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Abstract
In this work, we present a digital signal processing (DSP) scheme that performs hyperparameter tuning (HT) via Bayesian optimization (BO) to
autonomously optimize memory tap distribution of a Volterra series used in the synthetization of a digital pre-distortion (DPD) filter for optical
transmitters. Besides providing a time-efficient technique, this work demonstrates that the self-adaptation of DPD hyperparameters to correct the
component-induced nonlinear distortions as different driver amplifier (DA) gains and symbol rates leads to an improvement in transmitter performance.



Introduction


Cognitive networks - With the increase of demand in bandwidth flexibility in
optical networks, there has been an emerging need for efficient resource
management tools in order to address the diversity of capacity and reach demands
required by users and services. Viable solutions rely on incorporating cognitive
features into network operation (Figure 1), that, quoting [1], “… perceive current
conditions, and then plan, decide, and act.”



Cognition in DPD for optical transmitters - Due to the advances of modern DSP
tools, one promising solution to integrate cognition into network operation is via the
self-adaptation of Volterra-based DPD schemes for optical transmitters [2].



Why to adapt DPD schemes ? - As transmission becomes more dynamic and
demanding (e.g., symbol rate > 60 GBd), optimizing the total number of orders and
memory taps of the Volterra filter without increasing the complexity of the model
becomes a challenging problem [3], which requires powerful optimization
approaches.

Figure 1 – Illustration of cognitive network operation

[1] I. Miguel et. al., “Cognitive Dynamic Optical Networks [Invited],” IEEE/OSA Journal of Optical Communications and Networking, vol. 5, no. 10, pp. 107-118, Oct. 2013..
[2] P. W. Berenguer et. al., “Nonlinear Digital Pre-distortion of Transmitter Components,” IEEE/OSA Journal of Lightwave Technology, vol. 34, no. 8, pp. 1739-1745, Apr. 2016.
[3] A. Richter et. al., “On the Analysis and Emulation of Nonlinear Component Characteristics,” presented at the Optical Fiber Communications Conference and Exhibition (OFC), San Diego, CA, USA, Mar. 2019, Paper Th.1.D.1.
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Bayesian Optimization (BO) for system identification


There are strong similarities between the optimization of the orders and memory taps of a Volterra filter for DPD of optical transmitters and a
design problem often coped within ML applications, the so-called hyperparameter tuning (HT) [4]. The HT problem consists of optimizing the
parameters that define the design of learning architectures. Powerful machine learning (ML) optimization tools, such as Bayesian optimization
(BO) [5], can automate this search in a time-efficient manner. In the system Identification of optical transmitters, BO can be used to automate the
search of the memory taps and necessary number of orders of the Volterra series that optimally represents the optical transmitter [6][7]. The
scheme shown in Figure 2 and shortly described below summarizes this approach.
1) The optical transmitter (system under test (SUT)) is excited with a
signal 𝑠𝑠 𝑛𝑛 and the discrete representation of its output is measured,
i.e., 𝑟𝑟[𝑛𝑛].
2)

Then, the least-squares estimation is used to obtain a 𝑃𝑃-th order
Volterra filter that optimally fits 𝑠𝑠[𝑛𝑛] and 𝑟𝑟[𝑛𝑛] such that:
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3)
Figure 2 – BO is incorporated into system identification of an optical transmitter to automate
the search of the memory vector (𝐦𝐦) that minimizes the system identification (SI) error 𝑒𝑒SI .

4)

𝒄𝒄1

The obtained kernel coefficients ℎ𝑝𝑝 𝑐𝑐1 , … , 𝑐𝑐𝑝𝑝 are used to emulate an
output of the SUT 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 [𝑛𝑛].
The normalized mean-squared error (NMSE, 𝑒𝑒SI) between 𝑟𝑟[𝑛𝑛] and
𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛 is utilized as a cost function to be minimzed by the BO. In
turn, the BO provides an optimized memory vector 𝐦𝐦 = 𝑚𝑚1 , … , 𝑚𝑚𝑃𝑃 .

[4] T. T. Joy, S. Rana, S. Gupta, and S. Venkatesh, “Hyperparameter tuning for big data using Bayesian optimisation,” presented at International Conference on Pattern Recognition (ICPR), Cancun, Mexico, Dec. 2016, pp. 2574-2579.
[5] J. Mockus, V. Tiesis, and A. Zilinskas, The application of Bayesian methods for seeking the extremum. New York: North Holland, 1978.

[6] Matheus Sena et. al., “An Autonomous Identification and Pre-distortion Scheme for Cognitive Transceivers using Bayesian Optimization,” presented at the European Conference Exhibition Optical Communication, Brussels, Belgium, Dec. 2020, Paper Tu.1.D.7.
[7] M. Sena et al., "Bayesian Optimization for Nonlinear System Identification and Pre-Distortion in Cognitive Transmitters," in Journal of Lightwave Technology, vol. 39, no. 15, pp. 5008-5020, Aug.1, 2021, doi: 10.1109/JLT.2021.3083676.
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Computational gain


Recently, a system identification (SI) approach was introduced in [3]. In this scheme, a heuristic was proposed to optimize the number of orders and
memory taps of the Volterra series. Unlike the Bayesian-based SI, the heuristic introduced in [3] performs an uninformed search by operating in a
brute-force way and does not efficiently utilize the information from the intermediate states tested during the optimization process. To benchmark
the Bayesian-based [6][7] approach for system identification with [3], we synthesized a 5th-order Volterra model that emulates the response of a
SUT and is depicted by Figure 3.



Then, a random PAM-8 training sequence (𝑠𝑠[𝑛𝑛]) with 105 symbols at 1 Sa/symbol is fed to the emulated SUT model to obtain the corresponding
output signal (𝑟𝑟[𝑛𝑛]). This pair of waveforms, i.e., 𝑠𝑠[𝑛𝑛] and 𝑟𝑟[𝑛𝑛], is hence provided to the proposed Bayesian-based SI and to the heuristic approach.
Then, both techniques are used to blindly learn the optimal 𝐦𝐦. The Wallclock time (elapsed processing time) after each iteration loop for both
techniques was then used as figure of merit. The simulation was carried out with VPItoolkit™ DSP Library.



According to the results shown in Figure 4, Bayesian-based SI is able to reach the minimum identification error 𝑒𝑒SI, 46% faster compared to the
benchmarked approach [3]. This indicates that using BO to identify the optimal memory tap distribution of a Volterra filter brings the advantage of
reducing the convergence time.

Figure 3 - Normalized (a) first (ℎ1 ), (b) second (ℎ2 ) and (c) third (ℎ3 ) order Volterra kernel coefficients of
a 5th-order synthetic filter for 𝐦𝐦 = [39, 5, 7, 3, 1] used in the comparison shown in Figure 4.
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Figure 4 - Bayesian-based SI is benchmarked with the heuristic memory tap optimization
approach introduced in [3]. A 46% speed-up is achieved by using the derived approach.
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Experimental evaluation


The evaluation of the proposed approach was also validated with an
experimental investigation, which is composed of two parts: (1) SI and (2)
performance evaluation of the DPD. The methodology utilized in this
validation is thoroughly described in [7].



SI - In summary, during the SI, the SUT (DACs followed by a quad set of
DAs and a DP IQ-modulator) was characterized by applying a 96 GBd DP16QAM “probe” signal generated using a 215 random bit sequence
followed by a root-raised cosine (RRC) pulse shaping filter with roll-off
factor 0. Then, the optical signal was transmitted, received and digitized
using an optical coherent receiver. At the receiver DSP, Stokes space
based polarization demultiplexing, resampling, frequency offset
correction and carrier phase recovery were performed. The received and
the transmitted samples of the probe signal quadrature components
were finally provided to the Bayesian-based SI where the optimized filter
designs were obtained for different filter complexities (number of
computed filter coefficients). The testbed is shown in Figure 5.



Performance evaluation - In the second stage, the kernel coefficients
of the Volterra filters obtained in the Bayesian-based SI are provided to
the to the indirect learning architecture (ILA) for computation of the
DPD filter. Subsequently, the obtained DPD filter was used to pre-distort
the test signal that unlike the probe signal was generated with a RRC
pulse-shape (roll-off factor of 0.1), with a DP-64QAM modulation format
where two symbol rates could be used, namely (1) 64 or (2) 80 GBd.
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Figure 5 – Experimental setup. AWG: arbitrary waveform generator. DP-IQ Mod: dual
polarization in-phase/quadrature modulator. ECL: external cavity laser. EDFA: Erbium-Doped
Fiber Amplifier. HB-CDM: high-bandwidth coherent driver module. LO: local oscillator. RTO:
real-time oscilloscope. VOA: variable optical attenuator.
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Results


System modeling for different DA gains - In order to verify if the
proposed approach is able adapt the DPD design to the system configuration, we
tested three gain configurations (𝑔𝑔1 , 𝑔𝑔2 , 𝑔𝑔3 ) of the DAs to excite different degrees
of transmitter nonlinearity. These gain configurations correspond to three levels of
nonlinear system excitation: weak (𝑔𝑔1 ), strong (𝑔𝑔2 ) and highly nonlinear (𝑔𝑔3 ), such
that 𝑔𝑔1 < 𝑔𝑔2 < 𝑔𝑔3. As shown in Figure 6, the Bayesian-based SI is able to adapt the
complexity of the optimal filter design (star-like marker) for the three scenarios.
The higher the gain, the more complex the DPD filter design found by the
Bayesian-based approach to yield a minimal BER.

Figure 6 - BER validation (at fixed OSNR = 44.9 dB) for different DA gains (𝑔𝑔1 < 𝑔𝑔2 < 𝑔𝑔3) as
function of the filter complexity (𝑀𝑀𝐶𝐶 , number of computer filter coefficients). Higher DA
gains impose stronger distortions and consequently different optimal filter designs.



Figure 7 - BER curves obtained for DP-64QAM at 64 GBd and 80 GBd when
Bayesian-based SI is benchmarked against the heuristic SI approach proposed in
[3]
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Performance evaluation for different symbol rates - In slide 4, we
showed with a simulative scenario that the Bayesian-based SI reaches an
identification error floor requiring less processing time than the heuristic approach
introduced in [3]. Here, we experimentally show the optical performance of both
techniques by restricting the number of iterations to 50. As can be seen in Figure 7,
using Bayesian-based DPD for 64 GBd reduces the required OSNR by approximately
0.6 dB in comparison to the benchmarked SI method. For the 80 GBd case, the
benefit of using our proposed scheme becomes even more relevant, given that
both benchmarks cannot operate below BER = 10−2, whereas the Bayesian-based
approach achieves a BER below this threshold.
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Conclusion


In this work, we have investigated and experimentally demonstrated the benefits of employing Bayesian
optimization, in Volterra-based system identification and digital pre-distortion of optical transmitters using the
indirect learning architecture. The proposed approach offers means to provide efficient and automatic calibration of
optical transmitters, which is a key requirement for the development of cognitive networks.



In terms of computational gain, we numerically compared the proposed technique with a heuristic approach to select
the orders and memory lengths of the Volterra filter. A 46% reduction in convergence time to reach a minimum
identification error is achieved.



The Bayesian-based SI was also evaluated under three DA gain configurations. In this analysis, it was verified that by
increasing the driver amplifier gain, the approach can adapt the complexity of the filter to account for the
stronger distortions imposed by the optical transmitter.



Finally it was inspected that the proposed technique also outperforms linear pre-distortion in 0.9 dB and the
heuristic SI approach for nonlinear pre-distortion in 0.6 dB for 64 GBd DP-64QAM.
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