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Abstract—This investigation presents a novel 50-GHz inter-
leaved bidirectional transmission system with eight wavelengths
that uses four-port interleavers in a bidirectional recirculating
loop. This bidirectional configuration shares optical components
in the fiber network and an interleaver is utilized to enable unidi-
rectional amplification in an erbium-doped fiber amplifier to block
noise associated with Rayleigh backscattering. After bidirectional
transmission through 500-km LEAF fibers in the recirculating
loop, power penalties of less than 2.5 dB were achieved at 10 Gb/s
for all channels.

Index Terms—Bidirectional add–drop amplifier, interleaver,
optical fiber communication, optical fiber device.

I. INTRODUCTION

FOR ANY multispan dense wavelength-division-multi-
plexing (WDM) system, optical components such as

transmission fiber and optical amplifiers represent substan-
tial cost. However, bidirectional transmission is an attractive
method for simultaneously reducing operating and mainte-
nance costs and increasing the bandwidth utilization of a single
optical fiber at the same time [1], [2]. One of the main diffi-
culties associated with a bidirectional transmission system is
the realization of bidirectional amplification, which typically
requires high gain, low noise figure (NF), and the elimination
of Rayleigh backscattering (RB) [3]. Possible approaches to
bidirectional amplification are channel interleaving or band
splitting [3], [5], using arrayed waveguide gratings, the use of
Mach–Zehnder WDM couplers, circulators, or gain-clamping
SOAs, called linear optical amplifiers (LOAs) [1]. However,
these approaches require the use of two or more erbium-doped
fiber amplifiers (EDFAs) to amplify the traffic in each direction
[3] and may need a dead zone in wavelength channels to prevent
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crosstalk in blue–red band splitting [5]. The LOA scheme [1],
though, can amplify simultaneous bidirectional traffic, and the
gain-clamping effect limits the LOA gain to a maximum of
20 dB, inevitably yielding a high NF.

This work proposes and experimentally demonstrates a novel
four-port interleaver that enables bidirectional transmission
using only unidirectional amplification in a recirculating loop
with no dead zone in allocated wavelength channels. The
primary function of this four-port interleaver is to redirect the
bidirectional eastwardly and westwardly moving traffic into
unidirectional transmission in a single amplification section.
Copropagating amplifier architecture was employed because
highly performing EDFAs are fundamentally unidirectional
devices, and are optimized for a low NF and high output
power with internal isolators, to ensure stable operation and
to eliminate RB. Accordingly, in each transmission direction,
optical WDM channels were set with a spacing of 100 GHz
and the oppositely transmitting channels were then interleaved
into 50-GHz spacing using the interleaver when bidirectional
traffic was rerouted into the copropagating EDFA. Placing
such innovative configurations in an experimental recirculating
loop supports long-distance bidirectional transmission. Fol-
lowing bidirectional transmission for 500 km at 10 Gb/s with a
bit-error-rate (BER) level of , power penalties of less than
2.5 dB in all eight channels were observed.

II. BIDIRECTIONAL TO UNIDIRECTIONAL

ROUTING CONFIGURATION

Birefringent crystals have been applied for a long time in de-
signing optical filters; such filters comprise birefringent crystal
plates and polarizers. The interleaver incorporates birefringent
crystal cells, half-wave plates, YVO walkoff crystals, and po-
larization beam splitters, as shown in Fig. 1(a). It is designed
and fabricated herein as a symmetrical four-port interleaver with
two input and two output ports. Consequently, a birefringent
crystal is used as an optical delay line, and a half-wave plate
is applied to alter the polarization between the delay stages.
Details of the design and the operating principles of this inter-
leaver are presented elsewhere [6]–[9]. The channel spacing of
this interleaver is 50 GHz; it has an insertion loss of 2.2 dB
and a 0.5-dB passband of around 35 GHz. Fig. 1(a) presents
the measured amplitude response of the interleaver in even and
odd channels with residual crosstalk of 17 and 20 dB, respec-
tively. Since each channel passes through the interleaver twice,
the total isolation exceeds 34 dB for all channels. Accordingly,
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Fig. 1. (a) Detail configuration of a four-port L-2L interleaver. (b) Optical
transmission response of the four-port interleaver. (c) Schematic diagram to
rerout the bidirectional traffic into unidirectional transmission in amplification
section using a four-port interleaver. (Color version available online at
http://ieeexplore.ieee.org.)

the channel crosstalk is not a serious problem. Moreover, the
isolator, within the EDFA, blocks the residual signals and RB
noise in the next amplification stage because of rerouting by
the interleaver. Hence, this architecture supports multiple-span
transmission.

The interleaver is designed to have a complementary wave-
length that depends on the routing characteristics for even and
odd channels. For example, if (odd channel) enters Port 1,
then it will be routed to Port 4. If (even channel) enters Port 2,
it will also be directed to Port 4. Such an interleaving property is
exploited to route simultaneously both the even channels, which
arrive at the interleaver at Port 2, and the odd channels, which
enter the interleaver at Port 1, to Port 4. Therefore, the even and
odd channels, which propagate in opposite directions, can be
transformed into a copropagating transmission in a single am-
plification section to achieve unidirectional amplification using
a single EDFA, as shown in Fig. 1(b). The proposed innovative
interleaving configuration not only supports the use of a single
EDFA to achieve bidirectional transmission, but also eliminates
the presence of a dead zone in the blue–red band splitting tech-
nology, further increasing the bandwidth utilization.

III. LONG-DISTANCE EXPERIMENTAL SETUP AND RESULTS

Fig. 2 shows the experimental setup for testing bidirectional
transmission over a long distance using four-port interleavers
in a recirculating loop. The eight-channel laser sources were
grouped into two categories—one with wavelengths between
1550.52 and 1551.72 nm and the other with wavelengths be-
tween 1554.54 and 1555.75 nm, all on standard ITU 50-GHz
channel spacing grids. The even and odd channels stand for two
traffic directions, and were individually modulated by a LiNbO
electrooptical modulator at 10 Gb/s with a pseudo-
random binary sequence pattern. A polarization controller was
applied to the odd traffic to ensure that the polarization states
of the odd channels were orthogonal to those of the even chan-
nels, to reduce the deleterious nonlinear effects. An interleaver
was placed at the input of the recirculating loop to split the east
and west channels for bidirectional transmission and oppositely
directed traffic was combined for unidirectional amplification.
Two spools of 50-km Corning LEAF fiber were adopted in the

Fig. 2. Recirculating loop setup for long-distance bidirectional transmission
experiment using four-port interleavers. (Color version available online at
http://ieeexplore.ieee.org.)

Fig. 3. (a) Received optical spectrum, and (b) received power penalties at BER
equal to 10 of all channels after 500 km.

recirculating loop. A dual-stage EDFA with 5 km of Corning
DCF was employed in the midstage of the loop to compen-
sate for the transmission loss and accumulated dispersion in
the LEAF fiber. The effective gain and NF of the dual-stage
EDFA in all channels was around 23 and 5.5 dB, respectively.
The fully compensated wavelength of this fiber loop was lo-
cated at approximately 1553.2 nm. The two interleavers in the
loop were specially arranged to reduce chromatic dispersion
caused by the flat-top transmission band design of the inter-
leaver [10]. A 3R receiver with a 32.5-dBm sensitivity at BER
of was utilized to evaluate the quality of transmission.
Fig. 3(a) displays the received optical spectrum after 500 km
with an optical signal-to-noise ratio (OSNR) of over 31 dB for
all channels with a 0.02-nm resolution bandwidth on the optical
spectrum analyzer. The configuration effectively blocks the RB
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Fig. 4. (a) BER curves and corresponding eye diagrams at Channel 7 after
transmission. (b) Accumulated errors measured as a function of time. (Color
version available online at http://ieeexplore.ieee.org.)

using only one amplification section for two traffic directions.
Fig. 3(b) shows that the receiving power penalties of BER equal
to at all channels. All channels had power penalties of
less than 2.5 dB and the penalty differential between them was
less than 0.36 dB. Fig. 4(a) plots the BER curves and the cor-
responding eye diagrams at Channel 7, for back-to-back, 100-,
300-, and 500-km transmissions. The measured power penal-
ties were about 0.3, 1, and 2 dB for 100-, 300-, and 500-km
transmissions, respectively, at a BER of under optimal po-
larization conditions. The polarization controller was used to
minimize the polarization effects, such as polarization-depen-
dent gain and polarization-dependent loss, in the recirculating
loop. The penalties were attributed to amplified spontaneous
emission accumulation due to the SNR degradation results from
high link loss between the amplifier span. Since in a recircu-
lating loop experiment, if the optical data pattern length time is
longer than the sampling window used to take the BER mea-
surement, then pattern-dependent errors arise from time to time
[11]. An accumulated error measurement can verify the stability
and ensure that the proper sampling window is utilized in the
recirculating loop experiment. The error counts accumulate al-
most continuously when the sampling window in the system is
kept accurate [11]. Otherwise, the accumulated errors would be

missed for long periods, and then would be over-sampled for
certain periods. Fig. 4(b) plots the measured accumulated errors
as a function of time (10-s intervals) at a BER of
after 100 and 500 km. This figure demonstrates the robustness
in the transmission system for BER measurement. Moreover,
the authors believe that this configuration can accommodate
more optical channels, 16 or 32 channels, within the -band be-
cause this interleaver was designed to cover the whole -band
(1530–1560 nm).

IV. CONCLUSION

This investigation proposed and experimentally demon-
strated a novel 50-GHz interleaved bidirectional architecture
that enables long-distance transmission. An innovative four-port
interleaver is utilized to enable unidirectional amplification in
a recirculating loop. Given the creative complementary wave-
length-sensitive routing scheme, only a single EDFA in the
amplification section is needed to achieve bidirectional-traffic
amplification. This rerouting configuration in the amplification
section provided high gain, low NF, and high OSNR in a bidi-
rectional transmission system. After 500 km, the power penalty
was less than 2.5 dB at 10 Gb/s, revealing the feasibility of
the developed innovative configuration. Given the periodicity
of the interleaver, this bidirectional transmission system is
believed to be able to include more channels.
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