Single sideband FBMC system for 2-km SMF transmission
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Abstract: We report a 144-Gb/s single sideband filter bank multicarrier system supporting
transmission of studio quality ultra-high definition TV over 2-km single mode fiber (SMF) and the
importance of optimizing the modulation index is highlighted.
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1. Introduction
The spread of bandwidth-hungry services such as broadband mobile communication, high-definition television
streaming and cloud computing have resulted in increasing demand for high-capacity short reach optical networks.
Because large amount of transceiver unites are used in short-haul optical links, power consumption, footprint and cost
efficiency are three main factors for short reach optical links design, biasing designs towards direct detection even
for data rates beyond 100 Gb/s. This is especially the case for ultra-high definition television, where uncompressed
data rates peak at 144 Gb/s and high volume use is foreseeable. With the help of polarization multiplexing, dual
polarization 100 Gb/s per lane has been demonstrated by utilizing 4-level pulse amplitude modulation (PAM4) [1] or
half-cycle Nyquist subcarrier modulation [2]. However, complex polarization tracking, polarization multiplexing and
de-multiplexing are required, which diminish the inherent benefits of direct detection. Recent research interest in the
capacity of short reach optical networks has moved towards 100 Gb/s single polarization per lane, which can be
realized by utilizing advanced modulation formats such as discrete multi-tone [3], multi-band carrier-less amplitude
and phase modulation [4] and PAM4 [5]. In such systems, complex digital signal processing (DSP) is required to
address chromatic dispersion or bandwidth effects, resulting in high power consumption. A recently proposed allanalogue filter bank multicarrier (FBMC) technique based on mature and stable electrical and microwave components
provides a promising solution for DSP-less broadband optical links [6]. Compared with conventional subcarrier
multiplexing, FBMC has higher spectral density thanks to the orthogonality of the overlapping sub-channels and no
cyclic prefix is required in comparison with orthogonal-frequency-division-multiplexing. However, to date, the per
lane data rate of FBMC system is only 16.2 Gb/s [6].
In this paper, a high-capacity single sideband (SSB) FBMC system using direct detection is proposed and
numerically investigated. To achieve transmission data rate as high as 144 Gb/s with an electro-optical bandwidth of
less than 40 GHz, 16 quadrature amplitude modulation (16QAM) is used as the modulation format. To minimize
composite second order (CSO) distortion in the photodetector (PD), the IQ modulator is biased at quadrature. The
signal to noise ratio (SNR) and inter subcarrier interference may be optimized through the number of subcarriers and
the modulation index. For a fixed number of subcarriers in optical back-to-back case, the optimum modulation index
depends on the received optical power, the crosstalk induced by square-law photo-detection, and to a lesser extent the
nonlinearity of IQ modulator. For system reach of 2-km SMF, using more subcarriers with an optimized modulation
index enables the system to achieve better transmission performance due to enhanced dispersion tolerance.
2. Simulation Setup
Figure 1 shows the schematic diagram of the proposed SSB FBMC system. In our simulation, the 16QAM signal for
each sub-channel was generated from fully random binary sequences which were Gray coding and mapped into
16QAM before being up-sampled to 256 samples per symbol. Both of the in-phase and quadrature information of the
generated 16QAM signal were bipolar 4 amplitude shift keying modulated, which were then modulated to different
RF subcarriers, with subcarrier frequency spacing equal to the symbol rate and relative phases of zero, by utilizing
ideal IQ mixers. A laser with the wavelength of 1550 nm and a linewidth of 100 kHz was used as the optical source
and the maximum output power was 10 dBm. To generate an optical SSB signal, the multiplexed electrical signal
was fed to one port of the IQ modulator with 3-dB insertion loss and no bandwidth limitation, whilst its Hilbert
transform (obtained with a 90° phase shifter) was sent to the other port with the optical phase shift between two sub
modulators also set to be 90°. Both two sub modulators were biased at quadrature resulting in a strong optical carrier
whilst simultaneously minimizing CSO distortion. The receiver consisted of a 50-GHz photodetector with
responsitivity of 0.85 A/W, shot noise and thermal noise (18 pA/√Hz), and a set of IQ mixers for down-conversion.
To emulate RF carrier recovery, the down-converted in-phase and quadrature signals of each sub-channel were
considered as a single 16QAM signal. Since temporally rectangular pulses were used in the transmitter, a Sinc-shaped

filter matched at the symbol rate and truncated at 144 GHz was employed for each sub-channel in the receiver. The
down-sampling position was obtained by calculating the minimum variance of the received signal. Then a steepest
descent method [7] was utilized to compensate for the constellation rotation after down-sampling to 1 sample per
subcarrier symbol. Finally, the BER was calculated using error counting of the demodulated signal. The length of the
transmitted bit stream was calculated to be at least 100 times than the inverse of the desired BER, which was initially
estimated with a trial of 1048576 bits.
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Fig. 1 The schematic diagram of the proposed SSB FBMC system.

3. Results and Discussion
To illustrate the definition of the modulation index used in this paper, the subcarrier multiplexed signal fed to the
𝑁c
upper arm of the IQ modulator can be written as 𝑆up (𝑡) = Real(∑𝑘=1
𝛽 ∗ 𝑢𝑘 (𝑡) exp(j𝜔𝑘 𝑡)), where Nc is the number
of subcarriers, 𝛽 is the modulation index for each sub-channel and is same for all the sub-channels, 𝑢𝑘 (𝑡) is 16QAM
modulated information for the kth subcarrier with any value of ±1 ± i, ±1 ± 3i, ±3 ± i, and ± 3 ± 3i, 𝜔𝑘 is the
angular frequency for the kth subcarrier and is equal to 2π𝑘/T, where T is the symbol time. Figure 2 (a) shows the
BER performance at a fixed received optical power of -8 dBm, as the modulation index 𝛽 is varied for a range of
different number of subcarriers. The lowest BER for different number of subcarriers all show optimum performance
when Nc ∗ β2 is about 0.008 and the optimum point is approximately independent of the number of subcarriers. This
represents a fixed optical power level in the data sideband and is proportional to the rms drive signal power.
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Fig. 2 (a) BER performance of the proposed FBMC system for different numbers of subcarriers at the received optical power of -8 dBm. (b)
SNR at the received optical power of -8 dBm. Dot: simulation results. Straight line: fitting curve.

To get a better understanding of this phenomenon, the SNR at the received optical power of -8 dBm can be
obtained using formula (4) in Ref. [8]. Figure 2 (b) shows the calculated SNR (dots) and corresponding curve fits
considering thermal noise, shot noise, CSO distortion generated in PD and modulator nonlinearity by using a custom
formula with the form of 𝑠𝑛𝑟 = 𝑥/(a + b𝑥 2 + c𝑥 4 ) in Matlab. Here, 𝑥 is equal to Nc ∗ β2 and is proportional to the
power of the desired electrical signal. Coefficient a is related to shot noise and thermal noise, which is approximately
the same in all cases, dominating the performance at low signal power (𝑥 < 0.005). Coefficient b and c are related to
CSO distortion in the PD and composite triple beat distortion caused by the modulator respectively. At larger signal

power, the SNR degrades firstly due to the increase of CSO distortion in the PD, which is smaller for large number
of subcarriers due to spread of the signal power between subcarriers, and secondly due to increasing distortion from
the modulator, which increases with the number of subcarriers because of the increasing mixing products. At optimum
signal power, distortion from the modulator is small and can be ignored compared with distortion from the photodiode.
Since receiver noise is same regardless of the number of subcarriers and the power of CSO distortion located within
the desired signal bandwidth is smaller when more subcarriers are used, slightly higher SNR may be achieved in
systems using more subcarriers.
Since the optimum modulation index depends on the tradeoff between the linear SNR and nonlinear distortion in
the photodiode, it is critically dependent on the received optical power. This can be seen from the fitting formula
which has a shot and thermal noise related coefficient a. Therefore, the optimum modulation index ensuring minimal
BER should be adjusted respectively according to the received optical power when comparing different system
deployments, including transmission over the maximum reach considered here, 2-km SMF. Contour plots in Fig. 3
show that after 2-km transmission, the minimum BER of 16-subcarrier system is only about 10-4 at the available
maximum received optical power of 6.6 dBm, while at much lower received optical power of 0.6 dBm, BER of 10-6
is realized in the 64-subcarrier system. Transmission penalties are dominated by the higher frequency subcarriers and
the penalties associated with the 16-subcarrier system are attributed to chromatic dispersion, which we believe reduces
the inter subcarrier orthogonality.
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Fig. 3 Contour plots of BER performance of (a) 16-subcarrier and (b) 64-subcarrier FBMC system.

4. Conclusion
The performance of the proposed single sideband FBMC system based on direct detection using different number of
subcarriers has been studied respectively for optical back-to-back and 2-km transmission. To avoid modulator
distortion, a small modulation index is always preferred and the optimum value depends on both receiver noise and
CSO distortion. For 2-km transmission, better system performance can be achieved by using more subcarriers.
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