
Flexible and scalable wavelength multicast of 
coherent optical OFDM with tolerance against 
pump phase-noise using reconfigurable 
coherent multi-carrier pumping 

GUO-WEI LU,1,2,* TIANWAI BO,3 TAKAHIDE SAKAMOTO,1 NAOKATSU 
YAMAMOTO,1 AND CALVIN CHUN-KIT CHAN

3 
1National Institute of Information and Communications Technology (NICT), Japan 
2Institute of Innovative Science and Technology, Tokai University, Japan 
3Department of Information Engineering, The Chinese University of Hong Kong, Hong Kong SAR, 

China 
*gordon.guoweilu@gmail.com 

Abstract: Recently the ever-growing demand for dynamic and high-capacity services in 

optical networks has resulted in new challenges that require improved network agility and 

flexibility in order for network resources to become more “consumable” and dynamic, or 

elastic, in response to requests from higher network layers. Flexible and scalable wavelength 

conversion or multicast is one of the most important technologies needed for developing 

agility in the physical layer. This paper will investigate how, using a reconfigurable coherent 

multi-carrier as a pump, the multicast scalability and the flexibility in wavelength allocation 

of the converted signals can be effectively improved. Moreover, the coherence in the multiple 

carriers prevents the phase noise transformation from the local pump to the converted signals, 

which is imperative for the phase-noise-sensitive multi-level single- or multi-carrier 

modulated signal. To verify the feasibility of the proposed scheme, we experimentally 

demonstrate the wavelength multicast of coherent optical orthogonal frequency division 

multiplexing (CO-OFDM) signals using a reconfigurable coherent multi-carrier pump, 

showing flexibility in wavelength allocation, scalability in multicast, and tolerance against 

pump phase noise. Less than 0.5 dB and 1.8 dB power penalties at a bit-error rate (BER) of 

10
3

 are obtained for the converted CO-OFDM-quadrature phase-shift keying (QPSK) and 

CO-OFDM-16-ary quadrature amplitude modulation (16QAM) signals, respectively, even 

when using a distributed feedback laser (DFB) as a pump source. In contrast, with a free-

running pumping scheme, the phase noise from DFB pumps severely deteriorates the CO-

OFDM signals, resulting in a visible error-floor at a BER of 10
2

 in the converted CO-

OFDM-16QAM signals. 
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1. Introduction 

In next-generation scalable elastic optical networks and data center interconnect networks, it 

is crucial to realize flexible allocation and efficient utilization of the spectral resources [1]. 

However, in most of the deployed mesh optical networks, network utilization could only 

reach approximately 30%–40% [2], which is mainly because of severe wavelength contention 

among optical circuits competing for the continuous wavelength/spectrum slots along their 

paths, i.e., wavelength continuity constraints. Wavelength conversion or multicast, with 

flexible wavelength allocation and multicast scalability, is helpful to avoid wavelength 

contention, improve the utilization efficiency, and efficiently manage the network resources 

[3,4]. Moreover, with the deployment of advanced multi-level modulation formats in optical 

networks, it is highly desirable to avoid the introduction of extra phase noise from pumps to 

the converted signals when performing wavelength conversion or multicast. Recently, we 

proposed and experimentally demonstrated wavelength conversion [5] and multicast [6] with 

tolerance against pump-phase-noise for single-carrier multi-level modulation formats using 

the coherent pumping scheme. As another promising candidate to realize spectrum efficient 

transmission in future optical networks, coherent optical orthogonal frequency division 

multiplexing (CO-OFDM) exhibits more sensitivity to phase noise compared with single-

carrier formats [7,8]. When performing wavelength conversion or multicast of CO-OFDM, 

narrow linewidth external-cavity lasers are usually deployed as pumps to avoid the extra 

phase noise from pumps [9–11]. However, this increases the implementation cost. Similarly, 

by applying the coherent pumping scheme, pump-phase-noise-tolerant wavelength conversion 

for multi-carrier CO-OFDM has also been experimentally demonstrated [12,13]. 

In this paper, previous work [13] will be extended to demonstrate a flexible and scalable 

wavelength multicast for CO-OFDM signals through four-wave mixing (FWM) in highly 

nonlinear fibers (HNLFs) using a reconfigurable coherent multi-carrier pump. It shows 

flexibility in wavelength allocation, scalability in multicast, and tolerance against pump phase 

noise. Moreover, benefiting from the phase-noise cancellation effect of coherent pumping, 

even a low-cost distributed feedback (DFB) laser can be used as a pump source without 

introducing extra phase noise in the converted signals. This effectively reduces the 

implementation cost and ensures superior performance in terms of phase noise tolerance. 

Here, flexible wavelength multicasts of CO-OFDM with subcarrier modulations of 16 

quadrature amplitude modulation (16QAM) and quadrature phase-shift keying (QPSK) are 
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experimentally demonstrated with tunabilities in channel spacing (25 GHz or 50 GHz) and 

multicast scale (1-to-3 or 1-to-7). Owing to the tolerance against pump phase noise, less than 

0.5 dB and 1.8 dB power penalties are obtained for all of the converted CO-OFDM-QPSK 

and CO-OFDM-16QAM signals, respectively, in comparison with the input signals at a bit-

error rate (BER) of 10
3

. In contrast, with free-running DFB pumps, the converted signals are 

significantly distorted due to severe phase noise from pumps. Especially for the converted 

CO-OFDM-16QAM signals with free-running pumps, an error floor at a BER of ~1x10
2

 is 

observed. By using reconfigurable coherent multi-carrier pump, in addition to the flexibility 

and scalability in multicast [4], the proposed scheme exhibits high tolerance against phase 

noise from pump, especially suitable for OFDM with multi-level QAM like CO-OFDM-

16QAM. 

2. Operation principle 
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Fig. 1. Flexible and scalable wavelength multicast with tolerance against pump phase noise 

using a coherent multi-carrier pump. 

Figure 1 shows the operation principle of the proposed flexible pump-phase-noise-tolerant 

wavelength multicast based on FWM in an HNLF. A reconfigurable multi-carrier pump is 

deployed as the pump in FWM for wavelength multicast. After FWM, the replicas are 

generated uniformly and symmetrically with respect to the input signal. As shown in Figs. 

1(a) and 1(b), when a 2-carrier pump with pump spacing of Δω and 2Δω is deployed, 

wavelength multicasts with a multicast scale of 1-to-3 and channel intervals of Δω and 2Δω 

respectively, are achieved. Using a 3-carrier pump with non-uniform pump spacing, a 1-to-7 

wavelength multicast with channel interval of Δω is obtained, as shown in Fig. 1(c). By 

flexibly changing the number and interval of the pump carriers, replicas with different 

channel spacing and multicast scales can be obtained, which is essential for scalable elastic 

optical networks [4]. 

Importantly, multi-carrier CO-OFDM is sensitive to phase noise especially when 

subcarriers are modulated using multi-level QAM like 16QAM. The extra phase noise in 

multicast should be suppressed to avoid the performance deterioration of the converted 

signals. The generated spurious components alongside the input signal are non-degenerate 
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FWM products with frequencies of ωsij*, where i, j  [1–3], i  j and * represents the 

conjugate operation. The corresponding phase could be expressed as: 

 
*

( )
sij s i j

C     D D   (1) 

where θs, Δθi, Δθj and C are the phase of input signal, the phase noise from pumps i and j, and 

a constant term, respectively. It is obvious that, if the pumps are coherent in phase, the phase 

noise from pumps could be cancelled out in the resultant phase of the converted signals. A 

coherent multi-carrier pump could be simply generated by an optical comb followed by a 

programmable optical processor (POP), which inherently ensures the phase coherence of the 

carriers. By using a coherent multi-carrier, the proposed multicast scheme for multi-level CO-

OFDM features high pump-phase-noise tolerance, multicast scalability and flexibility in 

wavelength allocation. As discussed in [4] and [12], the parallel pump scheme inherently 

supports the wavelength multicast of polarization-division multiplexed signals. Here, limited 

by the available components in the laboratory, the proof-of-concept experiment is 

demonstrated for single-polarization OFDM signals. 

3. Experiment and results 
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Fig. 2. Experimental setup of flexible and scalable wavelength multicast. 

Figure 2 illustrates the experimental setup. CW light from an external cavity laser (ECL) at 

1548.6 nm is modulated by an in-phase/quadrature (IQ) modulator, which is driven by signals 

from an arbitrary waveform generator (AWG). The generated CO-OFDM signal is 

constructed by 256 subcarriers, where 104 subcarriers are data-modulated and 8 pilot 

subcarriers are used for phase noise estimation [14]. Inverse fast Fourier transform (IFFT) 

with a size of 256 is used to convert the signal to the time domain. The cyclic prefix length is 

8. With the AWG operated at 25 GSamples/s and subcarriers modulated in 16QAM and 

QPSK, the bit rates of the synthesized CO-OFDM-16QAM and CO-OFDM-QPSK are 

approximately 40 Gbps and 20 Gbps, respectively. 

To generate the coherent multi-carrier pump, an optical comb with a carrier spacing of 25 

GHz is firstly synthesized using a DFB laser at 1546 nm as the light source and a dual-drive 

Mach-Zehnder modulator (MZM) driven by 25 GHz RF clocks. After the MZM, an optical 

comb with around 10 lines and uniform power distribution is obtained. A POP based on liquid 

crystal on silicon (LCoS) technology is used to manipulate the configuration of the multi-

carrier pump. As shown in Fig. 3, two carriers with a 25 GHz or 50 GHz interval, and three 

carriers with 25 GHz and 50 GHz intervals are obtained with >50 dB extinction ratio. After 

separate power amplifications, the pump and input CO-OFDM-16QAM signals are combined 

and fed to a piece of HNLF, which is 150 m long and has a nonlinear coefficient of 18 W/km, 

an attenuation coefficient of 0.9 dB/km, a zero-dispersion wavelength of 1548 nm, and a 

dispersion slope of 0.02 ps/nm
2
/km. Note that, different from [13], a piece of HNLF with 

shorter length is deployed here, which is helpful to suppress the stimulated Brillouin 

scattering (SBS) effect, thus improving the system performance. The converted signals after 
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multicast are filtered out and detected by a digital coherent receiver, which consists of a 100 

kHz-linewidth ECL laser as the local oscillator, an optical 90-degree hybrid, and two 

balanced photo-detectors (PDs). After digitization by a digital storage oscilloscope at 50 

GSamples/s, the data is processed off-line through digital signal processing, including carrier 

frequency estimation and synchronization, fast Fourier transform (FFT), channel estimation, 

phase noise estimation, constellation decision, and BER calculations. Approximately 1.5 

million bits are used for BER calculation. For performance comparison, wavelength 

multicasts with free-running pumps are also conducted by using independent DFB lasers as 

pumps. The DFB lasers used in the experiment have a laser linewidth of ~3.5 MHz. 
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Fig. 3. Measured optical spectra after HNLF with (a) 2-carrier 25 GHz-spaced pump, (b) 2-

carrier 50 GHz-spaced pump and (c) 3-carrier pump. 

Figure 3 shows the measured optical spectra after HNLF with a coherent 2-carrier pump 

with 25 GHz/50 GHz spacing or a 3-carrier pump to achieve 1-to-3 or 1-to-7 multicast, 

respectively. The converted signals are denoted as “Ch i”, where i  [0, ± 1, ± 2, ± 3]. The 

wavelength allocation and the multicast scale could be changed simply by tuning the carrier 

spacing and carrier number of the coherent pump using POP, respectively. It confirms the 

flexibility in wavelength allocation and the scalability in multicast of the proposed scheme. In 

the following sections, the performance of the converted CO-OFDM-QPSK and CO-OFDM-

QPSK signals with multicast scales of 1-to-3 and 1-to-7 and channel intervals of 25 GHz and 

50 GHz, respectively, are experimentally investigated. 

                                                                                                  Vol. 24, No. 20 | 3 Oct 2016 | OPTICS EXPRESS 22577 



15 16 17 18 19 20 21 22 23 24
-22

-20

-18

-16

-14

-12

-10

-8

C
o
n
v
e
rs

io
n
 E

ff
ic

ie
n
c
y
 (

d
B

)

Pump Power (dBm)

(a)

15 16 17 18 19 20 21 22 23 24
10

10.5

11

11.5

12

E
V

M
 (

%
)

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
-22

-20

-18

-16

-14

-12

C
o
n
v
e
rs

io
n
 E

ff
ic

ie
n
c
y
 (

d
B

)
Signal Power (dBm)

(b)

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
10

12

14

16

18

20

22

24

E
V

M
 (

%
)

19 19.5 20 20.5 21 21.5 22 22.5 23 23.5

-20

-18

-16

-14

-12

-10

-8

C
o
n
v
e
rs

io
n
 E

ff
ic

ie
n
c
y
 (

d
B

)

Pump Power (dBm)

(c)

19 19.5 20 20.5 21 21.5 22 22.5 23 23.5
10.5

11

11.5

12

E
V

M
 (

%
)

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
-20

-18

-16

-14

-12

-10

C
o
n
v
e
rs

io
n
 E

ff
ic

ie
n
c
y
 (

d
B

)

Signal Power (dBm)

(d)

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
10.8

11

11.2

11.4

11.6

11.8

E
V

M
 (

%
)

CO-OFDM-QPSK CO-OFDM-16QAM

 

Fig. 4. Measured EVM and conversion efficiency when tuning pump and signal power 

launched to HNLF in the 1-to-7 multicast of CO-OFDM-QPSK: (a) signal power: 4.4dBm, 

pump power: 15~24dBm; (b) single power: 10~14.5dBm, pump power: 22.2dBm. 

To achieve optimal performance, different from the previous work in [13], the operation 

condition of pump and signal power is optimized according to the measured error-vector 

magnitudes (EVMs) and the corresponding conversion efficiencies of the converted signals in 

the experiment. when the launched power of the pump and signal are adjusted. As an 

example, Fig. 4 shows the measured EVMs and conversion efficiencies of the converted CO-

OFDM-QPSK signals at “Ch-1” in 1-to-7 multicast. The increase in the launched pump 

power improves the EVM of the converted signal up to ~22 dBm because of the improved 

conversion efficiency and OSNR, but further increase in the pump power results in the 

increase of EVM due to the distortion caused by the stimulated Brillouin scattering or cross-

phase modulation from the pump [15]. On the other hand, the measured EVM reaches its 

minimum when the signal power is increased to 0 dBm owing to the improved OSNR, but 

further increase in the signal power causes self-phase modulation of the converted signal, 

which deteriorates the EVM of the signal [15]. Therefore, according to the measured EVMs, 

the optimal launched power of the pump and signal are obtained at 20 dBm and 0 dBm, 

respectively. 

(a) (b) (c)

(d) (e) (f)

Input Coherent Pump Free-running Pump

 

Fig. 5. Measured constellations of (a) (d) the input, and the converted signal (b) (e) with 

coherent pump and (c) (f) with free-running pump. (a)-(c): CO-OFDM-QPSK at OSNR = 7 

dB, and (d)-(f): CO-OFDM-16QAM at OSNR = 16 dB. 

To assess the pump phase noise tolerance of the proposed scheme, the constellations of 

the input and the converted CO-OFDM-16QAM (at OSNR = 16 dB) and CO-OFDM-QPSK 

(at OSNR = 7 dB) signals with different pumping schemes in 1-to-7 multicast are plotted in 

Fig. 5. Even using a DFB laser as the pump source, with a coherent 3-carrier pump, clear 
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constellation (EVM = 31% for CO-OFDM-QPSK and EVM = 15% for CO-OFDM-16QAM) 

could be observed with a slight increase in EVM compared with those of input (EVM = 30% 

for CO-OFDM-QPSK, EVM = 14% for CO-OFDM-16QAM). On the other hand, with free-

running DFB pumps, the severe phase noise introduced from pumps deteriorates the 

constellation with increased EVMs (EVM = 40% for CO-OFDM-QPSK, EVM = 18% for 

CO-OFDM-16QAM). 
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Fig. 6. Measured BER vs. OSNR of the input and converted CO-OFDM-QPSK signals with 
coherent pumping and free-running pumping in 1-to-3 multicast with (a) 25 GHz spacing and 

(b) 50 GHz spacing, and (c) 1-to-7 multicast. 
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Fig. 7. Measured BER vs. OSNR of the input and converted CO-OFDM-16QAM signals with 

coherent pumping and free-running pumping in 1-to-3 multicast with (a) 25 GHz spacing and 

(b) 50 GHz spacing, and (c) 1-to-7 multicast. 

To confirm the observation in constellations, BERs are also measured for the input and 

converted signals with different pumping schemes. The BER results for CO-OFDM-QPSK 

are shown in Fig. 6. By using coherent pumping with DFB as the pump source, with respect 

to the input signal, less than 0.5 dB power penalty is observed at a BER of 10
3

 for all of the 

replicas either in a 1-to-3 multicast with 25 GHz or 50 GHz spacing, or in a 1-to-7 multicast. 

The low penalty is maintained at a BER of up to ~10
5

. However, with free-running DFB 

pumps, although a less than 1 dB power penalty is obtained at a BER of 10
3

 as well, the 

penalty is increased to ~4 dB at a BER of 10
5

. It verifies the feasibility of the proposed 

scheme, and shows the advantage of the coherent pumping over free-running pumping. 

Moreover, the use of DFB as the pump source makes the scheme cost-effective. Figure 7 

depicts the BER results of CO-OFDM-16QAM signals. As shown in Figs. 7(a)-7(c), a power 

penalty less than 1.8 dB is observed at a BER of 10
3

 for the converted CO-OFDM-16QAM 

signals using coherent pumping with different multicast scales (1-to-3 or 1-to-7) and different 

wavelength allocations (25 GHz or 50 GHz spacing). On the other hand, error floors are 

observed at a BER of 10
2

 for the converted CO-OFDM-16QAM signals when pumping 

using free-running DFB pumps. Since higher order multi-level subcarrier modulation 

becomes more sensitive to the phase noise, the proposed coherent pumping scheme is more 
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beneficial for the multicast of CO-OFDM-16QAM signals. This further verifies the feasibility 

and the advantage of the proposed scheme in terms of the phase-noise tolerance. 

4. Conclusions 

We have experimentally demonstrated a flexible and scalable wavelength multicast of CO-

OFDM signals using a reconfigurable coherent multi-carrier pump. The re-configurability of 

the multi-carrier pump enabled by the programmable optical processor offers flexibility in 

wavelength allocation of the converted signals and scalability of multicast. Moreover, the 

phase coherence of the multi-carrier pump ensures the replicas are free of phase noise from 

pumps, and enables the deployment of low-cost DFB lasers as pump sources. The 

experimental results show less than 0.5 dB and 1.8 dB power penalties for all of the converted 

CO-OFDM-QPSK and CO-OFDM-16QAM signals, respectively, with different multicast 

scales and wavelength allocations. 
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