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Abstract: Adaptive moment estimation (Adam) is a popular optimization method to estimate
large-scale parameters in neural networks. This paper proposes the first use of Adam algorithm
to fast and stably converge large-scale tap coefficients of polynomial nonlinear equalizer (PNLE)
for 129-Gbit/s PAM8-based optical interconnects. PNLE is one of simplified Volterra nonlinear
equalizer for making a trade-off between complexity and performance. Different from serial
least-mean square (LMS) adaptive algorithm, Adam algorithm is a parallel processing algorithm,
which can obtain globally optimal tap coefficients without being trapped in locally optimal tap
coefficients. Timing error is one of the main obstacles to the PAM systems with high baud
rate and high modulation order. Owing to parallel processing and global optimization, Adam
algorithm has much better performance on resisting the timing error, which can achieve faster,
more-stable and lower-MSE convergence compared to LMS adaptive algorithm. In conclusion,
Adam algorithm shows great potential for converging the tap coefficients of PNLE in PAM8-based
optical interconnects.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, development of data center drives demand of optical interconnects with data rate
up to 400 Gbit/s. By 2020, the optical interconnects are expected to reach data rate of 800 Gbit/s
or 1 Tbit/s [1–3]. To transmit high-capacity signal on limited bandwidth, multi-level modulations
have been widely investigated in research and commercial fields. 4-level pulse-amplitude
modulation (PAM4) has been standardized by IEEE P802.3bs 400-Gb/s Ethernet Task Force for
short-reach optical interconnects [4–6]. 4×100-Gbit/s optical PAM4 system is a favored option
to achieve 400-Gbit/s interface for short-reach optical interconnects. To further improve spectral
efficiency, 8-level pulse-amplitude modulation (PAM8) is gradually adopted [7,8]. However,
compared to optical PAM4 system, optical PAM8 system requires higher signal-to-noise ratio
and is more sensitive to inter-symbol interference (ISI) and nonlinear distortions.
In PAM-based optical interconnects, some simplified Volterra nonlinear equalizers (VNLEs)

have been widely applied to compensate nonlinear distortions, mainly including the polynomial
nonlinear equalizer (PNLE) and sparse VNLE [9,10]. Least-mean square (LMS) adaptive
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algorithm is one of the most popular algorithms to converge the tap coefficients of VNLE.
However, with increase of data rate and modulation order, LMS-based VNLE requires large
number of taps and training symbols. Meanwhile, the convergence of LMS-based VNLE is slow,
unstable and with high mean square error (MSE) [11,12]. Nowadays, neural network is one of the
most popular spots for academic researches and industry applications. In optical transmissions,
neural networks have been applied to compensate some complicated distortions [13–15]. In
short-reach optical interconnects, the distortion models are almost certain. Neural networks have
relatively high computational complexity for compensating the distortions with certain models,
which is not applicable in short-reach optical interconnects due to the stringent requirement on
power. However, the optimization algorithms in neural networks are remarkably efficient for
minimizing or maximizing objective function, which has the potential to effectively minimize the
error function of traditional equalizer.

In this paper, for the first time, we propose the first use of adaptive moment estimation (Adam),
a popular optimization algorithm used in neural networks, in the PNLE for realizing fast and stable
convergence. Compared to the neural networks, the Adam-based PNLE has simpler structure and
lower computational complexity. Different from serial LMS adaptive algorithm, Adam algorithm
is a parallel processing algorithm, which can obtain globally optimal tap coefficients without
being trapped in locally optimal tap coefficients. 129-Gbit/s PAM8-based optical interconnects
have been experimentally demonstrated for verify the feasibility of Adam-based PNLE. Owing to
parallel processing and global optimization, Adam algorithm has much better performance on
resisting the timing error, which can achieve faster, more-stable and lower-MSE convergence
compared to LMS adaptive algorithm.

2. Principle of Adam-based PNLE

In this section, the principle of Adam-based PNLE is introduced. The output of three-order
VNLE can be expressed as

sn =

N−1∑
k=0

h(1)k xn−k +

N−1∑
k=0

k∑
l=0

h(2)k,l xn−kxn−l +

N−1∑
k=0

k∑
l=0

l∑
m=0

h(3)k,l,mxn−kxn−lxn−m (1)

where h(1)k , h(2)k,l and h(3)k,l,m are the tap coefficients of 1st, 2nd and 3rd terms in VNLE, respectively.
As a simplified version of VNLE, three-order PNLE has been proposed to compensate the
nonlinear distortions in order to make a trade-off between computational complexity and
performance. The output of the three-order PNLE is expressed as

sn =

N−1∑
k=0

h(1)k xn−k + h(2)k x2n−k + h(3)k x3n−k (2)

where N is the tap number of each term in the PNLE. Linear feed-forward equalizer (LFFE) is a
special case of PNLE with only linear term.
Adam-based PNLE requires M training samples to update the tap coefficients in the training

process. At training processing of Adam-based VNLE, the training samples x are received and
stored to construct a training matrix R for parallel processing. The structure of the training matrix
R can be expressed as

R =



xN−1 xN−2 . . . x0

xN xN−1 . . . x1
...

...
. . .

...

xM−1 xM−2 . . . xM−N


=



rN−1

rN
...

rM−1


. (3)
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Obviously, the dimension of R is (M − N + 1)-by-N where M is the length of training samples,
which should be larger than N. Therefore, the elementwise second-order training matrix R2 and
the third-order training matrix R3 can be derived from R. The desired training vector is

Y = [ yN−1 yN . . . yM−1 ]
T (4)

where (·)T denotes matrix transpose. The error function of Adam-based PNLE can be calculated
by

J(H) = 1
M − N + 1

(RH(1) + R2H(2) + R3H(3) − Y)T (RH(1) + R2H(2) + R3H(3) − Y) (5)

where H(i) = [ h(i)0 h(i)1 . . . h(i)N−1 ]
T is the tap coefficient vector of i-th term in the PNLE.

Gradient G(i) is the partial derivative of J(H) with respect to H(i), which can be calculated as

G(i) = 2
M − N + 1

(Ri)T (RH(1) + R2H(2) + R3H(3) − Y). (6)

Conventional LMS adaptive algorithm for PNLE updates H(i) using one training sample every
iteration, which can be expressed as

H(i)t = H(i)t−1 − θ
(i) × (ri

t−1)
T (st−1 − yt−1) (7)

where θ(i) are fixed step sizes ranging from 0 to 1 and subscript t denotes t-th iteration. Different
step sizes are necessary for the polynomial coefficients with different terms to obtain fast and
stable convergence. Generally speaking, when the step size is too large, the LMS adaptive
algorithm may fail to converge or even diverge; but it requires a large number of iterations when
the step size is too small. Different from LMS adaptive algorithm, Adam algorithm is much less
sensitive to the step size θ for the reason that it computes adaptive step sizes from estimates of
biased first and second moments of gradients [16]. The biased first and second moment estimates
mt and vt of Gt are initialized as zeros vector, which can be expressed as

m(i)t = β1 ×m(i)t−1 + (1 − β1) × G(i)t , (8)

v(i)t = β2 × v(i)t−1 + (1 − β2) × (G
(i)
t )

2 (9)

where β1 and β2 are set to 0.9 and 0.999, respectively. The bias-corrected operations keep
the biased first and second moment estimates from moving towards zeros at the beginning of
iterations, which can be expressed as

m̂(i)t = m(i)t /
(
1 − βt

1
)
, (10)

v̂(i)t = v(i)t /
(
1 − βt

2
)
. (11)

A relative small value ε is used to prevent zero-division error and the tap coefficients can be
updated as

H(i)t = H(i)t−1 − θ
(i) × m̂t/(

√
v̂(i)t + ε). (12)

It is worth noting that Adam algorithm is employed only at the convergence stage in Adam-based
PNLE. Then, it will be switched into decision-directed LMS-based PNLE algorithm soon after
convergence. Therefore, it harnesses both fast and stable convergence and low computational
complexity, which is ideal for short-reach optical interconnects.
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3. Experimental setups and results

Figure 1(a) shows block diagram of 129-Gbit/s optical PAM8 system using Adam-based PNLE for
short-reach optical interconnects. Only Gray coding is used to generate the digital PAM8 frame by
usingMATLAB. The generated digital PAM8 frame is resampled to 2 samples per symbol and then
uploaded into digital-to-analog converter (DAC) with 8-bit resolution, 86-GSa/s sampling rate and
16-GHz 3-dB bandwidth. Thus, the generated electrical PAM8 signal has a baud rate of 43 Gbaud.
The length of training sequence is set to 1000 and the length of payload is set to 81240. Therefore,
by considering a hard-decision FEC with 7% overhead, net rate of the generated electrical PAM8
signal is approximately 119 Gbit/s (43 GSa/s × 3 bit/Sa × 81240/82240/(1 + 7%) ≈ 119 Gbit/s).
After a linear electrical amplifier, a 40-Gbit/s electro-absorption integrated laser modulator
(Opnext LE7B60) is used to modulate the amplified electrical signal on a continuous wave optical
carrier at 1550 nm. The generated optical PAM8 signal is fed into 2-km standard single-mode
fiber (SSMF).

Fig. 1. (a) Block diagram of 129-Gbit/s optical PAM8 system using Adam-based PNLE
for short-reach optical interconnects, (b) Eye diagrams of PAM8 signal before Adam-based
PNLE, (c) Eye diagrams of PAM8 signal after Adam-based PNLE.

At the receiver, a variable optical attenuator (VOA) is used to adjust received optical power
(ROP). The optical signal is converted into an electrical signal by a 20-GHz PIN-TIA (DSC-
R401HG). The electrical signal is fed into 80-GSa/s real-time oscilloscope (RTO) with 3-dB
bandwidth of 36 GHz to implement analog-to-digital conversion. The digital PAM8 signal is
decoded by offline processing, including re-sampling, synchronization, Adam-based PNLE, post
filter (PF), maximum likelihood sequence detection (MLSD), PAM8 symbol-to-bit de-mapper
and BER calculation. It is worth noting that Adam algorithm is employed for only converging
the tap coefficients at the training processing and decision-directed LMS adaptive algorithm is
used to update the tap coefficients after the training processing. Figures 1(b) and 1(c) reveal eye
diagrams of PAM8 signal before and after Adam-based PNLE, respectively. The eye diagrams
depict that Adam-based PNLE can effectively compensate serious distortions of the received
PAM8 signal. The post filter is used to eliminate the enhanced in-band noise, which is defined as
z(k) = r(k) + α × r(k − 1). MLSD is employed to recover the transmitted signal x(k) from the
z(k), which is equivalent to minimize

∑
k{z(k) − [x(k) + α × x(k − 1)]}2.

Figure 2(a) shows BER versus ROP for 129-Gbit/s optical PAM8 system using T-spaced
Adam-based PNLE and LFFE after optical BTB transmission and 2-km SSMF transmission.
The tap numbers of linear, square and cubic terms are set to (97, 97, 97) in PNLE, respectively.
The tap number of LFFE is set to 291, which is the same with the total tap number of PNLE.
The length of training symbols is set to 1000. When T-spaced Adam-based PNLE is employed,
the required ROP for the BER of 10−3 after 2-km SSMF transmission is approximately 1 dB
higher than that after optical BTB transmission. Meanwhile, compared to T-spaced Adam-based
LFFE, T-spaced Adam-based PNLE can achieve approximately 1-dB improvement of receiver
sensitivity.
Figure 2(b) reveals BER versus ROP for 129-Gbit/s optical PAM8 system after 2-km SSMF

transmission using T-spaced Adam-based PNLE, T-spaced LMS-based PNLE and T/2-spaced
LMS-based PNLE. The length of training samples is set to 1000. The tap numbers of linear,
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Fig. 2. (a) BER versus ROP for 129-Gbit/s optical PAM8 system using T-spaced Adam-
based PNLE and LFFE after optical BTB transmission and 2-km SSMF transmission and (b)
BER versus ROP for 129-Gbit/s optical PAM8 system after 2-km SSMF transmission using
T-spaced Adam-based PNLE, T-spaced LMS-based PNLE and T/2-spaced LMS-based
PNLE when the length of training samples is set to 1000.

square and cubic terms are set to (97, 97, 97) in PNLE, respectively. Due to the timing error,
T-spaced LMS-based PNLE has poor performance and cannot achieve the FEC limit. In
general, T/2-spaced structure should be employed in LMS-based PNLE to resist the timing error.
Therefore, T/2-spaced LMS-based PNLE has better performance than the T-spaced one. Owing
to globally optimization of Adam algorithm, T-spaced Adam-based PNLE has an ability to resist
the timing error. The experimental results show that T-spaced Adam-based PNLE achieves much
better performance than T/2-spaced LMS-based PNLE.
Figure 3 reveals MSE against iterations for (a) T-spaced Adam-based PNLE, (b) T/2-spaced

LMS-based PNLE and (c) T-spaced LMS-based PNLE. The ROP is set to −1 dBm after 2-km
SSMF transmission. In Adam-based PNLE, the β1, β2, ε , θ(1), θ(2), and θ(3) are set to 0.9,
0.999, 10−8, 0.06, 0.0005, and 0.00001, respectively. The length of training samples is set to
1000 and tap number of linear, square and cubic terms is set to (97, 97, 97) in PNLE. The taps
of T-spaced PNLE can be converged by Adam algorithm after only 100 iterations. T-spaced
LMS-based PNLE cannot be converged due to the influence of timing error. For resisting timing
error, T/2-spaced structure is usually employed in LMS-based PNLE. Compared to T/2-spaced
LMS-based PNLE, the convergence of T-spaced Adam-based PNLE is faster and more stable.
Figure 3 proves the experimental results shown in Fig. 2.

Fig. 3. MSE against iterations for (a) T-spaced Adam-based PNLE, (b) T-spaced LMS-based
PNLE and (c) T/2-spaced LMS-based PNLE. The ROP is set to −1 dBm after 2-km SSMF
transmission.

Figure 4 shows the Log10BER contour plot versus length of training symbols and tap number
for 129-Gbit/s optical PAM8 system using (a) T-spaced Adam-based PNLE and (b) T/2-spaced
LMS-based PNLE. The ROP is set to −1 dBm after 2-km SSMF transmission. When the length of
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training symbols is set to 2000 and tap number is set to (117, 117, 117) in T-spaced Adam-based
PNLE, the Log10BER can reach to less than −3.8. However, under the same number of taps and
training symbols, Log10BER can reach to higher than −2.8 when T-spaced LMS-based PNLE.
Therefore, the BER of 129-Gbit/s PAM8-based optical interconnects using T-spaced Adam-based
PNLE is one-level lower than that using T/2-spaced LMS-based PNLE. For achieving the FEC
limit (i.e., Log10BER of −3), the length of training symbols is set to 5000 or 3000 when the
tap number is set to (57, 57, 57) or (77, 77, 77) in T/2-spaced LMS-based PNLE. In T-spaced
Adam-based PNLE, the length of training symbols is set to 500 when the tap number is set to
(37, 37, 37). Thus, the required training symbols and taps for T-spaced Adam-based PNLE are
much less than that for T/2-spaced LMS-based PNLE.

Fig. 4. Log10BER contour plot versus length of training symbols and tap number for
129-Gbit/s optical PAM8 system using (a) T-spaced Adam-based PNLE and (b) T/2-spaced
LMS-based PNLE.

The computational complexity of PNLE can be calculated as

CAdam = [2(MT − N + 1) + 9] × 3N × I + 3MP × (2N + 1), (13)

CLMS = 3M × (2N + 1) (14)

where MT and MP are the length of training sequences and payload in T-spaced Adam-based
PNLE, respectively. N is the number of taps and I is the iteration number of Adam algorithm.
M is equal to MT plus MP. When the length of training symbols is set to 5000 and the tap
number is set to (57, 57, 57), the computational complexity of T/2-spaced LMS-based PNLE is
approximately 3 × 107. When the length of training symbols is set to 500, I is set to 100 and
the tap number is set to (37, 37, 37), the computational complexity of T-spaced Adam-based
PNLE is approximately 3 × 107. Therefore, T-spaced Adam-based PNLE has almost the same
computational complexity with the T/2-spaced LMS-based PNLE for the same performance.

4. Conclusion

In this paper, for the first time, Adam algorithm is used to efficiently calculate the large-scale tap
coefficients of PNLE for 129-Gbit/s PAM8-based optical interconnects. Compared to Adam-based
LFFE, Adam-based PNLE can achieve approximately 1-dB improvement of receiver sensitivity.
Different from serial LMS adaptive algorithm, Adam algorithm is a parallel processing algorithm,
which can obtain globally optimal tap coefficients without being trapped in locally optimal
tap coefficients. Therefore, T-spaced Adam-based PNLE has an ability to resist the timing
error. However, T/2-spaced structure is usually employed in LMS-based PNLE. Under the same
number of training symbols and taps, T-spaced Adam-based PNLE has better performance than
T/2-spaced LMS-based PNLE. For reaching the same BER, the required training symbols and taps
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for T-spaced Adam-based PNLE is less than that for T/2-spaced LMS-based PNLE. Meanwhile,
T-spaced Adam-based PNLE has almost the same computational complexity with T/2-spaced
LMS-based PNLE. In conclusion, Adam algorithm shows great potential for converging the tap
coefficients of PNLE in PAM-based optical interconnects.
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