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Abstract—This paper develops a theoretical analysis of the
tradeoff between carrier suppression and nonlineaties induced
by optical 1Q modulators in direct-detection subcarier
multiplexing systems. The tradeoff is obtained by>amining the
influence of the bias conditions of the modulator o the
transmitted single side band signal. The frequencgomponents in
the electric field and the associated photocurrerdt the output of
the 1Q modulator are derived mathematically. For ary frequency
plan, the optimum bias point can be identified by alculating the
sensitivity gain for every subchannel. A setup conmgsed of
subcarriers located at multiples of the data rate esures that the
effects of intermodulation distortion are studied n the most
suitable conditions. Experimental tests with up tofive QPSK
electrical subchannels are performed to verify thenathematical
model and validate the predicted gains in sensitity.

Index Terms— Carrier to signal power ratio (CSPR),
nonlinear distortion (NLD), optical 1Q modulator, subcarrier
multiplexing (SCM).

I. INTRODUCTION

OPTICAL subcarrier multiplexing (SCM) relies on the
excellent stability and low phase noise of microevav
oscillators to generate one or more digitally madtked
radiofrequency (RF) signals that are then intensibdulated
onto an optical wavelength before transmission dierne.
SCM can be combined with wavelength division mugng
(WDM) to increase the flexibility of the network.nalogue

optical carrier to optimize the sensitivity at tleeeiver.

Figure 1 shows three different possibilities to erae
SCM/SSB signals with partial carrier suppressio®)df a
standard Mach Zehnder modulator (MZM) is used fog t
electro-optic conversion, an optical double sidedsignal is
obtained, requiring an optical filter to supprelss tindesired
sideband and produce SSB. The most linear perfarenaf
this system is achieved by biasing the device aticature. As
the optical modulation index (OMI) must be smalhmimize
nonlinear distortion (NLD), the carrier to signabvger ratio
(CPSR) is high and significant energy is wasteth&optical
carrier. The power efficiency of the transmissiond athe
sensitivity in the receiver can be improved by spig CS. A
direct method to achieve CS is biasing the devica point
different to quadrature (Fig. 1(a)) although NLD\mcrease
presenting a trade-off with the sensitivity of thek [8]. A
conventional approach to generate SCM/SSB withqtital
filters employs a dual drive MZM (DDMZM) whose RiBnts
are driven by signals with a relative phase sHifd@ degrees
[9]. In this case the device can only be biaseguadrature so
that the optical carrier cannot be suppressedamitbdulator
and a costly CS block must be included [4] to iasee
efficiency (Fig. 1(b)). For this technique, diffetestudies
have presented comprehensive mathematical anabfstse
NLD [10] and its tradeoff with CS and the sensiivof the
link [11]. An optical IQ modulator (OIQM) is an ietesting
device because it can generate SSB and CS witkquiring
additional components. In [12] it was shown thais th

and digital SCM approaches have been used in magy,qator allows a wide range of CSPR values tadigeved

applications, including cable television (CATV) [liadio
over fibre [2] also focusing on the increasinglypiontant
Common Public Radio Interface (CPRI) [3], broadbaaiht
to point links [4], access networks [5] and 100 t@blocal
area networks [6]. In such a system it is desiceduarantee
the following features: optical single side bandSE$ to
increase spectral efficiency and eliminate disperdading
[7], low inter channel distortion and an approgikvel of the
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by adjusting the bias levels (Fig 1(c)). Howeves, detailed
investigation of NLD was carried out. As NLD incses
while CSPR is reduced, a deeper analysis is redjuire
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Fig. 1. Three alternatives to generate SCM/SSB/CS.

OIQMs and SCM are technologies that can be coetbto
achieve specific system requirements such as eskrESB
transmitters, received signals free of dispersiadirg [7],
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Fig. 2. WDM SCM/SSB system consisting of an optl@modmsttor andN QPSK electrical submemnels per optical wavelength
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and, finally, partial optical carrier suppressiorhis paper
studies analytically and experimentally the NLD atite _nlvy 1)

CSPR that are generated simultaneously by an OIGM a 2V,
function of the bias point. The analysis preseritedl2] is

extended to obtain accurate CSPR and NLD for amytrau of whereV, is the half-wave voltage of the MZM. Wher0 the

RF subchannels. An optimum bias point is identifiedyz) is piased atpeak wheng=r/4 the device is biased at

optimizing the trade-off between NLD and CSPR i thq,aqratureand finally wheng=/2 the modulator is biased at
presence of optical noise, where overall systerfopeance is || The amplitude of the signal at the RF port of Ki&M

maximized. The analysis and results presented eamséd t0  yotarmines the optical modulation index (OMI). Theot
achieve efficient transmission in any multicarr®€M link, -1 square (rms) OMI of a modulating signal corepasf

analog or digital, without the need for a CS block,,a subcarrier of amplitudéy is given by [10]:
Experimental results were obtained in a 13.5 GISZ&/SSB

system designed with subcarriers located at makimf the
data rate so that the distortion due to in-bandrinbdulation
products falls in the center of other subchannels.
Measurements show CSPR and NLD, their impact on the
performance of channels and real gains in sersitiihe ~ Secondly, NLD can be divided into two groups: hamfoo
experimenta| results show good agreement with ;heor distortion (HD) and intermodulation distortion (lMDThe
most significant are second and third order ond3;, HHDs,
II. NONLINEAR DISTORTIONAND CARRIERTO IMD,, IMD3 (mixing of two frequencies) and IMjp (mixing
SIGNAL POWERRATIO IN OPTICALIQ MODULATORS  of three frequencies or triple-beat). These terisws the
A generic SCM/SSB/WDM scheme based on OIQMs igower of an individual distortion normalized to thewer of a

shown in Fig. 2. In every optical wavelengtN, QPSK esired tone. Every subchannel is interfered byifferdnt
electrical subchannels are multiplexed and trartschit number of individual intermodulation products ofckeskind,

In this section, the main frequency componenta@output  Ncso for IMD; and Nerg for IMDsg, being its associated
of the OIQM will be derived. CSPR and NLD will pe overall distortion referred as composite secone(CSO)
generalized for any frequency plan. The analytigtaidy is and composite triple beat (CTB) respectively. CS@ &€TB
based on continuous waves instead of real datahias tare the most limiting distortions in direct detett€DD)
approach has been widely used and its validity guojd3], systems [10, 14]. In generdlcso is higher for the lowest
producing good agreement with experimental datangusifrequency channels afde1g is higher for the channels in the
independently modulated subcarriers. middle of the frequency plan [14].

Finally, a reference frequency plan is defined. gkaeral
o ] ) ) theoretical results will be particularized for thldase so that
Initially, some basic concepts that will be empldy® hoqry and experiments can be linked. This plansists of

section. Il are reviewed. Firs’;ly, the bias pointaJMZM is five electrical subcarriers at the second, thicdirth, fifth and
determined by the total relative phase shift tlsaapplied to sixth harmonic of a fundamental frequency (2.7 Ghizhe
the optical wavelength in the modulator arms before :

recombination. With a push-pull configuration aatatelative Case of the experimental re_sults). T_he f|rst_ sutais t_he
phase shift equal to¢2is obtained by producing oppositemOSt affected by CSONEsg=3, Nerg=2) while for a five
delays § and—¢) in each arm. Thus the bias point is deﬁne&ubcamer system the fourth (middle) subcarrier oisly
as the absolute value of the phase shifitroduced in each affected by CTBNcsg=0, Ncre=4).

arm by the bias voltagés:
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B. Theoretical model

As shown in Fig. 1(b) an OIQM consists of three W&
two parallel sub-MZMs are modulated by electricatadand
the third one establishes a phase shift betweenoghieal
outputs of the two parallel sub-MZMs before recomaiion.
Provided that the electrical inputs present airadgthase shift
of 90 degrees, SSB is achieved by biasing the t¥izd/ to
produce an optical relative phase shift of 90 degrand the

applied to the other RF port. Again, Bessel exgarsican be
used to obtain all the frequency components andicedhe
nonlinear distortions. They are shown in TableDlie to the
nonlinearity of the photodiode, BRlisappears while certain
IMD 35 appears balancing all the combinations of subaarrie

that give rise to triple beat.
TABLE |
NORMALIZED NLD POWER OF THE FIELD AT THE MODULATOR OUTPUT
(Q., QJ, AND Q, ARE THREE ARBITRARY SUB CARRIER FREQUENCIBS

two parallel sub-MZMs at the same bias pagintThese are Distortion type Distortion frequency Formula
operating conditions that are employed in the foily Second harmonic Jo(m) 2
analysis. (HD2) e 20 Wcow]

The study of the CSPR requires the derivation o tr _ _ J5(m)1?
mathematical expression of the electrical fiElét the output Th'rd:Smenlc we + 30, (m)
of the OIQM. An analysis based on phasors and Bes: (HD:) we - 32, 0
expansions can be used to obtain all the frequeoicyponents 2" order IM J.(m) 2
of the electric fieldE, for any number of RF subcarrieks (IMD>) o2 QG V2 Jo(m) CO“”]
The following results were obtained with the phase § ], (m)71?
configured to produce optical lower side band aritth wqual 3 (Iol\r/ldgsr)"v' e+ G229 Jo(m).
values of OMI per subcarrien. The frequency of the optical we - QE2Q 0
carrier is denoted as.. The frequencies and phases of the e+ Qi+ Q+ O T m)1
subcarriers are written a@; Q,....Qy and 6y, 0,....0n Triple beat we + Q- Q- Qi Jo(m).
respectively. A single expression can be used lulzde the (IMD 3g) e - Q- Q- O 0
amplitude of any fundamental tone, harmonic o o - Qi+ Q+ O
intermodulation product Eqy o «v  Whose frequency is Formulas valid for m << 1
(wtk 1 Q1+koQo+. ... +kyQy), Where ki, ks, ..., ky are arbitrary

TABLE Il

integer numbers reflecting the nature of the sigmajuestion.
This contribution is given by:

NORMALIZED NLD POWERFOLLOWING PHOTO-DETECTION
(9, Q, AND Q, ARE THREE ARBITRARY SUB CARRIER FREQUENCIES

Bk, = E

N N N 3)
Em Mm)) os(’y 1+ ) K,)) [os(p+ 7(3 K))

N .
EI—| eJ(k‘(ﬂ-z))
i=

where J,(m) stands for thenth order Bessel function of the

first kind andE; is the amplitude of the optical carrier at the

input of the OIQM. To calculate the total contrilout at a

desired frequency it is necessary to add all thmpmments
that fall on it. For the reference frequency pléundied here,

Distortion type Distortion frequency Formula
Second harmonig
20, 0
(HD,)
Third harmonic J5(2m))]*
30
(HDy) J1(2m)
2
2" order IM +Qi- Q [ﬁ L@m) cot 2¢]
Jo(2m)
(IMD>)
+Qi+ Q 0
rd 2
3% order IM 0429 []Z(Zm)
(IMDs) Jo(2m)
Triple beat 1.(2m)1*
Q +0Q +Q — 7
(IMDse) e [Jo(zm

the contribution of the first fundamental tone @-£2;) would
which would fall on {-Q,), would be given byEyg10.1

Proceeding in that way, the individual nonlineastditions
can be calculated and are shown in Table I.

For a direct detection scheme envisaged herengéessary
to obtain the distortion in the detected photoaurtewhich is
proportional to the square of the envelope of thextacal
field and is given by:

| = Eg‘2(1+ %(cos(z mi3(t) + 2¢9) + cos(2mi(t) + 2(0))j (4)

wheres(t) is equal to the sum of all the tones (normalizetth wi
amplitude 1) that are applied to one RF port &ftJ is its
Hilbert-transformed pair s(t) shifted 90 degrees) that is

Formulas valid for m << 1

C. CSPR as a function of the bias point

In any direct detected SCM system, the CSPR willetel
on the number of electrical subchanngland the OMI. From
(3), CSPR can be calculated including all the gigant
contributions from the fundamental tones and digins. The
accurate CSPR was obtained for the reference frayuglan
and is shown in Fig. 3 for two different values wf A

simplified model, neglecting NLD, can be used tdaab an

approximate value considering only fundamental $one

|

E¢
NE?

-1
2N

Jo(M)
Jy(m)

CSPR= cot(¢)} (5)



whereEc is the electric field of the optical carrier aBeis the
electric field of any fundamental tone. This appnoation has
been employed previously [12] but its accuracy wwexd
analyzed. Table | shows that in the electric fieldhe main
contributions of NLD come from HPand IMD, being

shown in Fig. 3, diverges clearly aroupdak However, for
the bias points of interest in DD systems, betwgasdrature
andnull, the approximation is valid, especially for lowlues
of m (error less than 0.3 dB froquadraturein this example).
The curves in Fig. 3 also show the CSPR that isinbt
with the most significant terms dfobtained from (4). Apart
from the area around the null point,

present a relationship that can be manifested mdifferent
ways depending on the nature of the IMD. All theesacan be
divided into two groups: systems where the desioegs are
only interfered by CTB and systems where at |least af the
subchannels is interfered by CSO. The first casgpérs
maximum atpeakbias point and canceling while approachingvhen the frequency plan ensures that CSO is netféertng
thenull. For that reason the approximated CSPR, whicts a (Ncsg=0 for all the electrical subcarriers), thus NLD is
composed only of CTB and is constant irrespectivdlyhe
bias point. This is achieved when there is a guaadd
between the optical carrier and the first subcaegual to at
least half of the total spectrum as in DD/OFDM [D5]some
CATV schemes [16]. This particular case is simpbeanalyse
and for a given OMI the optimum bias point would be

CSPR can babtained when CSPR is equal to one, as it has been

approximated by measuring the detected photocurast experimentally shown [17]. Strong clipping appearsthe
adding 3 dB. This technique will be used to meas€I®®R in signal but it does not have a detrimental effeatalee its
associated distortion translates into CSO and fallthe part
of the spectrum where no desired subcarriers asept. A
deeper analysis, like the one presented in the segtion

the experimental section as direct measurementtipossible.
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Fig. 3. Accurate and approximated CSPR for an S@B/Systentompose
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It can be concluded that, as expected, CSPR dexsaehen
the bias point moves towardsull. Different bias points
produce different partial carrier suppression while power
of the transmitted tones remains the same. Thugdsiog the

CSPR, and neglecting NLD, the subchannels could |

received with the same quality with a lower recdiaverage
optical power, thereby improving sensitivity. Hoveeyas it is

severely impaired due to NLD when the bias poiranges.

D. NLD as a function of the bias point

From Table 1l it can be confirmed that the mostitiing
NLD in the detected photocurrent are second order
intermodulation and triple beat (CSO and CTB whérthe
intermodulation products are considered). Fig. dwshboth
distortions for two values of OMI. Whereas IM{Ddepends
only on m, IMD, varies with the bias point cancelling at

would be required to find the optimum OMI. The sedt@ase
happens when there are low frequency subcarriersnas
broadband SCM [4] or in the reference examplehla tase
there is a trade-off between CSPR and NLD: biasloger to

null improves CSPR but at the same time CSO increases
sharply. A mathematical analysis of the systenmeguired to
obtain the sensitivity at the receiver as a fumctid the bias
point so that the optimum bias can be found.
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quadratureand worsening sharply if the bias point changes. [F19-5- SCM/SSB scheme with a pre-amplified optiegkiver.

both cases higher valuesrofgive rise to higher distortions.
The previous results have illustrated the combinethvior
of CSPR and NLD as a function of the bias pointthBerms

E. Optimum bias point

The study was based on an SCM link composedN of



subcarriers and with a pre-amplified receiver asashin Fig. BER=10°) that can be achieved changing the settings. Mpvin
5. This receiver consists of an erbium doped fibmplifier the bias point towardaull, the sensitivity improves notably
(EDFA), a photo-detector and an RF demodulator. until CSO is comparable to the optical noise fldeéwr a value
The average optical powéjy at the input of the receiver of m=0.055, there is an optimum bias poigt{.1 rad), where
required for a given quality facto®r is mathematically a sensitivity gain of almost 4 dB with respectmdratureis

derived in the Appendix A: achieved. This gain is very sensitive to change$ iit is
reduced to 3 dB a$=1.175) andm (3.5 dB with m=0.06).
P 4Q2FhvB, ©) From that point sensitivity improves whikincreases and the
IN

bias point moves towardguadrature This effect occurs
because CSPR improves with a higher OMI and CS@stém
cancel while close tquadrature A gain in sensitivity of 8 dB
is observed fom=0.15 with respect to=0.055 atjuadrature
However, while m increases, the impact of CTB on
subchannel 4 also increases, as shown in Fig. 7.tHad
channel, as CTB is constant regardless of thefduag, a gain
in sensitivity is always achieved when moving thasbfrom
guadraturetowardsnull. For m=0.055, the gain in sensitivity
- V23471 (2m) 3, (2m)sin(2¢) (7) at the optimum bias point of subchanne#1.1 rad, is 6 dB
¢ 1+ JON (2m) cos(2¢) ' with respect taqquadrature Whenm increases, CSPR reduces
and CTB increases, resulting in better sensitivittil the
As the only sources of noise and distortion consideare level of CTB is comparable with the optical noiseof, as it
ASE and NLD, Py in eq. (6) represents the minimumhappens atm=0.2. From that value, further incrementsnof
sensitivity that is theoretically achievable in aP$XK resultin aloss in sensitivity.
SCM/SSB link implemented with an OIQM and a pre-
amplified receiver. Subchannel 4
The gain in sensitivity that can be achieved byyvay the ' ' '
bias point depends on NLD. This distortion is diffiet for
every subchannel because it is determined by diftevalues

- I;(:I-_QlE (NCSOIMD 2t NCTBIMDSB ))

where F is the noise figure of the EDFA) is Planck’s

constant,v is the optical frequency anB. is the electrical
bandwidth of the baseband channel at the receiygr.
represents the dependency of the amplitude of wheasrier

on the bias point:

of Neso and Ners. Therefore, depending on the nature of th %
link, the optimum bias point is given by either tneerage bit 5
error rate (BER) or the BER of the worst case ckanfhe g
second condition is the strictest and is usedisahalysis. 2
w2
9 Subchannel 1
N
S \ — 111=0.055 , ‘ ‘ .
7t \ === m=0.15 1 0.8 0.9 1 1.1 1.2

%\ | 1 Bias point (¢ rads)

El 6 \ Fig. 7. Gains in sensitivity fo-=6 with respect tguadratureandm=0.05¢

& 5t 1 4 for a subchannel distorted by NLD £&=0 andNcrg=4) in a five subcarri

= QPSK SCM/SSB link consisting on an optical IQ madol and a pre

ER \‘ 1 amplified receiver (F=5dB~=193.4 THz B=2.7 GHz).

A 1 The previous analysis can be applied to achievanom
2r ‘ sensitivity in any SCM link using an OIQM. The inéince of
1r i the bias point can be summarized with two effdetstly, for
0 : " s : a given OMI, it is possible to find a bias poinffelient to

08 0o 1 11 12 quadrature and closer tonull where overall sensitivity
Bias point (¢ rads)

Fig. 6. Gains in sensitivity foR-=6 with respect tgquadratureandm=0.05¢ improvgs. Secondly, as the OMI increases, thisnmm .bias
for a subchannel distorted by NLD ¢&=3 andNcre=2) in a five subcarrit point will be closer taquadrature In the following section a

QPSK SCM/SSB Iin_k consisting on an_optical IQ maedori and a pre  real scheme is used to validate the predicted gains
amplified receiver (F=5dB=193.4 THz B=2.7 GH2). sensitivity and to show the described trends. TVerall link
These results will be particularized for the refee design performance is determined by the combined behawior
considering only subcarrier 1, as it is the moseaéd by among others, the OMI, the bias point, and theoperénce of
CSO (Ncs=3 andNcrg=2), and subcarrier 4, as it is the mosthe optical and RF components in the bands of &ee.
interfered of the channels affected only by CTB4s=0 and different system design level objectives, differamdividual
Ncre=4). Consideringquadratureand a low value ofn as the parameters may be required. On many occasions GMI i
initial point, Fig. 6 shows the gains in sensitv{for Q==6, Maintained small to guarantee low intermodulatigstodtion



but this behavior can cause loss in sensitivityis ®ifect can and null. Sixteen levels of intensity were selected. Fazhea
be overcome with an increase in the OMI of the aighut bias setting of these sub-MZMs, the bias point h& third
that requires a higher power consumption of the RMZM (that combines the optical outputs of the patabnes)
components. As power consumption is usually a mague, a was adjusted to achieve the best suppressed sidd ba
lower value of OMI can be used accompanied withias b rejection (SSR). In Fig. 8 the optical spectrunoné of these
closer to null to achieve equivalent sensitivity realizations is shown, where an SSR of 20 dB can be
observed.
[ll. EXPERIMENTALRESULTS

The experimental setup was a five carrier SCM/QPS
system with the electrical transmitter and receieguivalent 135
to that shown in Fig. 2. The 1Q mixers were off-gielf 519
monolithic microwave integrated circuits. SCM/QP3tas .77
been previously reported [18] but employing two uleg Aa34]
mixers and microwave circuitry instead of the imt&ggd 1Q e
mixers used in this work. The baud rate per submawas
1.35 Gbaud, making a total data rate of 13.5 Ghit'severy
optical channel. An FPGA was used to generate matief 2°
bits. The data streams were low pass filtered thuge the
spectrum of the signal to the first lobe of a sfooction. I
Imitating the reference design that was studieddation II, Rekirmywre i i LR mp— Py — ——

the employed RF |Ocal OSCi”atorS (LO) were evemics .APB(Tanhnnlngi?s(mmmapei-tcnmj ) Optical .Spectmmﬁnalysis 586_2443'_1_0_9_d_1r )
Fig. 8. Optical spectrum obtained with m=0.055 aina of the sixteen bi

of the_ data rate (from 5.4 t(_) 16.2 GHZ_)' ot_)taingsmgl an  points analyzed. OLSB with an SSR of 20 dB is agde CSPR = 15.7 dB.
electrical comb and appropriate demultiplexingefit Thus

no guard band was introduced between subchanndighen B. Agreement with the model: measured CSPR and,IMD

total energy of any intermodulation product distdronly one  The theoretical analysis concluded that CSPR arid, |ate
subchannel. No digital signal processing (DSP) ritlgms  the two key parameters to determine the optimurs paant in
were employed to compensate the impairments of tk@ SCM link implemented with an OIQM. These pararset
analogue components. The electrical signal wasiexppb a were measured experimentally to verify the agreemeéth
thin film polymer OIQM [19] with a bandwidth of 2GHz the model obtained with the employed OIQM. For this
andVr of 2.5 Volts. particular device the bias is established with tamtscurrent
The setup was completed in two different configorst instead of voltage, thus the measurements willresgnted as
depending on the parameter to be measured. Battfunction of bias current. The tests were perfarmih the
configurations will be described in the next sewsioTo make configuration shown in Fig. 9. At the output of tléQM a

the experimental results comparable with theorjias to be Variable optical attenuator (VOA) was included prio an
redefined for the case of real data. When a moedlatEPFA. The gain of the EDFA was maintained constmd

the VOA attenuation was modified to ensure the sapieal
power at the input of the EDFA for all the bias riei that
were analyzed. With this method the measurements at
different bias points were taken under the sameitons.

Powver © dBm

-3 45+
-38.05+
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electrical subcarrier presents an rms voltageVgfis the
experimental rms OMI is:

m =7 Veus (8)
AY)
"
It should be noted that the peak to average paago )')' il \\

(PAPR) of the final signal will depend on the OMumber of ! o>—

subcarriers and the particular relative phaseb@fttibcarriers é — >
when they combine. However, theoretically, syster VOA EDFA |
performance will be determined by the rms powether rms — IQ Modulator =

OMI of the final signal,mVN, regardless of the individual
phases and the PAPR that arises. Obviously it babet . . . .
ensured that the rest of the components in theesystan 10 investigate IMD a discrete photo-detector with a

handle that PAPR value without including additionaPandwidth of 20 GHz was employed. Its output wasnested
nonlinearities. to a spectrum analyzer. In the transmitter only fitet (5.4

) ) GHz) and the fifth (16.2 GHz) electrical subcasierere

A. Bias points activated such that the second order intermodulgti@duct

The system characterization was carried out byirigahe for this frequency plan falls at 10.8 GHz. Fig.ill@strates the
two parallel sub-MZMs of the OIQM to get equal imééy measured and theoretical IMDthat were obtained for a
from them, and then varying these bias levels betvpeak modulation indexm=0.15for the different bias points. A trace

Fig. 9. Setup employed in the characterizatiorhefdptical modulator.



from the spectrum analyzer after the photo receisealso

detected photocurrent (excluding the area aroudiyl. Fig. 11

shown. A good agreement between theory and measntem illustrates the accurate theoretical value andikasurements

is observed. The discrepancy with the peak of lle®retical
value is due to the fact that the minimum distertibat could
be measured was limited by the noise floor. Withidovalues
of OMI this limitation is present in more bias pirand for
that reason those measurements are not shown. rékimys
result confirms that biasing at a point differemtquadrature
translates into a meaningful increase of CSO. la tiext
section it will become clear that this impairmerdgncbe
balanced with the associated improvement in CSRRdives
rise to overall sensitivity.

Electrical spectrum
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Fig.10. Second order intermodulation distortion. aglerements perform
activating only the first and the fifth carriand measuring the distortion
the third onem=0.15. Electrical spectrum at one of the measuresnent
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Fig. 11. CSPR: theoretical and measured. Fivéezarm=0.055and 0.15.
Photocurrent at two different bias points: quadeand point B.

for m=0.055 andmn=0.15. A good agreement between theory
and the experiment is observed. For the case oér@MI,
the picture also shows the photocurrent at two lpi@isits:
quadrature(Q in the figure), where IMPpresented its lowest
value, and point B, the closest to the optimum thais
identified in the theoretical section fom=0.055. The
improvement in CSPR at point B is 5 dB relativetoand the
optical peak to peak modulation depth approachesy un
(roughly from 2/4 to 4/5), making this point mongtable for

an efficient transmission.

C. Effects of CSPR and NLD on channel performance.

This section shows how the CSPR and NLD inducethey
OIQM influences the performance of electrical chelarin the
communications system. The results are taken witetap
similar to that shown in Fig. 5, simulating thedes in the
fiber with a VOA so that dispersion effects are osed. The
gain of the EDFA in the transmitter is fixed to aipt 10 dBm
at the output. The gain of the EDFA at the receiiger
regulated to guarantee the sensitivity in the baselelectrical
receivers irrespective of the incoming optical pow&he
measurements were focused on two carriers, subehdnio
observe the effects of CSO and subchannel 4 toysmahe
effects of CTB. The modulation index was0.055 and two
bias points were analyzed) and B. BER versus received
optical power were obtained in two different sitoas:
activating only one electrical carrier so that ndD was
produced, and with all the carriers on and NLD eng¢sn the
system.

CSO effects at carrier 1 O Q. single carrier, m=0.055
2 ' ' o Q, multi carrier, m=0.055
W B, single carrier, m=0.055
37 VV ... QQ @ B, multi carrier, m=0.055
. V Q, multi carrier, m=0.15
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Fig. 12. BER vs. Optical input power at the reeeifor the first electricz
carrier. Two different bias pointQ andB. Measurements obtained with
or five active carrieran=0.055and 0.15.

The performance of the first subchannel can bergbddan
Fig. 12. As expected, the influence of the interoiation
products is more severe when biasing closer toatyibintB.

For the measurement of the CSPR, the phOtO-detef.:tar At Q, CSO is Cance”ed, so there is On|y a minor difibee in

digital oscilloscope was used. CSPR was obtainedttfe
detected photocurrent as the square of the ratioees the
DC component and the rms value of the AC signa. Bi
showed that a good approximation of the optical R$Buld
be obtained adding 3 dB to the value obtained wtité

performance when all the channels are active {fems 1 dB).
However, when biasing &, the NLD coming from CSO
causes a penalty in performance of up to 5 dB. iDedbe
higher penalty due to NLD, a sensitivity gain ofiB can be
observed at point B with respect to Q, for a BERL1iM



agreement with the theoretical prediction.

A similar analysis was done for the fourth carréerd is
shown in Fig. 13. CTB is independent of the biamfp@s has
been illustrated in Fig. 4. Due to the low valueGdfB for this
OMI, the difference that can be observed betweensthgle
and multicarrier cases is small and, as expecsediniilar at
both bias points. The gain in sensitivity due te tietter CSPR
at point B is 6 dB with respect to Q, as predidigdheory for
a BER=10' (similar to the prediction for a BER=Tp

’ CTB effects at carrier 4
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Fig. 13. BER vs. Optical input power at the reeeifor the fourthelectrica
carrier. Two different bias pointQ andB. Measurements obtained with
or five active carrieran=0.055and 0.15.

D. Effects of increased OMI.

According to the theoretical study for OIQM-baseGN
systems, the behavior of the sensitivity can be rsarized
with two trends. For a given OMI, there can be @tinoum

bias point different toquadrature, where the channel mos

affected by CSO determines the gain in sensitieitthe link.
This effect has been verified experimentally in firevious
section. The second trend shows that it is possiblmprove
sensitivity by increasing OMI and biasing closer

detrimental effect for the channels affected by CTBis
behavior is showed in this section.

The effects of CSO on subchannel 1 shown in Figal$g
include the performance for the case of increasktl With
m=0.15 biasing atjuadrature The higher value afn induces
a better CSPR and the bias @adrature cancels CSO,
resulting in a gain in sensitivity of 9 dB with pext to the
lower OMI, consistent with the 8 dB predicted bgdhy. On
the other hand, the behavior of channel 4 showrign 13
includes the same case of increased OMI while fgasit

IV. CONCLUSIONS

SCM is a reliable multicarrier technique that ispboyed in
multiple schemes, usually combined with SSB to iobta
increased tolerance to dispersive fading. The nmadiieal
study of SCM has been extended by analyzing theMDIgn
ideal choice in the transmitter because, unlike eoth
alternatives, both SSB and carrier suppressiorbeasbtained
directly without external components by adjustitg tbias
points.

When the frequency plan ensures that the subchamanel
only affected by CTB, CSPR can be modified withadting
any impairment in the subchannels. When at leastafrthe
subchannels is interfered by CSO, a trade-off betw@SPR
and NLD is present. The developed mathematical ncale
be used to determine the optimum bias point andigir¢he
gains in sensitivity that can be achieved for esedychannel.

Experiments have been conducted with a scheme
components that ensure subcarriers are locatediléiplas of
the data rate, which makes it ideal for an accwsatdy of the
effects of intermodulation distortion. The thearati
predictions have been validated measuring CSPR,,Nidd
their effect on the performance of channels. Thesisgity
gains that can be directly achieved with OIQM prdhe
suitability of this device to improve the power lgetl of
SCM/SSB links without incurring additional costs.

APPENDIXA

This appendix shows the mathematical derivationthef
sensitivity required for a desired quality fact@: in a
SCM/SSB link composed of an optical 1Q modulatopre-
amplified receiver (see Fig. 5) ahdQPSK subcarriers.

This receiver consists of an erbium doped fiber ldiap

t(EDFA) whose gain i€, a photo-detector whose responsivity

is Rand an RF demodulator. The average optical potvitrea
input of the receiver can be obtained as the DCpaorant of
the photocurrent detected with a responsivity dfrbm (4):

to
guadrature but at some point this process will have a

P, = (A.1)

IDC

= %(1+ 32 (2m) cos(29))

whereE; has been normalized to 1. The amplitude ofkihe
electrical subcarrier at the detected photocurcam also be
obtained from (4):

V2

A = RG?JON'l(Zm)Jl(Zm) sin(2g). (A.2)

quadrature. It can be seen that the increment irB CTro calculate the sensitivity of the link, the degec

associated to the higher OMI resulted in a lossesfsitivity
with respect to the case of lower OMI for all BEBIdw 10°.
This penalty occurred with an OMI lower than thapected

from the theoretical predictiormE0.20). This is due to the

fact that the model included ideal electrical 1Qxems. In

practice, as these components are designed forrlowe
bandwidth signals [20], the use of higher ratesdi@es into a

significant eye closure that can appear like ineeea\LD.

photocurrent must be rewritten makify, an independent
variable:

N
| = RGP, (1+ D1,c08(Q,t+6,) + NLDj (A.3)
k=1

whereQ, anddy are the frequency and phase of the subcarrier

and



and |, represents the dependency of the amplitude of the

subcarrier on the bias point:

_ ~/23)7(2m)J, (2m)sin(2¢)

(A.4)
¢ 1+ 3} (2m) cos(2¢)

Thus, the amplitude of tHeh subcarrier can be written as:

|, = RGP, |

o (A.5)
In the described link, neglecting NLD, the main rs@u of

noise will be amplified spontaneous emission (A8&ning

from the EDFA. After demodulation the contributioh this

noise will be [4]:

04 = 2R°PG(G -)FhuB, (A.6)
where F is the noise figure of the EDFA) is Planck’s
constant,v is the optical frequency anB. is the electrical
bandwidth of the baseband channel at the receiyeder a
Gaussian approximation the time averaged secondttard

order intermodulation current power [21, 22] is edidike
noise as in [11]. Thus the absolute contributioNbD is:

2 _ 2 2 _ IMD, IMD3B) 2
Onwp = OcsotOcrs = (Ncso 72+t Nerg =22

2 (A7)

The quality factorQr after the RF demodulator for a QPSKI15]

SCM system is obtained with the following expreadi:

_ W21,
Qe = [ 2 2 )
2(\Opse * Onp )

After some manipulations and f@&>>1, the sensitivity for a
desired value of: can be deduced as:

(A.8)

4Q2FhvB,

Pn = — . ) (A.9)
I(p(l_QF (NcsolMDz + NCTBIMDSB))
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