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10-Gb/s All-Optical VPN in WDM-PON Using
Injection-Locked Fabry–Pérot Laser Diodes

Yazhi Luo, Feng Li, Jie Liu, Liqing Gan, Chao Lu, and Ping Kong Alexander Wai, Fellow, IEEE

Abstract— A 10-Gb/s reconfigurable all-optical virtual private
network (VPN) scheme in wavelength-division-multiplexed pas-
sive optical networks is proposed. The upstream VPN optical
signal from the source optical network unit (ONU) is wavelength
converted by mutual injection locking of a Fabry–Pérot laser
diode at the optical line terminal to a different wavelength and
then transmitted to the target ONU. The proposed scheme is
power efficient and reconfigurable. In the experiment, the power
penalty at a bit error rate of 10−9 is 1.4 dB after transmission
in 25 km of optical fiber. The impact of detunes and powers of
the injected light on the system performance are also studied.
The experimental results show that the wavelength detunes and
signal powers should be selected appropriately to achieve optimal
system performance.

Index Terms— VPN, WDM-PON, FP-LD, wavelength conver-
sion, injection locking.

I. INTRODUCTION

THE wavelength-division multiplexed passive optical
network (WDM-PON) is a promising candidate solution

to next-generation optical access networks that require high
bandwidth and low latency [1]–[3]. In the tree topology of
PONs, the central office processes and delivers all the data
exchanges between the network and end users. The processing
and delivery capacity of the central office, which is limited
by the electronic bottleneck of the optical-electrical-optical
conversion, is shared by all the end users of the same PON.
A large number of data exchanges between a few end users in
the same PON, such as different offices of the same company,
different campuses of a university, or peer to peer sharing, will
exhaust the capacity of the central office and severely increase
the latency of other end users in the PON. Establishing direct
connections between particular end users in the PON leads to
a static network topology and cannot cope with the chang-
ing traffic demand. All-optical reconfigurable virtual private
networks (VPNs), which can provide on-demand dedicated
optical connections between the few end users, will release
the capacity of the central office and make full utilization of
the bandwidth at the central office [4], [5].
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All-optical VPNs in WDM-PONs have been demonstrated
with additional equipment in the remote nodes (RNs), opti-
cal network units (ONUs) and/or optical line terminals
(OLTs) [6]–[8]. In [6], communication between ONUs is
achieved by using a star coupler at the remote node. However,
the structure is complex and only applies to static networks.
Furthermore, although virtual links have been shown to be
able to be established with dedicated optical transceivers at
ONUs [7], the additional partially reflective filter block makes
this architecture unattractive in practice. An optical virtual link
realized by using wavelength conversion in a semiconductor
optical amplifier (SOA) at the OLT is shown in [8], but high
input power is required since the wavelength conversion is
based on the nonlinear effect of the SOA, resulting in a
high power consumption system that is undesirable in power
conscious PONs. Besides WDM-PONs, VPNs are also demon-
strated in other access network architectures, such as radio-
over-fiber system with additional equipment in the RN [9] and
metro-access integrated network with additional equipment in
both the RN and central office [10].

In this letter, we propose a 10-Gb/s reconfigurable
all-optical VPN scheme based on mutually injection-locked
Fabry-Pérot laser diodes (FP-LDs) in the central office of
a WDM-PON. In the proposed scheme, the upstream VPN
optical signal from the source ONU is converted by mutual
injection-locking of an FP-LD [11] at the OLT to a different
wavelength and then transmitted to the target ONU. When
compared to the VPN schemes with additional components
placed in the RN, placing the proposed VPN module in OLT
conforms to the standard PON requirement but will suffer
more loss from transmission in the feeder fiber [6], [9], [10].
The injection locking based wavelength conversion using an
FP-LD requires lower injection power from ONUs, when com-
pared with that required by an SOA. In addition, the proposed
all-optical VPN architecture is reconfigurable, because of the
multi-mode nature of FP-LDs. The proposed VPN scheme is
therefore power efficient and reconfigurable when compared
with previously reported architectures.

II. OPERATION PRINCIPLE AND SCHEMATIC DIAGRAM

The principle of wavelength conversion based on mutual
injection-locking of FP-LD is illustrated in Fig. 1. As shown
in Fig. 1(a), the optical signal at wavelength λ1 from the
source ONU and a continuous wave (CW) at wavelength λ2
are injected into the FP-LD simultaneously. The wavelengths
of the two signals are within the locking ranges of two
different lasing cavity modes of the FP-LD respectively as
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Fig. 1. Principle of wavelength conversion based on mutual injection
locking of FP-LD. The insets (a)–(c) show the (a) schematic diagram of
wavelength conversion using an FP-LD, (b) the graphical illustration of the
output spectrum of mutually injection-locked FP-LD, and (c) the input and
output bit sequences of the FP-LD.

Fig. 2. Schematic diagram of the proposed all-optical VPN. λu
i and λd

i are the
wavelengths of the upstream and downstream respectively of the i-th ONU to
communicate with the OLT. λVPN,u

i and λVPN,d
i are the wavelengths of the

VPN upstream and downstream respectively of the i-th ONU.

illustrated in Fig. 1(b). Fig. 1(c) shows the input and output bit
sequences of the FP-LD. When the injected signal at λ1 is low,
corresponding to the bit ‘0’, the injected CW light at λ2 will
injection lock the FP-LD to lase at λ2 and suppress all other
cavity modes, as illustrated by the dashed curve in Fig. 1(b).
The converted output bit at λ2 will be ‘1’. If the injected signal
at λ1 is high, corresponding to the bit ‘1’, the light at λ1 will
injection lock the FP-LD to lase at λ1 and suppress λ2 and
all other cavity modes, as illustrated by the solid curve in
Fig. 1(b). The output bit at λ2 will be ‘0’. Thus the output bit
sequence at λ2 will be the inversion of the input bit sequence
at λ1.

By adopting the wavelength conversion scheme illustrated
in Fig. 1, we can realize an all-optical VPN as shown in
Fig. 2. The part outside the dashed box in the schematic
shown in Fig. 2 is a typical configuration of WDM-PON.
The wavelengths λu

i and λd
i , where i = 1, . . . , n and n is

the total number of ONUs in the PON, are respectively the
wavelengths of the upstream and downstream between the
OLT and the i -th ONU. The dashed box indicates a wavelength
conversion module used to establish all-optical VPN links
between different ONUs. The wavelengths λVPN,u

i and λVPN,d
i ,

are respectively the wavelengths of the VPN upstream and
downstream of the i -th ONU. The choice of the wavelengths
λVPN,u

i and λVPN,d
i varies depending on the details of imple-

mentation. To avoid increasing the hardware complexity at
the ONUs, λVPN,u

i and λVPN,d
i can be chosen to equal to λu

i

and λd
i respectively. With this VPN wavelength assignment,

after a VPN connection is established from ONUi to ONUj,
ONUi cannot simultaneously send data to the OLT, and the
OLT must block its own transmission to ONUj, otherwise
the VPN data will interfere with data to and from the central
office.

When ONUi wants to send a large amount of data to
ONUj, a request signal will be sent to the central office to
establish a dedicated link between ONUi and ONUj. The
OLT will then tune the wavelength of the tunable laser to
λVPN,d

j and the central wavelengths of input and output tunable

filters to λVPN,u
i and λVPN,d

j respectively. The VPN signal

at λVPN,u
i from ONUi is then routed to the FP-LD. Then

the VPN signal will be converted to the signal at λVPN,d
j

by the mutually injection-locked FP-LD. The output of the
FP-LD is then amplified by an erbium-doped fiber amplifier
(EDFA) and filtered by the tunable filter at λVPN,d

j . The array
waveguide grating (AWG) at the remote node delivers the
VPN signal at λVPN,d

j to ONUj. Different settings of the
tunable laser and tunable filters will enable reconfigurable
all-optical VPNs between different ONUs by injecting lights
at different wavelengths into the FP-LD. The λVPN,u

i and

λVPN,d
j have to be within the FP-LD’s operating wavelength

range for wavelength conversion by the FP-LD. Since each
of the wavelength conversion modules can support a single
unidirectional VPN transmission, simultaneous multiple VPNs
can be accommodated by adding the required amount of
wavelength conversion modules which are independent from
each other. As PON is designed for the access network, large
volume data transmission between end users is expected to be
rare. Otherwise, static network structure should be deployed
between the heavy duty users to handle the traffic. Thus the
typical required amount of simultaneous VPNs in a PON is
expected to be small. Hence the implementation complexity
and cost of the proposed VPN scheme is not expected to be
large. The proposed VPN scheme can also be used to establish
point-to-multipoint inter-ONU connections by using single to
multiple wavelengths conversion which can be realized by
injecting multiple CW lights at different wavelength channels
into the FP-LD [12].

III. EXPERIMENTAL DEMONSTRATION

A 10-Gb/s experiment of a WDM-PON system with two
ONUs is conducted to study the feasibility of the proposed
all-optical VPN scheme as shown in Fig. 3. AWGs are not used
because only two nodes are demonstrated in the experiment.
The VPN signals from the source ONU1, to the target ONU2,
and the lights to and from the FP-LD are routed by a circulator.
In ONU1, the CW light at λVPN,u

1 = 1533.54 nm from a
tunable laser is modulated by a Mach-Zehnder modulator
(MZM), which is driven by a 10-Gb/s nonreturn-to-zero (NRZ)
signal in a 231−1 bits pseudo random binary sequence. The
inset eye diagram illustrates the quality of the output VPN
signal from ONU1. The VPN signal is then injected into the
circulator as the upstream signal after an attenuator to adjust
the power. After propagation in 25 km standard single mode
fiber (SSMF), the VPN signal is injected into the FP-LD,



LUO et al.: 10-Gb/s ALL-OPTICAL VPN IN WDM-PON 2301

Fig. 3. Experimental setup of an all optical VPN using mutually injection
locked FP-LD. The insets (a)-(c) show the spectra of (a) the output of
free-running FP-LD, (b) the injected upstream VPN signals at point A,
and (c) the output of the mutually injection locked FP-LD at point B.
(MOD: modulator, PPG: pulse pattern generator, SSMF: standard single mode
fiber, EDFA: erbium-doped fiber amplifier, PD: photo-detector, BERT: bit-
error-rate tester.)

accompanied by a CW light at λVPN,d
2 = 1529.59 nm from

another tunable laser. In the experiment, the powers injected
into the FP-LD of the VPN signal and the CW light are −11
and −9 dBm respectively. The wavelength converted 10-Gb/s
VPN signal at λVPN,d

2 is routed into an EDFA which is
followed by a tunable filter to select out the signal at λVPN,d

2 ,
and routed back to the SSMF by two circulators. Note that
the configuration of signal routing and the fiber length can be
different in practice because the signal routing is performed
by the AWG and different ONUs may have different feeder
fiber lengths. The output power of the FP-LD is −8.4 dBm
and the bias current is 17.4 mA (∼1.3 Ith, where Ith is the
threshold current). The signal after the SSMF will be injected
into ONU2, which is composed of an EDFA to amplify the
signal, a tunable filter to suppress the noise, a photo-detector
to convert the optical signal to electrical signal and a bit error
rate tester to measure the bit error rate (BER) of the detected
VPN signal to evaluate the system performance.

We first characterize the wavelength conversion of the
FP-LD with the setup shown in Fig. 3 but without the 25-km
SSMF, i.e. with a back-to-back (B2B) test. The insets (a)-(c)
in Fig. 3 show the free running, injected and output spectra
of the FP-LD respectively. Fig. 3(a) shows part of the free
running spectrum of the FP-LD which includes three lasing
modes. The free spectral range of the FP-LD is about 2 nm.
The intensity of the three lasing modes varies from −27 to
−48 dBm according to the gain profile of the FP-LD. The free
running FP-LD cavity modes at wavelengths λ′

1 = 1533.44 nm
and λ′

2 = 1529.53 nm are selected as the target modes of the
VPN signal at λVPN,u

1 and the CW light at λVPN,d
2 respectively.

Fig. 3(b) shows the spectrum of the injected light to the
FP-LD which includes the VPN signal and the CW light.
We note that the VPN signal has a much larger linewidth
when compared with the CW light, which corresponds to the
modulation bandwidth of the 10-Gb/s NRZ signal. The detunes
of the two injected lights from their target modes are 0.1 and
0.06 nm respectively. The output spectrum of the mutually
injection-locked FP-LD is shown in Fig. 3(c). When the
FP-LD is injection locked to either λVPN,u

1 or λVPN,d
2 , all other

cavity modes are suppressed. For example, the FP-LD mode
at 1,531.5 nm is suppressed from −40 dBm at free running

Fig. 4. Left: Waveforms of the 10-Gb/s NRZ VPN signal (a) at the output
of the MZM at λVPN,u

1 , and (b) at the receiver end at λVPN,d
2 . Right: (c) BER

versus the received power (inset: eye diagram after 25-km SSMF).

state to −70 dBm as shown in Fig. 3(c). The linewidth of
the injected VPN signal at λVPN,u

1 has not changed by too
much but the linewidth of the output signal at λVPN,d

2 from
the FP-LD has been significantly increased to almost the same
as that of the injected VPN signal. The similarity in the line
profiles of the signals at λVPN,u

1 and λVPN,d
2 shows that the

NRZ signal has been successfully transferred to the light at
λVPN,d

2 by wavelength conversion in the FP-LD.
To investigate the quality of the wavelength converted VPN

signal at EλVPN,d
2 , we compare the output waveform of

ONU1 at λVPN,u
1 and the filtered output waveform of the

FP-LD at λVPN,d
2 which is received by ONU2 as shown in

Figs. 4(a) and 4(b), respectively. The waveforms illustrate that
the wavelength converted signal is the inverse to the injected
signal. We note that the wavelength converted signal has better
performance for consecutive bits of ‘1’ or ‘0’. Isolated ‘1’
or ‘0’ shows larger distortion due to the limited modulation
bandwidth of the FP-LD. Overall, the converted signal shows
larger noise fluctuation on the waveform than that of the input
signal and maintains the bit sequence of the VPN signal.

We measure the BER of the system with and without the
25-km SSMF to estimate the performance of the wavelength
conversion in the system. Fig. 4(c) shows the BER test results.
The eye diagram of the signal with 25-km SSMF is shown
as the inset. In this measurement, an attenuator is inserted
before ONU2 to adjust the input power of ONU2. Error-
free transmission can be achieved in the B2B case without
attenuation to the input power of ONU2. After the 25-km fiber
transmission, the power penalty at BER of 10−9 is ∼1.4 dB.
This power penalty is caused by the chromatic dispersion
in the 25-km SSMF and the chirped injected signal after
transmission.

IV. PERFORMANCE TOLERANCE

The performance of the proposed scheme will be affected by
the wavelength detunes and the powers of the injected signals
because the wavelengths at ONUs may shift with tempera-
ture. The distances from ONUs to OLT may also be differ-
ent, resulting in different injected power levels at the OLT.
We study the impact of these two factors to the system perfor-
mance in the following. To demonstrate the reconfigurability
of the system, another free running FP-LD cavity mode at
wavelength 1535.39 nm is chosen as the target mode for the
CW light at λVPN,d

2 , i.e. a new λ′
2 = 1535.39 nm is used. The
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Fig. 5. BER versus detune �λ1 with different detune �λ2 measured (a) by
back-to-back and (b) after 25 km SSMF.

Fig. 6. (a) BER versus the power of the injected signal P1 with dif-
ferent CW light power P2. The eye diagrams for P2 = − 13 dBm when
(b) P1 = − 4 dBm and (c) P1 = − 2 dBm.

target mode of the VPN signal at λVPN,u
1 remains the same

at λ′
1 = 1533.44 nm. The wavelengths λ′

1 = 1533.44 nm and
λ′

2 = 1535.39 nm are fixed in the following experiments.
First, the system performance versus detunes is studied. The

power of the injected signal (P1) and CW light (P2) are −7 and
−5 dBm respectively. The detunes of the two injected lights
are defined as �λ1 = λVPN,u

1 − λ′
1 and �λ2 = λVPN,d

2 − λ′
2.

Figs. 5(a) and 5(b) show the BER curves versus �λ1 of the
B2B case and after the 25-km fiber transmission respectively.
In the measurements, �λ2 is chosen as 0.05, 0.08 and 0.1 nm.
As shown in Fig. 5, there is an optimal value of �λ1 for
the minimum BER value for each choice of �λ2. We also
note that the optimal values of �λ1 depend on �λ2. When
�λ2 = 0.05 nm, the best B2B performance of the system with
BER of about 10−8 can be obtained at �λ1 = 0.06 ∼ 0.07 nm.
The minimum BER will increase slightly to about 2.5× 10−8

after propagation in 25-km SSMF with �λ1 = 0.07 nm. The
BER will increase when �λ1 is tuned away from the optimal
points. When �λ1 varies within 0.1 nm around the optimal
points, the change in BER (from ∼2.5 × 10-8 to 1× 10-5) is
less than 3 orders of magnitude. Within a detune of 0.1 nm,
the BERs are always better than 10−4 which are sufficient to
realize error-free transmission assuming that FEC is used [13].

Next we studied the impact of injected power on system
performance. Fig. 6(a) shows the BER versus the power of the
injected signal P1 with �λ1 and �λ2 fixed to 0.1 and 0.05 nm,
respectively. The CW light power P2 is also varied from −5
to −13 dBm. When P2 = −5 dBm, the BER monotonically
decreases when P1 increases. When P2 = −9 and −13 dBm,
we observe that there are optimal values of P1 at which the
BER is minimum. For P2 = −13 dBm, Figs. 6(b) and 6(c)
show the eye diagrams at the optimal point with P1 = −4 dBm

and away from the optimal point P1 = −2 dBm as shown by
the dash-dotted circles in Fig. 6(a). We note that the upper line
of the eye diagram is significantly broadened and washed out
by the noisy signal when P1 increases from −4 to −2 dBm.
This is likely caused by the finite extinction ratio of the
injected optical signal at λVPN,u

1 . If the ‘0’-level optical power
of the injected modulated signal at λVPN,u

1 cannot be ignored
when compared with the CW light power P2, then the light
at λVPN,d

2 might not be able to injection-lock the FP-LD even
when the signal of the modulated light is at ‘0’. The ‘1’-level
of the wavelength converted signal is therefore distorted. In a
WDM-PON, the received power of upstream signal at the OLT
is typically lower than −10 dBm. In Fig. 6, the BERs are
larger than 10−7 when received power is less than −10 dBm.
To realize error-free transmission, an FEC module or an EDFA
to amplify the injected signal is necessary.

V. CONCLUSIONS

We proposed and demonstrated experimentally a 10-Gb/s
reconfigurable all-optical VPN scheme in a WDM-PON based
on wavelength conversion in a mutually injection-locked
FP-LD. The proposed scheme shows high power efficiency
and reconfigurability. The power penalty at a BER of 10−9 is
1.4 dB after transmission in 25-km of single mode optical fiber.
We investigated the tolerance of the system performance due
to variation in the detunes and powers of the injected signals.
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