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Polarization control is used in a tri-directional wavelength-reused system to reduce the
power penalty caused by coherent mixing of the signal with Rayleigh backscattering
noise. For a 25+25 km, 10 Gb/s tri-directional transmission system, the power penalty
is 4.0 dB under the worst polarization control and could be reduced to 0.4 dB under
optimal polarization control. The experimental results show that reusing the same
wavelength is an efficient and promising method for tri-directional lightwave systems.

Keywords wavelength division multiplexing, tri-directional transmission, wavelength
reuse, Rayleigh backscattering, polarization control

Introduction

Wavelength-division-multiplexed (WDM)–based optical networks are indispensable for
current and future high-capacity networking infrastructure. Compared with unidirectional
transmission, bi-directional transmission over a single fiber reduces the required number
of fibers and thus reduces the cost. Some of the new optical system architectures are
proposed using only one fiber for the transmission in both directions [1–2]. As the de-
mand on information capacity grows, tri-directional transmission will be another useful
solution for network design, signals interchange, and cross-connecting purposes. Conven-
tional systems use different wavelengths for counter-propagating WDM signals to avoid
overlapping the spectra. Although the Rayleigh backscattering (RB) can be reduced [3–5],
it will restrict the maximum spectral efficiency.
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We report the usage of an identical wavelength for counter-propagating to increase the
spectral efficiency in a bi-directional system [6]. If λ and λ′ are the counter-propagating
signals with the same wavelength in the reverse direction, the signal coherently mixes
with RB generated from the counter-propagating signals and thus induces homodyne
crosstalk at the receiver. However, no methods are suggested to reduce the power penalty
due to RB.

On the other hand, we found that homodyne crosstalk may induce a 1.5 dB power
penalty under a −20 dB interference signal [7], and ordinary homodyne crosstalk is
equivalent to backward propagating light due to discrete reflection as compared with
the distributed nature of RB. Thus, the penalty induced by RB may be one of the ma-
jor causes of degradation in bi-directional and tri-directional WDM systems, especially
when the identical wavelengths are used in each direction. In an optical network or light-
wave system, a tri-directional system may be equivalent to several bi-directional systems.
A tri-directional transmission may include wavelength cross-connect and/or wavelength
add/drop functions, while it seldom appears in a bi-directional system. In this article we
study the tri-directional transmission and use polarization control technology to reduce
the power penalty.

Rayleigh Backscattering Issues

Polarization control between counter-propagating signals can reduce the impact of RB-
induced homodyne crosstalk. It is based on the assumption that polarization mode dis-
persion (PMD) normally leads to the requirement of orthogonal polarization between
counter-propagating signals. If the counter-propagating signals follow the two orthogo-
nal principal states of polarization (PSP), PMD induces no distortion to each signal. In
this article we propose to use the identical wavelength in a tri-directional transmission
system. We study the possibility of controlling the polarization state of signals to reduce
the power penalty by theoretic analysis and experimental demonstration.

Figure 1. (a) Proposed tri-directional transmission module (TTM). (b) TTM in a tri-directional
transmission system.
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Figure 2. Simulated results of the RB effect against fiber transmission distance.

Figure 1a shows the proposed triangle box as a tri-directional transmission module
(TTM). It consists of at least three pieces of Optical Circulators (OCs). Figure 1b shows
the TTM in a tri-directional system where λa travels from point a to point b, λb travels
from point b to point c, and λc travels from point c to point a. Usually tri-directional
transmission is more complicated than bi-directional transmission. For example, in Fig-
ure 1b, when λa travels from a to b, the main interference signal from a to a′ is λc,
while from b′ to b is λb. Figure 2 simulates the RB effect against the fiber transmission
distance. The RB level varies with various fiber lengths without considering its polar-
ization state. For the propagation of λa from point a to point b, λc is the interference
signal in SMF1, while λb is the interference signal in SMF2. With the optical signals
launching into a proposed TTM, the total amount of RB is randomly distributed, that is,
it may be in any point of the Poincaré sphere. However, the statistical properties of RB
polarization depend on the launched polarization. If the Stokes vector of the launched
signal is (s1, s2, s3), for far-away RB, the total power in the direction parallel to (s1,
s2, −s3) is two times more than that in the orthogonal direction [8]. If the launched
signal is linearly polarized along the equator of the Poincaré sphere with s3 = 0, RB is
minimized in the orthogonal direction. Normally the laser output has linear polarization.
Controlling the counter-propagating signals into orthogonal polarization can minimize
homodyne crosstalk due to RB.

Experimental Setup

Figure 3 depicts the experimental setup to study a polarization-controlled, wavelength-
reused tri-directional transmission. A 10 Gb/s modulated signal with pseudo-random
bit sequence (PRBS), 231-1 non-return-to-zero (NRZ) data stream is used to modulate
externally a distributed feedback (DFB) laser at 1546.0 nm. After passing through an
erbium-doped fiber amplifier (EDFA), a variable optical attenuator (VOA) is used to
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Figure 3. Experimental setup: EDFA: erbium-doped fiber amplifier, VOA: variable optical attenu-
ator, OC: optical circulator, DCF: dispersion compensation fiber, BERT: bit error rate test set, PC:
polarization controller.

adjust the appropriate launched power level. The modulated signal is then equally divided
into four parts by using a 1×4 splitter. Except for one dummy port, the other three signals
are imitated as three partly counter-propagating signals with 0 dBm power level at points
a, b, and c. Note that λa , λb, and λc are the same wavelength of equal power. Three
polarization controllers (PCs) are used to adjust the polarization state of signals.

The components that λa pass through are single-mode fiber 1 (SMF1), optical circu-
lator 1 (OC1), OC2, SMF2, OC4, dispersion compensating fiber (DCF), VOA, receiver
(RX), then finally a bit error rate (BER) test set. The SMF1, SMF2, and SMF3 are three
spools of SMF of 25 km equal length. The fiber attenuation of SMFs is 0.2 dB/km. The
length between OC1 and OC2 is less than 2 meters so that the RB effect inside TMM
is negligible here. In SMF1 there is λc, with which RB noise degrades the performance
of λa . However, in SMF2, there is λc with which RB noise degrades the performance
of λa . The 10 DCF is 10 km and can be used to compensate the pulse dispersion
well. The receiver sensitivity is −18.5 dBm at a BER of 10−9. As for λa transmission,
the fiber interaction length is defined as the total distance of SMF1 + SMF2 that in-
duces RB. The port-to-port isolation and insertion loss of the OCs are 50 and 0.6 dB,
respectively.

In this experiment we assume that the RB is the dominated reflection in the fiber.
The power penalty is induced by homodyne crosstalk when two signals with identical
wavelengths (λa and λb, λb and λc, λb and λc) and propagating in opposite direction
with coherently mixed BER data are measured by varying the related polarization state
of λa , λb, and λc. The total length of SMF for either signal λa , λb, or λc is 50 km
(i.e., 25 + 25 km).

Results and Discussion

Figure 4 simulates the possible impact of RB signals λb, and λc induces homodyne
crosstalk to λa under random polarization. As λa travels from point a to TMM (i.e., in
SMF1), the crosstalk level of RB signal (λc) to λa ranges from −60 to −30 dB. Such
crosstalk has little impact on λa . However, as λa travels from TMM to point b (i.e., in
SMF2), the crosstalk level of RB signal (λb) to λa ranges from −45 to −20 dB. Such
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Figure 4. Simulation result of RB signals λc inducing homodyne crosstalk to λa in SMF1; and
the RB signals λb inducing homodyne crosstalk to λa in SMF2.

crosstalk level may induce a 1.5 dB power penalty to λa [7, 9]. Figure 5 shows the
simulated result of power penalty λa based on the best case of AC-coupled theory [9]:

P = −10 log [1–2 × 10 (εdB/20)] (AC coupled receiver), (1)

where εdB is equivalent to 10 log(ε) with ε indicating the component crosstalk in decibels.
When the fiber spacing (L) is greater than 20 km, P can be expressed as

P ∼ −10 log[1–2S0.5 + S0.5e−2αL]. (2)

The RB noise here is random polarized.
Figure 6 shows the measured BER of λa as a function of received optical power after

it passed through SMF1 and SMF2. Compared to back-to-back measurement, the power
penalty is 0.4, 2.0, and 4.0 dB for the best BER with PCs, random polarized without PCs
(or shorten as normal PC), and the worst BER with PCs, respectively. Without PCs, the
power penalty depends on the relative strength of Rayleigh backscattering and the signal.
With PCs, the BER is best when two counter-propagated signals are in the orthogonal
polarization state, whereas the worst BER occurs when two counter-propagation signals
are in the parallel polarization states. In the latter case, the noise floor of BER is around
1 × 10−9. We find that the measured power penalty (2.0 dB) in random polarization
without PCs is a little bit larger than that of the theoretic prediction of 1.5 dB. It may
due to the extra reflection noises of fiber connection.

Conclusion

In a tri-directional wavelength-reused system, launching counter-propagating signals
with orthogonal polarization—for example, using polarization controllers—can reduce
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Figure 5. Simulation result of power penalty on λa using the AC-coupler theory. The Rayleigh
back signal is assumed to be random polarized.

Figure 6. The measured BER results as a function of received optical power after 50 (25+25) km
SMF with or without the polarization controllers.
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Polarization Control Technique 281

the impact of RB. With DCF for dispersion compensation and polarization controller,
the result shows that the power penalty is reduced from the worst case of 4.0 dB to the
best case of 0.4 dB for a 50 km SMF in a 10.0 Gb/s lightwave transmission system. The
suggested interaction length of a tri-directional wavelength reused system is estimated to
be over 50 km under a general 1.0 dB power penalty criteria. The proposed technique
may find vast applications in WDM ring networks and tri-directional system where two
or more signals add-drop and interchange, and cross-connect functions are necessary.
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