network to access wireless data services continue
to increase exponentially [1]. Moreover, FSO technology is
cost effective, easy to set up as it takes relatively less time,
carries huge amount of data and is currently license free
[2]. Due to these advantages, key applications of FSO has
been both in the terrestrial as well as beyond the atmos-
phere. In the terrestrial networks, applications include
inter and intra chip connectivity, fiber to the home last
mile access networks, earth to satellite links, earth station

to aircraft links, aircraft to aircraft links as well as earth to
ship connectivity [3]. Nevertheless, FSO communication
suffers from impairments such as atmospheric turbulence,
adverse weather conditions such as hazy, rain and snow.
In clear weather conditions, atmospheric turbulences turn
out to be the major source of beam scintillation. It arises
due to temperature and pressure variations leading to
variation in the refractive index. Furthermore, since FSO
is a line of sight communication system, misalignment
between the transceivers tends to be another challenge
towards achieving desirable quality of service provision-
ing [4].

Radio on free space (RoFSO) has become a promising
method for providing broadband wireless access with
increased mobility. Therefore, in RoFSO, the generation of
millimeter wave and its all optical up- conversion remains
key [5]. Mode division multiplexing or space division
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multiplexing, a method that uses various types of beams
as information carriers has been another interesting
research direction in recent times. In this scheme, the mul-
tiplexing is based on the space or eigenmode dimension,
which result in increase in the information carrying capac-
ity [6]. Based on spiral-phased Laguerre-Gaussian modes
and Hermite-Gaussian modes, 20 Gbps OFDM has been
transported on millimeter wave over a gamma-gamma
modelled free space channel [7]. A similar work is found
in [8].

Besides, in the literature, many methods are available
for the generation of the mm waves. These are direct
modulation, up and down converter, heterodyne and
external modulator scheme [9]. However, for the appli-
cation of long distance transmission, intensity modula-
tion scheme is preferred [10]. In [11], a novel method for
mm wave generation was proposed which was based on
the LINO; MZM. For duplex transmission of radio signals,
millimeter wave has been integrated on the optical link
over a single carrier and fiber for 5G applications [12]. In
refs [13, 14], optical carrier suppression (OCS) with inten-
sity modulation schemes has been shown to offer chief
advantages of simplicity. A dual-parallel Mach-Zehnder
modulator in conjunction with the four wave mixing of the
fiber has been utilized in a semiconductor optical amplifier
for transportation of radio signals in [15]. The signal has
been generated by a combination of properly adjusting
the direct current bias, modulation index of the dual-par-
allel Mach-Zehnder modulator, and the phase difference
between the sub-modulators. Then a 40-GHz RoF system
with a 2.5-Gbits signal was then generated and then its
transmission characteristics analyzed through simula-
tion and the results indicated that the signals could be
transmitted at acceptable error rates up to a distance of
40 km in a single mode fiber. Such a study has not been
conducted over free space.

Most works in literature on mm wave generation and
transmission has been based on OOK modulation scheme.
Because of its robustness to impairments and also being
a constant amplitude modulation scheme, Differential
phase shift keying (DPSK) has been combined with OCS
in [16]. Thereafter, several experiments based on such a
configuration have been demonstrated. Particularly, [17]
has shown the possibility of a duplex optic fiber network
with OCS DPSK.

Whilst still choosing a robust modulation for RoFSO
communication, both MDRZ and PolSK are competi-
tive. MDRZ provides the advantage of a smaller timing
jitter and amplitude distortion making it well suited for
intensity modulation with direct detection receiver [18].
MDRZ radio over free space optical communication
has been investigated in [19]. On the other hand, PolSK
modulation scheme makes use of the optical wave vector
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characteristics. Bit are encoded as different states of polari-
zation (SOP). Hence such a scheme is promising to be
robust against atmospheric turbulence [20].

Therefore, in this paper, a simple method based on a
single LiNo; MZM has been used to generate mm wave.
Unlike in all papers in the literature that would simply
apply NRZ OOK modulated baseband data as the modula-
tion scheme for the generated mm wave signal, in the pre-
sent article the baseband data has been modulated using
already existing MDRZ and PolSK modulation scheme,
which previously has not been used in combination with
OCS for transmission of radio signals over free space. We
have performed a simulation study by employing the com-
mercial tool known as Optisystems. The experimental anal-
ysis consists of observation of the eye pattern, received
signal and BER as a function of transmission distance and
weather induced attenuation. A comparative analysis is
done in terms of these performance metrics on the hybrid
OCS/MDRZ and hybrid OCS/PolSK. The rest of the paper is
organized as follows: in Sect. 2, the analysis of MDZR and
PolSK is done. In Sect. 3, the system design has been pro-
vided. Then in Sect. 4 results are discussed, followed by a
comparison with previous work in Sect. 5. Finally, conclud-
ing remarks are in Sect. 5.

2 Modulation schemes
2.1 PolSK modulation scheme

The general block diagram of the PolSK transmitter and
receiver is shown in Fig. 3. It consists of a light source,
polarization beam splitter (PBS). The PBS splits the incom-
ing signal into the upper and the lower arms. The incoming
signal from the light source E(t) is equally split into two
beams, by means of a beam splitter with X and y polariza-
tion respectively. Each of these polarized signals is modu-
lated independently by the MZM and finally the output
from these two modulators are combined by means of a
polarization beam combiner (PBC). Therefore, the PolSK
signal is given as [21];

E(t) = a®){[1 - m®)]-X+m(t) -7} (1)

In Eq. (1), a(t) = Ael@r+¢()is the RF carrier, A, @ and ¢(t)
are the amplitude, angular frequency and the phase noise
of the optical carrier.

Using a receiving telescope, the transmitted signal is
collected onto a sensitive photodetector at the focal point
of the telescope. A bandpass filter (BPF) is used to filter out
background noise. The signal is then divided by means of a
PBS into the x and y polarization states. The output signal
of the optical bandpass filter is given as:
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Coo(t) = RA, A oCos(wjet + @ie(t))[1 — m(t)] + n,t Q)

Cp(t) = RA, A oCos (et + @i (t))m(t) + n t 3)

In Egs. (2) and (3), Ris the PD responsivity, o = @ — ;¢
and @ (t) = @,(t) — @,o(t) are the frequency and phase of
the IF signal respectively. Finally, a square law detector is
used to recover the original signal.

2.2 Modified duo-binary return-to-zero format

This modulation scheme exhibits greater dispersion toler-
ance. In fiber-based communication, it also shows high tol-
erance to fiber non linearity [22]. The phases of two groups
of ones that wrap an isolated zero are flipped leading to
reduced ghost pulse generation. Two optical modulators
are used, one for NRZ duo binary signal generation and
the other to carve the NRZ data to RZ signal. The block dia-
gram for this scheme together with its spectrum is shown
in Fig. 1.

3 System design

The schematic diagram for the OCS mm wave generation
followed by either MDRZ or PolSK modulation scheme is
shown in Figs. 2 and 3 respectively.

The whole OCS system can be divided into three sec-
tions: the optical mm wave generation module, the data
modulation module which is either MDRZ or PolSK, the
transmission module, which is the free space channel
subjected to different weather conditions and finally the
receiver module which is located at the base station.

The first laser diode gives a wave output signal which
can be expressed as E(t) = E /!, where E, is the carrier
amplitude of the signal and w, is the frequency. Then the
output wave signal from the LiINbO; MZM is expressed as:

E' m LaVo(t) .
Eout(t) = E’{e’ Ve 4 €J Ve }e/wt (4)

INEq. (4),Vi(t) = Vg + Vg €OS (wpet + @;),i = 1,2, rep-
resents the applied drive signal to each arm of the MZM
modulator and V_ is the RF switching voltage.

The output light field after the modulation data can be
expressed as:

n=co

Z {ZJn(m) cos (@, +ne,) x ej(""”””’“”"%*”?) } (5)

E, .
E(o,t) = 9 ol%a
VAR )
In Eq. (5), m = zVg/V, is the modulation index of the
MZM modulator and J,(m) is the Bessel function of first

kind and order n. Further, the other terms are defined as;

_ 7(Voc1+Vpe) _ 7(Voe1=Voea) _ 7(@pr1+0pr2) _ 7(@rer=pr2)
Pa = 2, r v 2, A 2 r P 2 .

In this present paper, the optical mm wave was gener-
ated according to the method originally proposed in [5].
The MZM was driven by a 20 GHz RF signal. In order to
have an optical signal with a suppressed carrier (OCS), the
MZM was biased in such a way thatV,, — V,, = V,.

We used a Gaussian optical filter of order 2 to suppress
higher harmonics in processing the signal. The OCS signal
is finally obtained as:

EOCS(O’ t) = i_j_1(m)ei(a}(t—wRFt+(pd+(pp+7t/2)

(6)

+ i Jy(m) ol (o t+opet+og+p,+r/2)

Two terms are observed from Eq. (6), where the first
term is the -1 order optical mm wave sideband and the
second term is the + 1 order sideband. To accomplish the
frequency doubling, an external modulation with the MZM
biased at quadrature point was done. In this configura-
tion, the MZM generates an optical field in accordance
with Eq. (6). The spectrum of such an optical carrier at wg,
frequency, with upper and lower sidebands positioned at
wge + @, and at wge — @, frequencies respectively, where

(a) (b)
Electrical &1
subt{actor
DELAY |—— 2§
] :
NRZ 5 3
[ew -
Duobinary &1
PRBS PRECODER GAIN %
8] 1 |
193 T 193.1T 1932 T
Frequency (Hz)
Fig. 1 MDRZ a transmitter b spectrum
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Table 1 Simulation parameters

Parameter Value

Link distance Variable
Data rate 10 Gbps
Attenuation 1.25 dB/km
Transmitter aperture diameter 5cm
Receiver aperture diameter 35cm

CW laser frequency 193.1 THz

wge is the mm wave modulation frequency. The frequency
spacing between the two components is clearly 2fg.

As suggested in [23] and the references therein, the
MDRZ or PolSK data was modulated on only one of the
optical mm wave sidebands in order to improve the trans-
mission performance. To achieve this a Gaussian filter of
order 2 was used to separate the two side bands. Then the
single tone modulated OCS signal was launched in a free
space channel. To evaluate the proposed hybrid OCS with
MDRZ or PolSK modulated data, the simulation analysis
was performed in a commercial software package Opti-
System. The simulation parameters are shown in Table 1.

4 Results and discussion

In this section, the system performance is evaluated using
the spectrum, eye diagram, Q factor and the BER as the
performance metrics. The pseudorandom bit generator
sequence was firstly modulated by MDRZ or PolSK and
then again modulated onto one of the sidebands of the
OCS generated mm wave signal. This data was then trans-
mitted over a 2 km free space channel subjected to attenu-
ation due to various weather conditions. After propagat-
ing over free space, in the base station, the mm wave was
converted from optical to electrical domain by means of

direct detection for the MDRZ and a pair of PIN photode-
tectors for the PolSK case as outlined in the previous sec-
tion. Finally, we employ the 40 GHz electrical LO signal and
a mixer to down-convert the electrical mm-wave signal
to obtain the downlink baseband signals as also shown in
Figs. 2 and 3.The electrical signal was low pass filtered and
then passed to the BER analyzer used for observing the
BER and signal quality. Furthermore, the received optical
signal power was measured by means of an optical power
meter. Thus, based on these metrics, the performance of
hybrid OCS/MDRZ and hybrid OCS/PolSK was carried out.

The optical spectrum of the CW laser light wave source
for the OCS with the light wave at w, = 193.1 THz fre-
quency is shown in Fig. 4. The frequency spacing between
the two optical sidebands signal is 40 GHz as shown in
Fig. 4b. After the Gaussian optical filter, the baseband
MDRZ or PolSK signal is upconverted into 40 GHz mm-
wave signal. In simulation, the Gaussian optical filter was
realized within the wavelength division demultiplexer.

14 . .

—4— MDRZ

=== Po|SK |

12+

10 1

Q Factor
0]

35 4 4.5 5 5.5 6 6.5
Distance (km)

Fig.5 Q factor versus Link distance comparison for hybrid OCS/

. . . . MDRZ and OCS/PolSK
photodetectors, through simple intensity modulation an /Po
Fig.4 Optical spectrum of the (a)__ () o-
generated 40 GHz millimeter = i
wave
9-_
=Q71 'g
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o
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Fig.6 BER versus received power for hybrid OCS/MDRZ and OCS/
PolSK

Then this modulated signal is propagated over a free
space. At the receiver, the modulated baseband signal
was down converted from the 40 GHz radio signal for
processing.

In Fig. 5, the Q factor has been plotted versus the link
distance in order to establish the maximum link distance
that each of the systems can transmit data reliably. The
rate of energy loss decreases with increasing quality factor.
Generally, as the FSO link distance increases, the Q factor
decreases since more attenuation will be induced. For the
case of hybrid OCS/MDRZ, the Q factor decreases from
13.8 atalink distance of 3.8 km to 5.73 at a link distance of
4.7 km and finally to 3.1 at a link distance of 5.8 km. In the
same manner, for hybrid OCS/PolSK, the Q factor decreases
from 12.26 at a link distance of 3.8 km to 6.42 at a link
distance of 4.7 before it finally degrades to 3.12 as the link
distance increases to 5.8 km. Thus, based on the Q factor,
hybrid OCS/MDRZ performs better than hybrid OCS/PolSK
modulation scheme.
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Table 2 Comparison in terms of varying beam divergence

Beam diver-  MDRZ PolSK
gence (mrad)

Qfactor BER Qfactor BER
1 117.82 0 50.33 0
2 51.93 0 18.12 9.53 x 10774
3 25.00 292x107"3% 846 1.31x 107"
4 14.62 1.09x 1074 4.86 5.85x 1077
5 9.49 1.12x1072"  3.16 7.79x 107*
6 6.65 149x 107" 223 1.27 x 1072
7 491 45x 1077 0 1

In Fig. 6, the BER as a function of received optical power
has been plotted. It is clear that as the received power
increases, the BER improves. Comparing hybrid OCS/
MDRZ and OCS/PolSK, it is evident that hybrid OCS/MDRZ
is more power efficient that hybrid OCS/PolSK. As an exam-
ple, to achieve a BER of 4.33 x 10722 the required power is
—19.34 dBm for hybrid OCS/MDRZ, whereas —18.75 dBm
is required for the case of hybrid OCS/PolSK.

The eye diagram for the two system are shown in Fig. 7
at FSO link distances of 3.8 km, 4.7 km and 5.8 km. It is clear
that the transmitted data is preserved and reconstructed
well for short link span of 3.8 km for both modulation
schemes over FSO. However, as the transmission distance
start to increase, the eye-opening decreases. At a trans-
mission distance of 5.8 km, the eye opening is minimum
for both schemes, but that for PolSK is less than for MDRZ
indicating the better performance exhibited by MDRZ.

Table 2 shows the comparative analysis of the beam
divergence for OCS/MDRZ and OCS/PolSK modulation
schemes for an attenuation of 1.25 dB/km and FSO link
distance of 2 km. It is observed that MDRZ provides better

Table 3 Comparison of current work with previous works

performance than PolSKin terms of both the Q factor and
the BER. The divergence angle is varied from 1 to 7 mrad.
In general, the results show that although PolSK performs
better than OOK modulation scheme, when compared to
MDRZ, it is more sensitive to the atmospheric attenuation
and channel conditions as the FSO link distance as well as
the divergence angle is increased.

5 Comparison of the current architecture
with previous works

In this section we compare the robustness of the cur-
rent investigation of conveying radio signals over free
space using MDRZ and PolSK modulation techniques. We
draw the comparison with other works which conveying
baseband data with or without radio signals subcarriers
over free space. From Table 3, we can see that spectrum
slicing was used alongside with other modulation tech-
niques such as OOK to improve transmission range of
data over free space. However, most works conducted
had limited data rate as; 1.56 Gbps in [24, 25], 1.25 Gbps
in [26], and 2.5 Gbps in [4, 5] and 1 Gbps in [7]. Moreo-
ver, in [4, 5], the geometric losses were not considered
and much longer range was observed in [5]. The maxi-
mum transmission distance was 2.5 km in [24], 3.3 km
in [25] and 1.1 km in [26], 4.75 km in [4] and 1 km in
[7]. Comparing with the current investigation the data
rate has been upgraded to 10 Gbps and the transmission
distance increased to 5.68 km. Therefore, the proposed
hybrid architecture can transmit 10 Gbps RoFSO data,
enhancing mobility.

Parameter Ref [24] Ref [25] Ref [26] Ref [27] Ref [28] Ref [29] Current investi-
gation
Transmitter SS-WDM NRZ  SS-WDM NRzZ WDM NRZ OOK WDM NRZ OOK WDM NRZ DPSK 16 QAM OFDM  MDRZ and PolSK
modulation OOK with transmit- with hybrid
formats ter power of channel codes
10 dBm
Data rate 1.56 Gbps 1.56 Gbps 1.25 Gbps 2.5 Gbps 2.5 Gbps 1 Gbps 10 Gbps
Channel condi- 4 dB/km SISO 4 dB/km SISO~ MIMO 4 dB/km geo- 0.2208 dB/km  Weak atmos- 1.25 dB/km with
tions metric losses ~ Geomet- pheric tur- geometric
neglected ric losses bulence only losses consid-
neglected considered, ered
no weather
effects
Maximum 2.5 km 3.3 km 1.1 km 4.75 km 190 km 1km 5.68 km
distance
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6 Conclusion

The 10 Gbps data has been modulated onto the mil-
limeter wave through a free space channel of variable
length. Two digital modulation techniques have been
used to modulate the baseband data signal, i.e. MDRZ
and PolSK. The MDRZ and PolSK modulated baseband
data signal was in turn modulated onto the optical car-
rier suppressed generated millimeter wave which in turn
was propagated through a free space optical channel.
After carrying out a comparative analysis study of the
two network architectures, the results revealed that
hybrid OCS/MDRZ performs better than hybrid OCS/
PolSK in terms of the performance metrics such as BER,
Q factor, received power and eye opening.
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