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Abstract Transmission performance of dual-carrier DP-16QAM system with frequency diversity MIMO 

detection, tolerant to carrier frequency drift, is demonstrated over 800km SSMF. Q
2
-factor penalty of 

only 1.7dB relative to single carrier performance is achieved, with dual-carrier spacing of 0.8 x symbol-

rate. 

Introduction 

Since the commercial deployment of 100G long-

haul WDM systems, enabled by optical coherent 

receivers and digital signal processing (DSP), 

research has focused on 400G and 1Tb/s 

systems. To implement such systems, the use 

of multiple optical carriers is a viable solution to 

moderate the required electrical bandwidth 

increase. In this scenario, a tight channel 

spacing is required to achieve higher spectral 

efficiency, limited by linear crosstalk between 

adjacent channels. To overcome this, Nyquist 

pulse shaping as well as various types of multi-

channel equalization (MCE)
1-3

 have been 

considered. The former is a widespread 

technique to transmit sinc-shaped pulses with a 

corresponding rectangular spectrum in order to 

minimize linear crosstalk. The latter consists of 

applying a multi-channel equalizer at the 

receiver to compensate for crosstalk. Several 

MCE techniques have been proposed such as 

the adaptive equalizer with least mean square 

algorithm
1
, maximum a posteriori detection

1
, and 

frequency diversity multiple-input-multiple-output 

(FD-MIMO) detection
2,3

. FD-MIMO generalises 

the Constant Modulus Algorithm (CMA) 

polarization diversity MIMO used to demultiplex 

polarization multiplexed signals by also 

demultiplexing different carrier frequencies. 

In addition to supporting commercially available 

compact external cavity lasers (ECL) for each 

optical carrier at the transmitter side, realistic 

values for the carrier frequency stability must 

also be taken into account in Nyquist or quasi-

Nyquist spaced WDM systems. Indeed, channel 

spacing may vary by a few GHz over a long 

period of time, resulting in partial channel 

overlap. Rather than use Nyquist pulse shaping 

at the transmitter to avoid linear crosstalk, FD-

MIMO adaptively compensates the crosstalk 

induced by this spectral overlap at the receiver, 

and thus, removes the stringent requirements on 

the filtering or carrier frequency stability. This 

technique has already been demonstrated for 

DP-QPSK in both numerical simulation
2
 and 

experimental back-to-back measurement
3
. 

In this paper, we experimentally demonstrate 

the transmission of a dual-carrier 10GBaud DP-

16QAM signal with varying channel spacing 

from 80% to 100% of the symbol rate using FD-

MIMO to mitigate linear crosstalk, a small Q
2
-

factor penalty as 1.7dB was achieved relative to 

single carrier performance. The performance of 

this technique is also compared with the Nyquist 

pulse shaping technique. The Q
2
-factor penalty 

for the FD-MIMO technique is only 0.25dB after 

800km transmission over SSMF. 

Receiver Architecture 

The schematic of the receiver used in this work 

is shown in Fig. 1. The dual-carrier (channel) 

DP-16QAM signal is initially converted to the 

electrical domain by the coherent receiver.  The 

local oscillator (LO) wavelength is set 

approximately to the central frequency of the 

dual-carrier channel. The electrical signal is then 

sampled by a 4-channel ADC, and skew 

compensation and normalization are applied. 

Then, chromatic dispersion compensation 

(CDC) is jointly applied in the frequency domain
4
 

for the two carriers. Next, the signal is centered 

at the zero frequency by applying a frequency 

offset correction, estimated as the mean of the 

signal spectrum. To detect each channel, an 

additional shift of ± half the symbol rate is 

applied. Subsequently, each channel is  

 

 
 

Fig. 1: Receiver configuration 
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resampled down to 2 Sa/Sym, and a bandpass 

filter is applied just before the FD-MIMO
3 

equalization is carried out. In this work, a 4x4 

MIMO adaptive equalizer is used to recover the 

two polarization states on two different channels. 

Equalizer pre-convergence is achieved using 

the CMA before switching to radially directed 

equalization (RDE)
5
. The equalized signal, per 

polarization/channel, is then separately 

processed for frequency offset compensation 

(FOC), carrier phase estimation (CPE) and 

symbol decision. FOC uses the 4
th
-order power 

frequency estimation while the CPE uses 

decision-directed phase estimation
6
. Finally BER 

counting is performed for each channel.  

Experimental Setup 

Fig. 2 shows the experimental setup for the 

dual-carrier DP-16QAM transmission. Two ECLs, 

each with a 100kHz linewidth were individually 

modulated by two IQ modulators. Ch.1 was set 

at 1550nm, while Ch. 2 were located between 

+8GHz and +10GHz away from Ch.1. A set of 

four de-correlated 2
15

-1 PRBS was digitally 

generated, mapped onto 16QAM symbols and 

stored on the FPGA. The 10GBaud in-phase (I) 

and quadrature (Q) signals were generated by 

Micram DACs at 20GS/s. An electrical linear 

amplifier was used to achieve a sufficient 

voltage level for the IQ modulator and a 5
th
-

order electrical Bessel low pass filter (LPF) with 

a cut-off frequency of 7GHz was applied for 

image rejection. In the case of Nyquist pulse 

shaping, the transmitted sequence was shaped 

by a root-raised-cosine (RRC) filter with a roll-off 

factor of 0.1% and cascaded 8
th
-order electrical 

LPFs with a cut-off frequencies of 5.5GHz and 

7GHz LPF were used for image rejection. The 

two channels were de-correlated by 170 

symbols before the polarization multiplexing 

emulation stage (Pol. Mux.). Note that the 

optical power for both channels was carefully 

equalized (< 0.5dB difference) and maintained 

constant at this value throughout the experiment. 

In the back-to-back analysis, the Pol. Mux. was  

 

 
 

Fig. 2: Experimental setup 

connected into the signal port of the coherent 

receiver and an ASE noise loading stage was 

used for OSNR adjustment. 

In transmission, a single span recirculating loop 

was used. The loop consisted of two acousto-

optic switches (AOS), two EDFAs, polarization 

scrambler, an optical bandpass filter to reject 

ASE, and 80.7km of SSMF with an attenuation 

coefficient of 0.19dB/km and a dispersion 

parameter of 17ps/(nm.km). 

The coherent receiver consisted of a discrete 

dual-polarization 90˚ optical hybrid, four 

balanced photo detectors with 70GHz electrical 

bandwidth and four channels of 160GS/s real 

time sampling oscilloscope with 63GHz 

electrical bandwidth. An ECL with a 100kHz 

linewidth was used as the LO and set +5GHz 

away from Ch.1 to capture the complete dual- 

carrier signal for signal processing as described 

above. Note that the length of the RDE FIR 

filters was set to 21 (T/2 spaced), and a 64 T-

spaced sliding window was applied for CPE. 

The single channel case used a standard 2x2 

CMA configuration, with subsequent DSP 

operating on a single channel only. For the dual-

carrier case without FD-MIMO, the frequency 

shift to detect the target channel was applied 

prior to resampling. In addition, matched Nyquist 

filtering was applied after CDC for the Nyquist 

pulse shaped transmitter. 

Results and Discussion 

In Fig. 3, the Q
2
-factor is plotted as a function of 

received OSNR, and compared with three 

different formats and channel spacing of 10GHz, 

9GHz and 8GHz in the back-to-back 

configuration. The Q
2
-factor was derived from 

the average BER over the two polarizations and 

the two channels. An implementation penalty of  

 

 
 

Fig. 3: Back-to-back performance of dual-carrier DP-16QAM 
signal with different formats/channel spacing. Inset (a) and 
(b) show the constellations without ASE loading for 8GHz 

spaced dual-carrier signal with and without FD-MIMO 



1.7dB for the single channel case was 

measured at the FEC threshold (3.8E-3 or 

8.53dB Q
2
-factor). The constellation diagrams (X 

polarization of Ch.1) for the 8GHz spaced dual-

carrier signal with and without FD-MIMO are 

also illustrated in Fig 3. It is possible to observe 

that when FD-MIMO was operated without ASE 

noise loading, the Q
2
-factor was increased from 

9.14dB to error free (>12.6dB). Overall, the dual-

carrier signal without FD-MIMO suffered from 

strong crosstalk as it showed a penalty of 2dB in 

Q
2
-factor from the single channel case with 

10GHz channel spacing, and decreasing the 

channel spacing down to 8GHz resulted in 

3.5dB penalty. Under the same conditions, FD-

MIMO processing significantly improved the 

performance. The Q
2
-factor penalty was only 

0.5dB with 10GHz channel spacing, it increased 

as a function of decreasing channel spacing by 

~0.5dB/GHz. These results signify that FD-

MIMO effectively mitigates linear crosstalk from 

the neighboring channel, even if the channel 

spacing were to significantly fluctuate; for 

example due to the frequency instability of 

transmitter ECLs. 

Fig. 4 shows the transmission performance 

after 807km SSMF showing the Q
2
-factor versus 

the fiber launch power per channel. A launch 

power of -15dBm translated to a received OSNR 

of 13.7dB. A slightly higher Q
2
-factor penalty of 

1.7dB with respect to the 8GHz channel spacing 

with FD-MIMO, was observed with the fiber 

launch power lower than -9dBm, where the 

penalty is dominated by the accumulated ASE 

noise and the results were expected to converge 

to the back-to-back case. As the fiber launch 

power increased, the effectiveness of FD-MIMO 

decreased due to the growing effect of fiber 

nonlinearities. 

Fig. 3 and 4 also illustrates the performance of  

 

 
 

Fig. 4: Performance of dual-carrer DP-16QAM signal after 
807km transmission with different formats/channel spacing 

the Nyquist pulse shaping at the transmitter 

which used the conventional 2x2 MIMO (10GHz 

channel spaced dual-carrier signal). Compared 

to the Nyquist pulse shaping, the FD-MIMO 

showed a Q
2
-factor penalty of less than 0.6dB 

both in the back-to-back configuration and after 

807km transmission. A smaller penalty was 

observed as a function of increased launch 

power for the non-return-to-zero format as it is 

more tolerant to fiber nonlinearities than the 

Nyquist pulse shape. Note that at the optimum 

launch power for both scenarios, the relative Q
2
-

factor penalty for FD-MIMO is only 0.25dB. 

Conclusions 

In this paper, we experimentally demonstrated 

the tolerance of dual-carrier 10GBaud DP-

16QAM transmission using FD-MIMO, varying 

the channel spacing from 10GHz to 8GHz. FD-

MIMO was shown to be effective in significantly 

mitigating linear crosstalk. A maximum penalty 

of less than 1.7dB Q
2
-factor versus the single 

channel case was observed for both back-to-

back and after 800km transmission.  Additionally, 

we found only 0.25dB penalty from Nyquist 

pulse shaping in the case of 10GHz channel 

spacing after 800km transmission. Thus, 

systems using FD-MIMO would enable 

transmission of Nyquist spaced WDM channels 

even when accounting for the finite frequency 

stability of transmitter lasers. In addition, this 

technique enables transmission using sub-

Nyquist channel spacing. 
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