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Abstract—Polarization-mode dispersion (PMD) can severely
degrade the performance of millimeter-wave fiber-optic links by
inducing a power fading penalty of the received signal that is
dependent on the subcarrier frequency and accumulated PMD
along the fiber. We experimentally investigate the statistics of
PMD-induced power fading as a function of the differential group
delay (DGD) for intensity-modulated double- and single-sideband
subcarrier-multiplexed signals in the absence of chromatic dis-
persion. We find a similar susceptibility to PMD-induced power
fading for both modulation formats with a subcarrier frequency
of 7 GHz using a PMD emulator with a Maxwellian distribution
of DGD (average DGD ~40 ps). A significant improvement
in the worst case power fading penalty £20 dB) is achieved
by using an electronically controlled polarization controller in
combination with a single section of polarization maintaining
fiber in a dynamic first-order PMD compensator. Furthermore,
the results of numerical Monte Carlo simulations support the
measured data and show the scalability of PMD-induced power
fading for subcarrier-multiplexed signals in the microwave and
millimeter-wave region.

Index Terms—Double-sideband modulation, microwave
photonics, optical fiber communication, PMD emulator, polariza-
tion-mode dispersion, power fading, single-sideband modulation,
subcarrier multiplexing.

|I. INTRODUCTION

OLARIZATION-MODE dispersion (PMD) is one of the
critical challenges in next-generation millimeter-wav
fiber links after the successful mitigation of chromatic dispe
sion effects, by inducing a severe power fading penalty resul
in a potential loss of the recovered signal. The cause for P
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the fiber core. In an ideal symmetrical fiber, the state-of-po-
larization (SOP) of an optical wave can be represented as the
superposition of two indistinguishable orthogonally polarized
modes with the same propagation constants. However, the loss
of circular symmetry in real fibers gives rise to two distinct
orthogonally polarized modes with different propagation
constants causing a difference in the group velocities [1]. This
differential group velocity can be described by the differential
group delay (DGD), i.e., first-order PMD, between the two
orthogonal principal-states-of-polarization (PSPs) of the fiber.
Due to random variations in the perturbations along the fiber
span, the average DGD accumulates in a random fashion
with a square-root of transmission length dependence and a
Maxwellian probability distribution [2]-[4]. Furthermore, the
perturbations vary over time due to temperature and other
environmental changes causing a random fluctuation of PMD
along the fiber link [5]. Although present-day fibers have PMD
values~0.1 ps/km/2, much of the fiber installed throughout
the 1980’'s has PMD values ranging from 1 to as high as
10 ps/km/2. Therefore, the PMD characteristics of short spans
of legacy fiber in an optical network can cause a negative
effect in system performance by inducing a stochastic and
dynamically changing degradation of high-speed digital base-
band data channels [6], [7]. Transmission of analog and digital
subcarrier-multiplexed (SCM) signals over fiber will also be

%everely affected by PMD [8], although its statistical impact
n scm signals has not yet been investigated. Therefore, it

imperative to examine the fading characteristics for SCM

: . ) ) . . nals using a realistic PMD source that closely approximates
is the unintentional circular asymmetry of optical fiber due tﬁqg v Y app

noncircular waveguide geometry or asymmetrical stress aroun

statistical nature of PMD in single-mode fiber.

he DGD between the fast and slow PSP of an optical side-

band in a SCM signal causes a phase difference in the corre-
sponding received subcarrier signals in the photodetector, as
shown in Fig. 1. Superposition of the photocurrents may lead

io serious power fading of the recovered subcarrier signal due
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uency, accumulated DGD, and optical power splitting ratio
etween the PSPs [9]. The PMD-induced fading penalty in a
microwave fiber link is essentially dependent on the subcar-
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of high-speed optical baseband transmission systems, and not
the data rate of the SCM signal itse Gb/s). Such an optical
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Fig. 1. PMD induces a DGD between the fast and slow PSP of an optical DGD (ps)
sideband, causing a phase difference in the corresponding received subcarrier
signals in the photodetector. Superposition of the photocurrents may lead to (b)
serious power fading of the recovered subcarrier signal. Fig. 2. (a) The PMD emulator consists of 15 sections of PM fiber of varying

length with polarization controllers distributed between them. (b) Measured
. . DGD pdf for the 15-section emulator. Solid line shows ideal Maxwellian
link may accumulate PMD values 6f10 ps over a 100-km dis- distribution.

tance leading to a significant fading penalty for the transmitted
millimeter-wave signals. Furthermore, higher order PMD, such
as polarization-dependent chromatic dispersion and depolariz: 4
tion effects, can cause additional distortion and degradation o VD
the transmitted signal [10], [11]. sl

PMD-induced power fading is similar to the fading that
occurs in conventional intensity-modulated double—sidebanclsso_2nm g
(DSB) systems due to chromatic dispersion [12], [13]. Although
it has been shown that single-sideband (SSB) transmission i
relatively immune to chromatic dispersion [14], it is unclear
whether SSB intensity modulation is also beneficial in reducing
PMD-induced fading.

In this paper, we experimentally and numerically investigate
the statistics of PMD-induced power fading as a function of
DGD for DSB-SCM and SSB-SCM signals using a realistic
PMD source. Section Il describes the experimental setup in
cluding the 15-section PMD emulator to conduct the measure
ments. In Section Ill, we present the results of our measure
ments for DSB and SSB intensity modulated subcarrier signal:
under high PMD conditions (DGD-40 ps) with and without
first-order compensation. Results from numerical Monte Carlo
simulations for both modulation formats in the microwave and
millimeter-wave region are shown in Section IV.

EDFA<7
Subcarrier

Attenuator

Il. EXPERIMENTAL SETUP 1st-order PMD Compensator

Itis critical to accurately emulate the PMD characteristics %g. 3. Experimental setup to evaluate the statistics of PMD-induced power
real embedded fiber systems to ensure a correct assessmeridbf. (TL: tunable laser; 90 phase shifter; PC: polarization controller; OF:
the PMD impairments for the DSB-SCM and SSB-SCM modtical filter; Rx: receiver).
ulation formats. One important characteristic of such an emu-
lator is its ability to approximate the Maxwellian distributionan average PMD 0f-40 ps [16]. The measured DGD proba-
of DGD. Fig. 2(a) shows the PMD emulator composed of 1&ility density function (pdf) for the 15-section emulator is shown
sections of polarization-maintaining (PM) fiber with nine poin Fig. 2(b). A good agreement with the Maxwellian DGD dis-
larization controllers (PCs) distributed between the sectionsttibution can be observed by changing the polarization coupling
realize different polarization coupling and, therefore, enablebatween the PM fiber sections in a random fashion.
close emulation of the Maxwellian distribution of DGD [15]. Fig. 3 shows the experimental setup used to compare DSB
The length of the PM fiber sections are chosen randomly, wiind SSB modulation formats under high PMD conditions. Be-
an average o~7 m and a 20% Gaussian deviation, to generasides conventional DSB intensity modulation using an external
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single-electrode Mach—Zehnder (MZ) modulator, SSB modula-
tion is achieved by employing a dual-electrode MZ modulator
and driving the second input with a 9phase-shifted copy of

the subcarrier signal input to the first electrode [17]. Both ex-
ternal modulators are biased at the quadrature point. The inpt
signal to the following PMD emulator can be selected between
the modulated signal and the PMD analyzer output to either in-
duce PMD onto the subcarrier signal or to measure the actus
DGD value of the PMD emulator, respectively. The PMD ana-
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lyzer uses a tunable laser in the same wavelength region as tt DGD (ps) DGD (ps)

subcarrier modulated light (1550.2 nm) to determine the DGD @

value of each emulator state. Different emulator states are gen- O e e

erated by randomly changing the polarization coupling inside . f *"-m,&“% W—*};‘w ]

the emulator using the distributed PCs. 8 \ / Ve
The subcarrier signals can be detected directly without g '10: \ !/ \ / ]

any compensation or after traversing through a first-order 2 Vg \ / ]

PMD compensator by selecting the corresponding optical pathg 200

before the receiver. The dynamic first-order PMD compensator-g _ | |
consists of an electronically controlled PC followed by a E i E
24-m-long section of PM fiber with a DGD 642 ps [18]. %
Some of the light is detected after the PM fiber to generate a
feedback signal by mixing the received subcarrier signal with DGD (ps)

itself. The electronically controlled PC maximizes the feedback (b)

Slgnal,- Wh!Ch IS propor'.uon_al to the .recejlved Scharr_'er poW%’ig. 4. Normalized measured subcarrier power versus DGD for 350
by optimizing the polarization coupling into the PM fiber. Thendependent polarization samples using DSB and SSB intensity-modulated
received compensated and uncompensated subcarrier pcﬁM@?afFiEFf_SignaLSﬂuE e 7 GH2). (a) Witgot!; Cl‘?mpensaﬁon- (5’) Withh

. . . namic first-order compensation. Oll ine corresponds to the
is measured for each emulator state using qual optlcal po " bretical fading curve for equal polarization coupling into the PSP for
levels at the photo detector. Note that there is no chromatigt-order PMD (i.e., DGD).

dispersion present in the setup.

DGD (ps)

] B LA
Comp. "V
. AA X
I1l. EXPERIMENTAL RESULTS E —
4
We measured the received subcarrier power and the corren“:% 5 No
sponding DGD values for 350 independent polarization sam- 2 ¢ Comp.
ples by randomly changing the polarization coupling inside the 7
PMD emulator for DSB and SSB intensity modulation using a 3

7-GHz subcarrier. Fig. 4(a) shows the normalized received sub
carrier power versus DGD for DSB and SSB formats without
compensation. The solid line in each figure plots the maximum _ _
theoretical fading curvefor a 7-GHz subcarrier for equal polafs, 5 Nessues, PER, v [ecenes ooeal bover o 155l
ization coupling into the PSPs for first-order PMD (i.e., DGDjst-order compensation. Measured DGD value of the emulator statdsps

only. In this case, the received subcarrier power is proportiorial both modulation formats. The insets show a recovered eye diagram at BER
to C052(7r . fsub' DGD), with fsub being the subcarrier fre- = 10—° for both formats with first-order PMD compensation.

guency [19]. For an infinite number of samples, the data points

of the measured subcarrier power would fill out the area insidaleband is present. Using the dynamic first-order compensa-
the theoretical fading curve with only DGD present due to th@n technique, the worst case fading penalty can be reduced by
random polarization coupling into the PSP’s. The combinatien20 dB to less than 5 dB for both modulation formats, as shown
of DGD and higher order PMD can lead to data points outsidie Fig. 4(b).

the theoretical fading curve, exhibiting significant fading penal- A 155-Mb/s binary data channel is up-converted to a 7-GHz
ties (>20 dB). This clearly indicates the importance of using microwave subcarrier in order to generate a binary-phase-shift-
realistic PMD source with a Maxwellian DGD distribution andeyed (BPSK) SCM signal. The SCM-BPSK data is optically
higher-order PMD effects. The DSB and SSB intensity modtransmitted using DSB and SSB intensity modulation. The DGD
lated signals exhibit a similar sensitivity to PMD-induced poweralue of the PMD emulator is adjusted to approximately 40 ps
fading. Unlike for the case of chromatic dispersion, SSB moth measure the performance of both modulation formats with
ulation does not avoid a fading penalty since the PMD effecésid without first-order compensation. Fig. 5 shows the mea-
apply directly to the single optical sideband which is split intsured bit error rate (BER) versus the received optical power
the PSPs, causing serious power fading even if only one optiéal the DSB-SCM-BPSK and SSB-SCM-BPSK signals. The

-33 -32 -31 -30 -29 -28 -27 -31 -50 -2I9 -2.8 -2I7 —2‘6 -25
Received Optical Power (dBm) Received Optical Power (dBm)
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baseline is obtained without the PMD emulator. DSB modu-
lation exhibits a better baseline sensitivity ®2.5 dB due to
the different setup and modulators used for the two modulation
schemes. The power penalty without compensationli dB

for both formats, and improves 0.5 dB with first-order com-
pensation. Note that the PMD emulator is adjusted to be able tc.
achieve a BER of 10° without first-order compensation. Vari-
ations in the polarization coupling inside the emulator may lead = , .
to a large power penalty (without compensation) resultinginan o 50" 20 60 80 100 120 0
error floor for the BER measurements. DGD (ps) DGD (ps)
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IV. NUMERICAL RESULTS

Numerical Monte Carlo simulations using Maxwellian PMD
statistics were performed for comparison with the experimental
data. The system model follows the experimental setup with
DSB and SSB intensity-modulated subcarrier signals. The 2 |
PMD emulator is modeled as a concatenation of 50 DGD  jtbeeed —
segments of unequal length, each having a random DGD value 0 20 40 60 80 1001200 20 40 60 80 100120
with a Maxwellian distribution and a random PSP orienta- DGD (ps) DGD (ps)
tion (uniform distribution on the Poincaré sphere) [20]. The (b)

PMD vector grows in a random-walk-like process, therGfC"‘lﬂg. 6. Numerical simulations of the received subcarrier power versus DGD
generating Maxwellian PMD statistics including all-ordefor 10000 independent polarization samples using DSB and SSB intensity
PMD effects. Fiber chromatic dispersion and nonlinearitiggodulated subcarrier signafi(u, = 7 GHz). (a) Without compensation.

. . . . With dynamic first-order PMD compensation. Solid line corresponds to
are omitted. Exact first-order compensation completely elime theoretical fading curve for equal polarization coupling into the PSP for
nates the DGD in the PMD vector generated in the emulatérst-order PMD.
thus only higher order PMD is present before detection. The
simulations are performed for 10000 independent polariza-
tion samples for each modulation format, with and without
first-order compensation. 0

Fig. 6 shows the simulation results for PMD-induced power
fading versus DGD for a DSB and SSB intensity modulated
7-GHz subcarrier signal: (a) without compensation and (b) with
first-order compensation. The average DGD of the modeled
fiber link is set to 40 ps. The simulations exhibit a qualitatively ‘
comparable performance to the measured data for both format '8 _sof
with and without compensation. The 100 worst case samples2 |
for both formats, i.e., 1% of the samples, experiendel dB -40
of PMD-induced power fading without compensation and
>4 dB with first-order compensation. The power variances for
0.1% of the data points are24 dB without and~7.5 dB with
compensation for both formats (i.e., power penalty for the ten
worst case samples is greater than the power variance). Th@
larger maximum fading penalty compared to the measurement:
may come from the limited number of samples taken in the
experiment.

To show the scalability of the PMD-induced power fading in
the frequency domain, simulations were performed for 30-GHz
DSB and SSB modulated millimeter-wave signals. The average™ »
DGD of the modeled fiber link with Maxwellian PMD statis- -400 E '0 TRETRETa 6 P T T v
tics is reduced to 10 ps. The simulation results for the 30-GHz DGD (ps) DGD (ps)

DSB and SSB signals are shown in Fig. 7(a) without compensa- ®)

tion and in Fig. 7(b) with ideal first-order compensation. A sim-
ilar response to the PMD-induced fading can be seen compaﬁﬂj 7. Numerical simulations of the received subcarrier power versus DGD
to the 7-GHz subcarrier signals. In summary, an average Déﬁé 10000 independent polarization samples using DSB and SSB intensity

i ) " dulated subcarrier signaf.(;, = 30 GHz). (a) Without compensation.
value of <20% of the period of the subcarrier signats30 ps (b) With dynamic first-order PMD compensation.
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