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ABSTRACT A semi-active wavelength division multiplexing (WDM) system based on pilot-tone relay
detection is proposed and experimentally demonstrated for 5G centralized front-haul network, which is
composed of a passive WDM multiplexer at active antenna unit (AAU) side, an active WDM equipment
at distributed unit (DU) side, and several WDM optical modules in AAU and DU, respectively. In this
semi-active WDM scheme, WDM technology is applied as an optical transport layer to save fibers and the
semi-active architecture based on pilot-tone modulation is capable of flexible deployment with lite operation,
administration and maintenance (OAM) functions. The experimental results show that the sensitivity penalty
is lower than 0.3 dB and the extinction ratio is still higher than 4.2 dB by using 4 % amplitude depth of
pilot-tone modulation. The bit rate of the OAM signal is 1024 bps to reuse the existing micro-controller
unit in the optical modules for generating and detecting OAM signals. The robustness of the pilot-tone
signals is further demonstrated as the sensitivities of the 25-Gbps eCPRI signals and the 1024-bps OAM
signals are−16 dBm and−23 dBm, respectively. Compared with the OAM demodulation both in upstream
and downstream direction for the active WDM equipment, the number of OAM demodulation unit can be
reduced by 50% and the sensitivity requirement of OAM demodulation can be improved by 11.5 dB by
using only downstream OAM demodulation unit. Error-free 24-hour transmission of real-time 12-channel
25-Gbps eCPRI signals combined with 1024-bps pilot-tone OAM signals over 10-km single mode fiber is
obtained.

INDEX TERMS C-RAN, front-haul transport, semi-active WDM, pilot-tone modulation, optical fiber
communication.

I. INTRODUCTION
Centralized radio access network (C-RAN) architecture is
a promising way for 5G RAN network [1]–[7], which is
capable of decreasing power consumption, saving machine
room, promoting collaborative radio, etc. Compared with
the traditional distributed radio access network (D-RAN),
the distributed units (DUs) are placed at one central office
and the corresponding distance from active antenna unit
(AAU) to DU is extended to 10 km for the main scenario
of 5G C-RAN front-haul network. In this centralized sce-
nario, wavelength division multiplexing (WDM) technology
would be introduced between AAU and DU to save optical
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fibers [8]. Thus, with the extended transmission distance
and WDM equipments, operation, administration and main-
tenance (OAM) functions are crucial for front-haul transport
network to process the optical link failures and satisfy the
reliability requirements of 5G services [9].

Several front-haul transport network schemes based on
WDM technology have been proposed, including passive
WDM [10], [11], active WDM [12], [13], etc. The passive
WDM system is composed of WDM optical modules in
AAU and DU, and a pair of passive de/multiplexer, which
has the advantages of low cost, flexible deployment, etc.
However, the passive equipments cannot support on-line
OAM management. The potential fault points should be
manually processed one by one, including optical mod-
ules,WDMmultiplexer/demultiplexer, branch fibers between
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optical modules and WDM multiplexer/demultiplexer, trunk
fibers between a pair of WDM multiplexer/demultiplexer,
resulting in long fault detection and service disruption time.
The active WDM scheme can perform powerful OAM func-
tions, but the system cost is sharply increased and the deploy-
ment of the active equipment at AAU side is limited to power
supply. As a result, the deployment of C-RAN networking
for front-haul is limited in the past years. Additionally, pilot
tone has been proposed to transport low-speed OAM infor-
mation [14], [15]. However, it will be so complicated for
front-haul transport network based on active WDM technol-
ogy. For example, 2 sets of photodetectors (PDs) and OAM
demodulation units in optical modules are required for each
WDM channel by using pilot tone both in upstream and
downstream direction and another 2 sets of optical modules
are required to connect wireless equipment.

In this paper, we proposed and demonstrated a semi-active
WDM system, which consists of a passive de/multiplexer at
AAU side, an activeWDM equipment at DU side, and several
WDMoptical modules in AAU andDU, respectively.We also
proposed a method for performing lite OAM functions for
the semi-active WDM architecture based on pilot-tone relay
detection. Here, the performance of the WDM optical mod-
ules in AAU/DU and the optical fiber link can be on-line
managed and monitored by using only downstream OAM
demodulation unit in the active WDM equipment, such as
the transmitting power, the receiving power, the temperature
of the optical modules in AAU and DU, etc. The theoretical
analysis show that the pilot-tone relay detection can reduce
system cost and release sensitivity requirements significantly
compared with the OAM demodulation both in upstream
and downstream direction for the active WDM equipment.
With 4 % amplitude depth of pilot-tone modulation, the sen-
sitivity penalty is lower than 0.3 dB and the extinction ratio
is still higher than 4.2 dB, demonstrating that the effect of
pilot-tone modulation on the 25-Gbps enhanced common
public radio interface (eCPRI) wireless services can be negli-
gible. The sensitivities of the 25-Gbps eCPRI signals and the
1024-bps OAM signals are further measured to be −16 dBm
and −23 dBm, respectively. To demonstrate the stability of
the proposed semi-active system, 24-hour real-time error-free
transmission of the 12-channel 25-Gbps eCPRIWDMsignals
combined with the 1024-bps pilot-tone OAM signals over
10 km is achieved.

II. ARCHITECTURE AND PRINCIPLE
The configuration of the proposed semi-active WDM sys-
tem based on pilot-tone relay detection is shown in Fig. 1.
In the upstream direction, the high-speed wireless ser-
vices are firstly converted from electrical signals to opti-
cal signals in the optical modules of the AAU. Meanwhile,
a low-speed OAM frame of the optical modules gener-
ated by micro-controller unit (MCU) can be combined with
the high-speed service signals at the transmitter by using
pilot-tone modulation. Here, WDM technology is applied
as an optical transport layer to save fibers between AAU

FIGURE 1. Architecture of semi-active WDM system based on pilot-tone
relay detection.

and DU. It is noted that the semi-active WDM architecture
and OAM detection scheme are mainly concerned rather
than the type of WDM technologies in this paper. Then,
the high-speed optical signals centered at different wave-
lengths after pilot-tone modulation are multiplexed by a pas-
siveWDMmultiplexer and launched into an optical fiber link.

At DU side, the combined signals are demultiplexed by
a WDM demultiplexer in the WDM equipment. To obtain
OAM information of AAU optical modules, a small part
of the demultiplexed optical signal can be firstly extracted
by an optical splitter and subsequently sent into an OAM
demodulation unit, as shown in the red dash-line of Fig. 1,
which can be presented as the conventional method. In the
process of OAM demodulation, a PD is used to transfer the
optical signal to electrical signal and a MCU is applied to
detect the low-speed OAM electrical signal. The link penalty
of the pilot-tone OAM signal in the upstream direction can be
expressed as

Penaltyupstream in conventional method = ILMUX + ILDEMUX

+Lossfiber + Lossconnector + Losssplitter (1)

where ILMUX and ILDEMUX are the insertion loss of the
WDM multiplexer and demultiplexer, respectively; Loss fiber
is the loss of optical fiber; Loss connector is the total loss
of the connectors in the link; Loss splitter is the loss of the
optical splitter. For 12-channel 25-Gbps eCPRIWDM signals
combined with the low-speed pilot-tone OAM signals over
10 km, assuming that the sum of 12-channel IL MUX and IL
DEMUX is about 6 dB, the10-km Loss fiber is 3.5 dB, the Loss
connector is 2 dBwith 4 connectors, and the Loss splitter is 20 dB
with 1% optical signal extracted by the optical splitter and
launched into the OAM demodulation unit. For the splitter
ratio, there is a compromise between the extracted signals
for OAMdemodulation and the pass-through 25-Gbps eCPRI
signals to DU. The power of the extracted signals can be
significantly improved by increasing the splitter ratio, but the
corresponding penalty of the pass-through signals would be
sharply deteriorated. In this way, the total link penalty with
10-km transmission and splitter is about 31.5 dB. To sim-
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plify the analysis, the splice loss and dispersion penalty are
not considered. It means that with 1-dBm output power of
optical modules in AAU, the receiving power before OAM
demodulation unit would be lower than −30.5 dB, resulting
high requirements for pilot-tone OAM demodulation.

In the downstream direction, a low-speed OAM frame
combined with the high-speed service signals is emitted from
the optical modules of the DU and then sent into the active
WDM equipment at DU side. Here, another optical splitter
and OAM demodulation unit are used to demodulate the
low-speed pilot-tone signals. Thus, the link penalty of the
pilot-tone OAM signal in the downstream direction can be
described as

Penaltydownstream = Lossfiber + Losssplitter (2)

where Loss splitter is the loss of the optical splitter; Loss fiber
is the loss of the optical fiber between the DU and the active
WDM equipment at DU side. As the DU and the activeWDM
equipment are deployed in same machine room, the Loss fiber
can be neglectable. In this way, the total link penalty is about
20 dB with 1% splitter ratio. As the output power of optical
modules in DU is 1 dBm, the receiving power before OAM
demodulation unit of the active WDM equipment is about
−19 dB. It can be seen that the link penalty and receiving
power of the pilot-tone OAM signal in the downstream direc-
tion are both much lower than that in the upstream direction.

Based on above analysis, pilot-tone relay detection scheme
is proposed in this paper. In the upstream direction, the
low-speed pilot-tone OAM signals combined with the
25-Gbps eCPRI WDM signals after the WDM demultiplexer
of the active WDM equipment are directly pass-through to
DU, as shown in the blue dash-line of Fig. 1. In the optical
modules of the DU, the combined optical signals are trans-
ferred to electrical signal by PD and the low-speed OAM
electrical signal is then detected by the MCU of the optical
module. After OAM frame demodulation, the received OAM
information from AAU is subsequently reframed and modu-
lated onto the 25-Gbps eCPRI WDM signals in the down-
stream direction. In this pilot-tone relay detection scheme,
the OAM information from AAU and DU should be alter-
nately modulated and transmitted in the optical modules of
the DU for the downstream direction. To avoid confusing the
OAM process, one bit of the OAM frame is used as the flag
bit to represent the original source of the OAM information.
For example, the value of the flag bit will be registered as
1 to represent the OAM information from AAU while the
value will be written as 0 for the OAM information from DU.
Figure 2 shows the state diagram of pilot-tone relay detection.
Therefore, the link penalty of the pilot-tone OAM signal in
the upstream direction can be improved as

Penaltyupstream in pilot−tone relay method = ILMUX + ILDEMUX

+Lossfiber + Lossconnector (3)

With the assumed parameters above, the total link penalty in
upstream direction with 10-km transmission is about 11.5 dB.

FIGURE 2. State diagram of pilot-tone relay detection.

Compared with the OAM demodulation both in upstream
and downstream direction for the active WDM equipment,
the sensitivity requirement of OAM demodulation can be
improved from −30.5 dB to −19 dB by using pilot-tone
relay detection. Additionally, the number of optical splitter
and OAM demodulation unit including PD and MCU is also
correspondingly reduced by 50%with an obviously improve-
ment of system cost.

Thanks to the semi-active WDM system, the working sta-
tus and information of theWDMoptical modules inAAU/DU
could be low-cost on-line managed and monitored. With the
analysis of the pilot-tone OAM information, the fault points
could be displayed in real time without changing the wireless
AAU and DU equipment, such as optical module, branch
fiber, trunk fiber, etc., which is benefit to the management of
front-haul transport network. The OAM messages from the
WDM equipment to AAU/DU can be further considered in
future to perform control functions of AAU/DU modules by
adding optical transceivers in theWDMequipment. However,
the system cost would be correspondingly increased.

III. EXPERIMENTAL RESULTS
Corresponding experiments are performed to demonstrate
the performance of the proposed semi-active WDM Sys-
tem. Here, 12-channel bidirectional WDM centered from
1267.5 nm to 1374.5 nm is applied as an example of the
physical layer. 25-Gbps eCPRI wireless services are trans-
formed from electrical signals to optical signals in the WDM
optical modules of the AAU and DU. The 25G direct modu-
lation laser (DML)-based transmitter and PIN-based receiver
are used. The 25-Gbps eCPRI signals are generated and
detected by a service analyzer. 1024-bps OAM signals are
modulated onto the 25-Gbps signals simultaneously in the
transceivers. The modulated optical signals at different cen-
tral wavelengths are then multiplexed by a thin film filter
(TFF)-based WDM multiplexer and launched into a 10-km
G.652.D fiber. The split ratio of the optical splitter in the
active WDM equipment is about 99:1. In this way, only 1%
optical signals are extracted and detected while other 99%
signals are pass-through.

The effect of the pilot-tone modulation on the perfor-
mance of the 25-Gbps optical signal is firstly verified. As the
low-speed OAM modulation is turned off, the sensitivities
of the 25-Gbps optical signals in the receivers centered at
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FIGURE 3. Receiving sensitivities at 1267.5 nm and 1374.5 nm as the
pilot-tone OAM modulation are turned on and turned off, respectively.

1267.5 nm and 1374.5 nmwith a bit error ratio (BER) of 5e−5

are −16.89 dBm and −17.28 dBm, respectively, which are
shown in Fig. 3. It also can be seen that the correspond-
ing sensitivities of the 25-Gbps signals combined with the
1024-bps pilot-tone OAM frame are slightly deteriorated to
−16.75 dBm and −17.16 dBm, respectively.

FIGURE 4. Receiving sensitivities of the 12-channel WDM signals as the
pilot-tone OAM modulation are turned on and turned off, respectively.

Figure 4 shows the receiving sensitivities of the 25-Gbps
12-channel WDM optical signals as the pilot-tone OAM
modulation are turned on and turned off, respectively. It can
be seen that the two curves are almost overlapped. With the
low modulation depth of about 4 %, the penalties introduced
by pilot-tone modulation are all lower than 0.3 dB, which are
shown in Fig. 5, demonstrating the practicability of pilot-tone
scheme. It is noted that there is a compromise between the
cost and the performance. As front-haul network is sensitive
to system cost, the feasibility of the proposed semi-active
scheme is firstly demonstrated based on low-cost existing
elements. The physical specification of the pilot-tone such as
pilot-tone frequency, modulation format and combinemethod
are 2 KHz, ASK, and electrically method, respectively. Here,

FIGURE 5. Penalty of the pilot-tone modulation for the 12-channel WDM
signals.

with the low frequency of 2 KHz and the simplest mod-
ulation format of ASK for pilot-tone, the existing MCU
in SFP28 optical modules can be reused to generate and
demodulate the pilot-tone signals in electrical domain. The
Pilot-tone generation andmodulation on 25GE eCPRI signals
in electrical domain by adjusting the bias and driving signals
of laser is a promising way for reusing the existing key
components of SFP28 modules. Furthermore, the pilot-tone
frequency can be significantly increased to 100 MHz, other
modulation format such as FSK can be applied, and the mod-
ulation depth can be further decreased to 1% if the existing
MCU is replaced by other high performance MCUs as the
system cost would be correspondingly increased.

FIGURE 6. Eye-diagrams of turning on pilot-tone OAM modulation at
(a) 1267.5 nm and (b) 1374.5 nm, respectively.

The high quality of the 25-Gbps signals combined with
the 1024-bps OAM frame is further demonstrated. Figure 6
shows the eye-diagrams of turning on pilot-tone at 1267.5 nm
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FIGURE 7. ER of the 12-channel WDM signals with the pilot-tone
modulation.

FIGURE 8. Sensitivities of the 1024-bps OAM signals and 25-Gbps WDM
signals over 12 channels.

and 1374.5 nm, respectively. The extinction ratios (ERs) of
the 12-channel WDM signals with pilot-tone modulation are
all above 4.2 dB, which are shown in Fig. 7. The results show
that the ERs of the 25-Gbps signals by turning on pilot-tone
modulation can well satisfy the IEEE standards of an ER
of 3.5 dB.

24-hour real-time online test is subsequently carried out.
Error-free transmission of the 12-channel 25-Gbps eCPRI
WDM signals combined with the 1024-bps pilot-tone OAM
frame over 10 km is performed, demonstrating the stability
of the proposed semi-active system based on pilot-tone relay
detection.

The sensitivities of the pilot-tone signals are finally inves-
tigated. The 1024-bps OAM frames of the WDM optical
modules in AAU and DU can be correctly received and
detected as the receiving power of the optical module is
lower than −23 dBm, meanwhile, severely bit errors of the
25-Gbps WDM signals are observed as the receiving power
is lower than −16 dBm, which are shown in Fig. 8. The key
information of optical modules extracted fromOAM fame are

TABLE 1. key information of optical modules extracted from OAM fame.

shown in Table 1, including temperature, transmitting optical
power, receiving optical power, etc. The results show that
the pilot-tone OAM frame is more robust to the optical link
budget, indicating that the proposed semi-active WDM sys-
tem based on pilot-tone relay detection can management and
monitoring the 5G C-RAN front-haul transport network even
if the performance of the optical link is severely deteriorated.

IV. CONCLUSION
A semi-active WDM architecture for 5G C-RAN front-haul
network is performed experimentally. With the proposed
pilot-tone relay detection method, the active WDM equip-
ment can on-line manage and monitor the performance of
the WDM optical modules and optical fiber link by using
only downstream OAM demodulation unit. By adjusting the
modulation depth of the 1024-bps OAM signal, the penalties
induced by pilot-tone modulation for 25-Gbps eCPRI signals
at all WDM wavelengths are lower than 0.3 dB. In addition,
the robust of the sensitivities of the pilot-tone signals is
demonstrated. The results show that the semi-active system
can satisfy the management and operation requirements of
the 5G C-RAN front-haul network.
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