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ABSTRACT

Optical geostationaryrbit (GEQO) satdites are one of the means to providigh speed internet and broadband services
to even remote areas on the gloHewever, the optical beam, as it propagates through the atmosphere, is affected by the
atmospheric index of refraction turbulence and pogerrors due to beam wandand mechanical vibrations on the
platformwhich resultin fading hence loss of signdiVe present transmit diversity as a fading mitigation technéonee
use wavelength division to minimize cross interference between tteitéed signalsOptical $ngle sideband@SSB)
scheme is used to increase spectral efficig®dy) of the systemWe demonstrate a scherméhere @ OSSB signal is
produced using commercially available optical filteith tunable bandwidth and center frequenEgr a 32Gbps data
signalmodulatedusingamplitude shift keyindASK), we measure theequiredminimum 6dB and 20dByandwidtls of

the optical filterto be 12GHzand 24GHz, respectively. Also, tldfset of the filter from the carrieris found to be
-11GHz and +10GH# producean error free lower and uppeiSSB signalrespectivelyThe SEof the OSSB signabk
found to bel.34 bit/s/Hz.Moreover the stability of the optical filters and carrier ensuralldisignal generatiamaking

the OSSB a potential candidate to be used in fiteeespace opticdinks.
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1. INTRODUCTION

The ever increasingequirement of providing high speed internet seiwvared bandwidth hungry applications to the user
highlights the limitations in the currently used radio frequency communidatiBreespace optical (FSO)
communicabns is envisaged to be used in future wireless communications stagythigh optical bandwidth available,
allowing much higherata ratesreduced power, sizeyeight and no spectrum regulation requiremefitse of the
means to achieveerabits per secwl throughputs through optical GEO feeder lirfkd However, the optical beam, as it
propagates through the atmosphere, is affected by the atmospheric inddsaction turbulence and pointing errors
arising due to atmospherically inducetteam wandeiand platform jittet. Both result in fading, hence fluctuating
received power at the satellite receivBransmitter diversity is an effective fading mitigation technique especially in the
uplink when the size of the speckle is much larger than the receiver and the main fading contribution is due to intensity
variations of the received sigAdl. In transmitter diversityschememultiple copies of the same signal are transmitted
through uncorrelated atmospheric channel and combined in one photore¢@vemplementation of transmitter
diversity it is essential to minimizehe crossinterference between transmitted signals by means of a proper division
technique. Polarization division & spectrally efficientschemebut difficult to implementand alsoit is limited to
diversityorder of two A standard vavelength divisiorscheme with no spectral shapisgelatively easier to implement
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but it is spectrally inefficientin order b achievedesired throughput using the available spectriinis required to
increag the SE of the transmission systeffhe work presented in this paper aims at increasing the SE of the
transmission system usif@SSBschemeln this work, wepresent the concept aftwofold transmitter diversity system
and present results of the optimization of one OSSB sigsatoherent transmission is challenging in the GEO uplink
turbulent channel, we resort to using an intgnsibdulation with direct detection at the receividne spectrum of a nen
returnto-zero(NRZ) onoff keying (OOK)ASK signal hasa sidebandn both sides athe carrier frequencysince each

of the sidebands has redundant information, we can filtepbtieem to reduce the transmitted bandwidth without losing
information content Similarly, the redundant sideband from the second signal is also filtered out. The resulting two
sidebands occupy nearly the same bandwidth as one double sideband signahednshincrease &E by almost a
factor of two.Here, we consider SE as the data rate that can be transmitted over a given baitiwitdmdwidth of

the OSSB signal is taken as 20dB bandwidth of the optical filter.

We reportresults ofa laboratory experiment where tl¥SSB signals are produced using commercially available- state
of-the-art optical filtersfrom Finisaf which are tunable in botie center frequency arttie bandwidth We optimize the
requiredfilter bandwidth and offset from the carrier frequency to produc®3SB signal withminimum spectral width

to achievequasterror freebit error rate BER) performanceat a given data ratef 32Gbps Our measurement results
show thatdueto the stable optical filters, lasers and other optical and electrical compomémssetupit is possible to
deploy OSSB signal to increaS& of the complete system

2. MEASUREMENT SETUP

2.1 Conceptual overview of thecompletescheme

Block diagram of theconcept ofOSSB scheme to increaSE of the communicationssystemin case of a twdold
transmitter diversity schemie shownin Figure 1 andthe involved components alwiefly explained Backto-back
system testor the generation adne OSSB signalvas carried out to demonstrate the system aspects
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Figurel. Block diagram of theoncept othe OSSB shemeas a specttafficient scheme

Optical source The optical sourceconsist oftwo continuous wave (CW) laserequipped in a chassis with
polarization maintaining fiber at the tput. The lasers are fully tunable ovetb@nd and have linewidths down

to <25kHz This module also supportstamdard commands forprogrammableinstruments(SCPI) style
commands for remote control accegkich enable the lasers to adjust to the required power based on the
feedback from the detector as explained later



External modulator The two MachZehnder modulators (MZM) are used for external modulatibrthe
corresponding CW laseThe modulators come with automatic bias control feature to ensure proper biasing at
all times.Here we use the standard intensity modulation scheme.

Bit patern generatorThe bit pattern generatofBPG) provides the data to be transmitted whichais
pseudorandom bit sequence of lengtiZThe two output channels of the BPG carry the same modulating data
for thetwo MZMs. Moreover,it comes withan dectrical bit delayfeaturewhich is helpful in synchronizing the
output of the two channels as it is absolute necessary for the transmitter diversity scheme.

Optical filter. The optical filtersare integrated ifr i n i wazeshae(WS) device The waveshapds based

on high resolution liquid crystal on silicon (LCoS) technofogyn d pr ovi des full control
and center frequency. The bandwidth can be tuned from 10GBEH@ and the deviceovers the whole €

band. The functionality of remotely controlling the device using SCPI commands provides the flexibility to
optimize the OSSB sign&br a given data ratélhe channel shape generated by the waveshaper programmable
optical processor is given eq (1)
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whered is the 6dB bandwidth of the filteiQds the center frequenaf the filterand, is the standard deviation
of the optical transfer function that is composed of a relatively narrow Gaussian spgieearby eq. (2)

, @)

The 3dB bandwidtli 7  of the optical transfer function is roughly 10GHz, which suggests lieagttndard
deviation is equal to 4.2466GHEhe opticalspectrum oflat-top bandpass filtercreated bythe waveshaper is
shown inFigure2. It can k& seen as the bandwidihincreases, thélter shape beconsamore flatat the top It

is also seen for largdr values, the difference between 6dB and 20dB bandwiftlise corresponding filter
reduces. For example, the 20dB bandwidthaioroptical filter withd value of 12GHz and 100GHz is 24GHz
and 111GHz, respectively.
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Optical splitter: One of the outputs of the 20d®litteris sent to the feedback detector and the second output
goes tahe 3dB coupler where the signal from the second transmission bsarmpledinto.

Feedback detectofhe output of thefeedbacldetector is fed to thpower sampling sens@PSS)where the DC
voltage is used to calculate back the input optical poWeis feedback is given to the laser which adjusts its
power accordinglyThis is done to keep the signal power of both the filtered signals same at all times.

Preamplifier: An erbium doped fiber amplifier(EDFA) is used for the preamplication of the incoming
combined signal. The preamplifier iecessargsthe receivelis notsensitive enough to detect a low powered
signal when the optical filteringignificantly cuts down the signalpectrum and carrier

PhotoreceiverThe linear thotoreceiver has a 32GHz bandwidthd used in the automatic gain control mode
with differential conversion gain of 500 V/W. The photoreceiver is used to make differential measuement
reduce the impactfamoise The sensitivity curvef the receiver is shown iRigure3.
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Figure3. Receiver sensitivity curve of the Photoreceiver

Wave analyzer:The wave analyzefWA) from Finisar is used to record the optical spectrum of the OSSB
signal. Thehigh spectral resolution of 180MHz (1.25pwmith a fastupdate rate of 4 measurements gerond
across the entire-8and allows it to be used farodulation analysis on optical signals.

OscilloscopeA 8 bit reaktime oscilloscope witl83GHzanalog bandwidtndsample rate of 160GS/s is used

to recordthe signal. The capturedaveformis used to perform offline digital signal processing to obB#iR
values

2.2 Measurement rrethod for the optimization of one OSSB signall

The optimization is performedn two parameters (i) minimurbandwidth required at a given data rate (ii)
maximumfrequency offsebetweerthefilter andthe carrierto obtainlower sideband (LSBpr uppersideband
(USB). The performance parameter is chosemaanBER.

Thelasersource output opticgdower is set to its minimumaluewhich is 6dBm. The carrier is modulated by
the PRBS7 data signal at a data rate of 32Gbips.modlated signal is fed to the waveshaper where initially
no optical filtering is applied. The signal is only affected by the insertion loss of the waveshaper. The output



power is taken aa benchmark andhis benchmark powes kept same for the filtered sigds aswell. Upon

filtering the signal the power reduces which is brought up to the benchmark power by increasing the CW

|l aserds power. This is achieved by taki ngechahgeinf eedb
powerbetween unfiltere@nd filtered signalusingpower sampling sensofhe preamplifier then amplifies the

signal to 0dBm ensuring the photoreceiver gatsugh power to detect the signal. Here our aim is to only see

the effect of optical filtering on the BER. The optical aipem of the filtered signal is observed on the high

resolution ofical WA. After the fotoreceiver the signal is captured a realtime oscilloscope with analog
bandwidth set to 25GHz and sample @t@60GS/s.

3. MEASUREMENT RESULTS
3.1 Mean BER vs offsetbetween filter and carrier

The optical filters with varyingédB bandwidths are swept from negative to positive side of the double sideband
spectrumto obtain theminimum required bandwidth and optimum filter offset from carrier at a given datalmate
Figure4, it can be seen th&br an optical filter with6dB bandwidth of 12GHz and frequenoffset values 0f11GHz

and +10GHz, minimum BER is obtainethese two fiset values give theSB and USBsignals respectively. Beyond

these values the frequency contents of the signals are so much filtered out that the signal degrades which is shown as
increase in the BER valudwlow -11GHz and above +10GHz for the case of optfitr with 6dB bandwidth of

12GHz This filter has a 20dB bandwidth of 24GHz whiclc@sidered athe minimum bandwidth required for an error

free transmission of a 32Gbps NRXOK signal. This results in a SE of 1.34bit/s/Hz.
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Figure4. MeanBER Vs frequency offset between filter and carrier
Al so when the optical f tb the carried fsequeneyrttiere BER tlagradpsias well pecause oft u n

insufficient frequency contents to reconstruct the signal. The frequency contdrtthaides of the carrier are the same
therefore the useful part of the spectrum with information content is taken as either side across the carrier. This can be

seen in Figure 5 (gY), along with eye diagrams and optical spacf various filter offsé settings for optical filtewith
6dB bandwidth of 12GHz.



3.2 Optical spectra and correspondingeye diagrams

The spectrum of the unfiltered double sideband signal is sshowigure 5(a) where it can be sethrat a 32Gbps
NRZ-OOK signal occupie64GHz of bandwidth. This results in SE value of 0.5bit/sizthe filter is moved fronthe

left to the right sideacrossthe spectrumwe observe a point on the left side of the carrier where the filtered signal is
error free. This is the optimum poird generate &SB signal. Figure 5(cshows the spectrum and the eye diagram of
the LSB signal. We can see that fliter offset from the carrieis -11GHz. Similarly, on the right side of the carrieme

can see the optimum frequency offset point at +19@&Hobtain an USB signal. The spectrum and the eye diagram of
USB signal are shown in Fig 5(e).

Power (dBm)
&
S

Amplitude

-80
193.13 183.15 193.17 193.19 193.21 193.23 [ 0.01 0.02 0.03 0.04 0.05 0.06
Frequency (THz) Time (ns)

Figure 5(a) Unfiltered double sidebantiSK signal (BER = 0)
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Figure 5(f). BW = 12GHz, Offset = +14GHz (BER = 0.3)

4. SUMMARY AND OUTLOOK

An OSSB scheme for increasii8E is shown to bea promising technique due tmmmercially availablenarrow and
steepopticalfil ters.We have presented optimizationaie OSSB signatonsidering a NRAOOK ASK signal at alata
rate of 32Gbps The minimum required6dB and 20dBbandwidtls of the optical filterare foundto be 12GHz and
24GHz, respectivelyThe frequency offset of the filter from the carrieare measuredis-11GHz and +10GHz1o give
error freeLSB and USBsignals respectively The SEof the OSSB signaik found to be 1.34it/s/Hz which is 2.68
times more than the SE of the unfiltered sigred.the next step,otobtan the overall SE using twipld transmitter

diversity scheme, one needs to generate the individual LSB and USB as presented in this paper and optimize the carrier

separation between them & point where interference between the two signals is tolai@lalehieve the desired BER
performance
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