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Abstract: We numerically investigate joint pilot-aided phase recovery for frequency
comb-based long-haul wideband transmission. We report net information rate gains by op-
timizing the pilot overhead and phase estimation algorithm, outperforming per-channel pro-
cessing at lower complexity. © 2023 The Author(s)

1. Introduction
In the last decade, advancements in CMOS processes and high-bandwidth optical components [1] have enabled
conventional transmission with a single optical carrier to drive the reduction of the cost-per-bit. Nevertheless, it is
unclear how long this approach will be sustainable. Optical frequency combs (OFCs) are a promising solution for
ultra-high capacity communication systems exploiting parallel signal generation and detection [2].

Multi-wavelength concepts are increasingly considered an option for developing scalable integrated transceivers
[3] and the potential of OFCs as multi-wavelength sources for coherent transmission has been demonstrated [4–7].
Features of OFCs, such as fixed spacing and coherence among the optical carriers, enable joint carrier recovery
(CR) [8–10]. This aspect is advantageous for reducing the complexity of digital signal processing (DSP) algo-
rithms, especially for shorter transmission reach and higher order modulation, where CR has a higher relative
weight in the overall complexity [11]. Simple approaches, such as assuming perfect coherence between the differ-
ent carriers and estimating the phase noise (PN) on one signal only, become less effective with large accumulated
chromatic dispersion (CD) [10]. This is a crucial limitation for next-generation systems based on ultra-high baud
rate (>130 GBaud) signals. Consequently, more advanced phase estimation schemes have to be considered [8,12].

Pilot-based CR is simple and robust even for higher-order quadrature amplitude modulation (QAM), making
it a practical option for current DSP implementations. Joint processing enables additional optimization of the
distribution of the pilot overhead (POH) among different carriers [8]. As a result, it is not trivial to find a trade-off
between better-performing joint algorithms with higher POH and reduced room for payload allocation.

In this contribution, we numerically evaluate the performance of low-complexity joint CR for an OFC-based
system with four 135 GBd signals over approximately 600 GHz bandwidth. We account for realistic transmission
impairments and show that optimized joint CR enables net information rate gains for up to 560 km transmission
for 64-QAM and 2160 km for 16-QAM over per-channel processing through optimization of the POH.

2. System model
The simulation setup is shown in Fig. 1(a). OFCs are considered for the transmitter (Tx) lasers and for the local
oscillators (LOs) for a four-channel system with 135 Gbaud signals and 150 GHz spacing. The PN of each of
the carriers is modeled as the superposition of a common Wiener process described by a 200 kHz linewidth (LW)
and an additional line-dependent PN. The latter is modeled by drawing a single independent Wiener process with
LW = 1 kHz scaled with the factors [-2,-1,1,2] starting from the leftmost frequency channel. The scaling is used
to emulate complete anti-correlation between lines with opposite spacing from the OFC central frequency. This
model accurately describes line-dependent phase decorrelation in electro-optic frequency combs [9]. A frequency
offset (FO) of ≈ 200 MHz between the Tx and LO OFCs is considered, as well as ≈ 1 MHz free spectral range
(FSR) deviation of the LO from the ideal 150 GHz. This last imperfection is important to validate the robustness
of joint CR schemes in the presence of a small time-varying uncalibrated FSR deviation.

Considered modulation formats are 16-QAM and 64-QAM. A header of 1024 4-QAM pilot symbols with the
same energy as the payload data is inserted at the start of a 217 symbols frame. Two successive frames are gener-
ated, the signals are pulse shaped with a root-raised-cosine filter with 0.1 roll-off factor and passed to four inde-
pendent dual-polarization in-phase and quadrature (DP-IQ) modulators. Additive white Gaussian noise (AWGN)
after the Tx and before the receiver (Rx) is introduced in equal parts to emulate a back-to-back (B2B) signal-to-
noise ratio (SNR) SNRB2B = 22 dB. The signals have a launch power of 3 dBm per carrier, which is near-optimal
for a wide range of propagation distances in the considered scenario. Transmission over up to 30 spans of 80 km
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Fig. 1. (a) Simulation setup (modeled in VPIphotonics Design Suite 11.2); (b) DSP chain (imple-
mented in Python); (c) considered CR algorithms and pilot symbols distribution schemes.

of standard single mode fiber (SSMF) with attenuation, dispersion, and nonlinearity coefficients α = 0.2 dB/km,
D = 20 ps/nm/km, γ = 1.3 1/m/W are simulated. After each span an Erbium doped fiber amplifier (EDFA) with
16 dB gain and 5.5 dB noise figure restores the launch power. After fiber propagation the signals are isolated by
four optical bandpass filters with a Gaussian profile and a 3 dB bandwidth of 150 GHz and received by four coher-
ent receivers with 70 GHz bandwidth modeled as a 3rd order Bessel filter. After analog to digital conversion at 2
samples per symbol, the four channels are processed in the DSP as detailed in Fig. 1(b): After CD compensation,
the 1024 symbols training sequence is exploited for frame synchronization [13] and pre-convergence of the 2×2
adaptive equalizer with 31 fractionally-spaced taps. The equalizer is then blindly adapted according to the radius
directed equalization (RDE) scheme. Finally, the signal is downsampled to 1 sample per symbol before CR.

3. Phase recovery and pilot symbols distribution
We consider the four carrier phase recovery (CPR) implementations detailed in Fig. 1(c). The schemes exploit a
variable number of main and secondary channels. For main channels, a PA digital phase locked loop is used to
estimate and correct the FO. Carrier phase estimation (CPE) is implemented in two stages. First, PN estimates are
averaged over four consecutive pilot symbols to reduce the impact of AWGN. Linear interpolation is performed
between consecutive averaged estimates. In the second stage, decision directed (DD) maximum-likelihood phase
estimation is performed over an optimized window length to minimize the correlation between the I and Q com-
ponents [14]. We refer to this two-stage scheme as PA+DD CPE. POHCR = 1/31 is used for the CR pilot symbols,
which are distributed as payload data but are known at the Rx. The baseline implementation is represented by
independent CR, which has four main channels.

Conventional main and secondary implementations [10] M&S1 and M&S2 are based on one and two main
channels, respectively. For secondary channels, the FO estimate and CPE from the closest main channel is used.
Additionally, an ultra-light pilot-aided carrier phase recovery (PA-CPR) is implemented by estimating and aver-
aging the phase over four consecutive pilot symbols. Unlike for PA+DD CPE, no interpolation is performed but
the phase estimated is simply held until the next one to consider a low-latency implementation. It is crucial to
notice that secondary channels have a reduced POHCR = 1/(31+ 8 ·Nr), where Nr is the number of consecutive
32-symbol blocks that do not contain pilots. Finally, we consider a dual reference carrier (DRC) transmission-
aware method originally devised for digital subcarrier multiplexing. The algorithm exploits the CD estimation and
CPE on two carriers to reconstruct the PN components of the Tx laser and LO [12]. The considered OFC-based
system presents additional OFC-induced phase decorrelation and per-channel CPR performance is more robust to
laser LW due to a much higher symbol rate per carrier. Therefore, the algorithm is slightly modified such that only
the secondary channels phase estimates are derived from the phase reconstruction algorithm. This algorithm has
marginally higher complexity than the M&S2 scheme [12].

4. Results
We evaluate the performance of the joint CR algorithms in terms of gain in normalized net data rate Rc,net to the
baseline independent CR. Rc,net is calculated as Rc,net = 1/(1+FECOH)/(1+POH), where FECOH is the forward
error correction (FEC) overhead. For a sufficiently small header compared to the frame size, the approximation
POH ≈ 1024/(217 − 1024)+POHCR applies. The FECOH is calculated from the normalized generalized mutual
information (NGMI) considering an additional coding gap of 0.07 constant across modulation formats and NGMI
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Fig. 2. Normalized net date rate gain of joint CR schemes compared to per-channel estimation for
16-QAM (a), and 64-QAM (b).

values [15]. The NGMI is averaged over the four channels, assuming joint FEC. The results for 16-QAM and
64-QAM are shown in Fig. 2 (a) and (b), respectively.

All joint algorithms show a reduction in the net rate for Nr = 0 (dashed lines). In this scenario, all CR schemes
have equal POHCR = 1/31, but the lower-complexity PA-CPR does not match the performance of the per-channel
PA+DD CPR with optimized window length. The most lightweight scheme M&S1 is the worst performing, as
expected, while M&S2 and DRC provide similar performance. This behavior suggests that the narrow-spaced
PA-CPR partially mitigates CD-induced PN decorrelation, at least for neighboring channels.

The results drastically change when the POH over the secondary channels is optimized. We set Nr = 64 as
a trade-off between a substantial POH reduction and preserving sufficient tracking speed of the additional PA-
CPR for the secondary channels. By doing so, joint schemes outperform independent CR for sufficiently short
transmission distance. For 16-QAM, M&S1 is the best-performing algorithm up to 1520 km transmission due to
the largest POH reduction. However, the higher-performance DRC scheme manages to extend the reach for which
joint CR outperforms per-channel processing of 240 km, up to 2160 km at FECOH ≈ 17.5%. The benefits of the
DRC scheme are larger in relative terms for the more demanding 64-QAM. It outperforms independent CR until
560 km at FECOH ≈ 23% while M&S show rate penalties already at half the distance. It is worth noting that M&S2
is not beneficial for Nr = 64, showing the better utilization of the increased POH by the DRC-CPR.

5. Conclusions
We numerically evaluated the performance of joint pilot-aided carrier recovery algorithms in a high-capacity trans-
mission scenario with four 135 GBd signals based on highly-coherent optical frequency combs. We observed that
joint schemes and optimization of the pilot overhead can counteract transmission-induced phase noise decorrela-
tion penalties. We reported gains in net information rate for up to 560 km transmission for 64-QAM and 2160 km
for 16-QAM over per channel processing, while preserving lower complexity.
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