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Digital Pre- and Post-Equalization for C-Band
112-Gb/s PAM4 Short-Reach Transport Systems

Xizi Tang , Yaojun Qiao , You-Wei Chen , Yueming Lu , and Gee-Kung Chang

Abstract—Insufficient system bandwidth and chromatic disper-
sion (CD) of fiber are major limitations for high-speed four-level
pulse amplitude modulation (PAM4) direct detection systems. In
this article, we investigate C-band 112-Gb/s PAM4 optical trans-
port systems over 10-km and 20-km standard single-mode fiber
(SSMF) transmission, which suffers from both bandwidth lim-
itation and CD-induced power fading. Advanced digital signal
processing techniques are proposed to handle those channel dis-
tortions. At the transmitter, a low-complexity 1 + αZ−1 finite
impulse response (FIR) filter coarsely pre-compensates system
bandwidth without a preliminary channel estimation. At the re-
ceiver, a modified feed-forward equalizer and decision feedback
equalizer (FFE-DFE) is employed to compensate residual insuffi-
cient bandwidth and CD-induced power fading. Moreover, a novel
multi-symbols joint decision is proposed for receiver-side FFE-DFE
to mitigate symbol error propagation and correct possible previous
error symbols. Experimental results show that the proposed pre-
equalization technique exhibits a better transmission performance,
which reduces bit error ratio (BER) from 3.3 × 10−3 to 5.5 ×
10−4 for optical back to back transmission. As for 10-km transmis-
sion case, FFE-DFE with 5-symbols joint decision achieves a BER of
7.3 × 10−5, which is better than the BER of1.6 × 10−4 with ideal
error-propagation-free FFE-DFE (EPF-FFE-DFE). Furthermore,
for 20-km transmission scenario, FFE-DFE with 8-symbols joint
decision achieves a BER of 6.0 × 10−4, which is also a superior
result than the BER of 9.1 × 10−4 with EPF-FFE-DFE.

Index Terms—Error propagation, four-level pulse amplitude
modulation (PAM4), pre-equalization, post-equalization.
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I. INTRODUCTION

THE fast-emerging services like video streaming, cloud
computing and Internet of things are driving the industry to

seek a higher capacity solution for the current short-reach optical
interconnect scenarios, such as 5G mobile fronthaul, optical
access network and data center interconnect [1]. Intensity modu-
lation and direct detection (IM/DD) systems feature small form
size, low cost, and low power consumption, which have been
widely implemented in the short-reach applications. In order
to transmit higher bit rates with limited system bandwidth, ad-
vanced modulation formats such as discrete multi-tone (DMT),
carrier-less amplitude phase (CAP) modulation and four-level
pulse amplitude modulation (PAM4) have been extensively
investigated [2]–[4]. Among the aforementioned modulation
formats, PAM4 is a promising solution for the upcoming 400-G
Ethernet with 8-lane×50-Gb/s, and the next-generation 800-G
Ethernet with 8-lane×100-Gb/s [5], [6].

In recent years, single-wavelength 50-Gb/s, 100-Gb/s and
beyond PAM4 systems have been widely investigated. One of
the main challenges for high-speed PAM4 systems is bandwidth
limitation. Modified modulation formats, such as Nyquist
or faster than Nyquist (FTN) PAM4, and partial-response
(PR) PAM4 have been proposed to reduce the effect of
bandwidth limitation, since they have lower bandwidth
compared to traditional PAM4 signal [7]–[9]. Besides,
electrical equalizations based on digital signal processing
(DSP) techniques are effective ways to eliminate inter-symbol
interference (ISI) caused by bandwidth limitation. The electrical
equalizations could be deployed either in transmitter side or
receiver side. However, electrical pre-equalization generally
requires an accurate channel estimation [10], [11]. On the other
hand, another main distortion for PAM4 systems is severe
power fading caused by chromatic dispersion (CD) of fiber
and square-law detection of photo-detector [12]. Although
systems operated at O-band could avoid severe CD distortion,
C-band transmission has the advantages of lower fiber loss,
mature wavelength division multiplexing (WDM) optics and
optical amplifiers [13], [14]. Therefore, extensive modification
works such as optical dispersion compensation fiber (DCF),
Kramers-Kronig receiver, CD pre-compensation, and single
sideband or vestigial sideband (SSB/VSB) modulation have
been implemented to cope with the effect of CD [15]. However,
these methods require complex system architecture and
additional expensive devices, which are not cost-effective
solutions for short-reach optical interconnect systems.

0733-8724 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on July 08,2021 at 19:36:26 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-5751-0242
https://orcid.org/0000-0001-7253-9839
https://orcid.org/0000-0001-9372-4320
https://orcid.org/0000-0003-3196-0349
https://orcid.org/0000-0002-1461-894X
mailto:tangxizi@bupt.edu.cn
mailto:qiao@bupt.edu.cn
mailto:yu-wei.chen@ece.gatech.edu
mailto:gkchang@ece.gatech.edu
mailto:ymlu@bupt.edu.cn
https://ieeexplore.ieee.org


4684 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 17, SEPTEMBER 1, 2020

TABLE I
RECENT TRANSMISSION RESULTS FOR C-BAND 56-Gb/s AND 112-Gb/s PAM4

SYSTEMS WITH ONLY ADVANCED DSP TECHNIQUES

Applying advanced DSP techniques could improve CD tol-
erance and extend transmission distance for IM/DD systems,
which is a potential low-cost solution for handing CD distortion
because it is closely compatible to the traditional architecture of
IM/DD systems. Table 1 shows some of recent experimental re-
sults for C-band 56-Gb/s and 112-Gb/s PAM4 systems with only
advanced DSP techniques to improve CD tolerance [16]–[23].
For 56-Gb/s PAM4 systems, Ref. [16] and [17] demonstrated
transmission results with hard-output MLSE and soft-output
MLSE, respectively. However, both transmission distances are
limited to 30 km. Ref. [18] proposed an intensity directed equal-
izer based on FFE and decision feedback equalizer (ID-FFE/ID-
DFE), which enabled 56-Gb/s PAM4 up to 43-km transmission.
Ref. [19] employed Tomlinson-Harashima precoding (THP) at
transmitter to resist CD-induced power fading, which achieved
56-Gb/s PAM4 over 80-km standard single-mode fiber (SSMF)
transmission. Similarly, our previous work also demonstrated
56-Gb/s PAM4 over 80-km SSMF transmission with modified
memory polynomial equalizer (MPE) combined with decision
feedback equalizer (MPE-DFE) [20]. However, when the bitrate
further increases to 112 Gb/s, the effect of CD is much more
severe. Ref. [21] demonstrated a C-band 112-Gb/s duo-binary
PAM4 (DB-PAM4) signal over 1-km SSMF transmission with
directly modulated laser (DML) and training sequence aided
least-mean square (TS-LMS) algorithm. Ref. [22] reported a
result of C-band 112-Gb/s constellation switching PAM4 (CS-
PAM4) over 5-km transmission with Volterra equalizer. Ref. [23]
employed a transmitter side Volterra equalizer, which can sup-
port a C-band 112-Gb/s PAM4 over approximate 8-km SSMF
transmission. These results reveal that transmission distances for
C-band 112-Gb/s PAM4 systems are generally limited to below
10 km.

Our previous work demonstrated a C-band 112-Gb/s PAM4
over 20-km SSMF transmission with coefficient-updated
FFE-DFE with erasure technology [24]. In this paper, we
modified and extended this work using coefficient-stable
FFE-DFE with multi-symbols joint decision technique. The

experimental results of both 10-km and 20-km SSMF trans-
mission are presented. Moreover, improved transmission perfor-
mance is achieved compared with the previous work. The main
contributions and impacts of this paper can be summarized as
follows:
� At transmitter, we propose to use a low-complexity 2-

tap finite impulse response (FIR) filter to coarsely pre-
compensate bandwidth limitation, which doesn’t rely on
a preliminary channel estimation.

� At receiver, post-equalization based on modified FFE-DFE
is proposed to flexibly compensate residual insufficient
bandwidth and CD-induced deep spectrum nulls.

� A novel multi-symbols joint decision is proposed for
receiver-side FFE-DFE, which could mitigate symbol error
propagation and correct previous error symbols.

� Experimental results show that the proposed pre-
equalization greatly optimizes transmission performance,
which reduces bit error ratio (BER) from 3.3× 10−3 to
5.5× 10−4 for optical back to back (OBTB) transmission.

� For 10-km SSMF transmission, the receiver-side FFE-DFE
with 5-symbols joint decision achieves a BER of 7.3×
10−5, which is lower than that of 1.6× 10−4 with ideal
error-propagation-free FFE-DFE (EPF-FFE-DFE).

� For 20-km SSMF transmission, the receiver-side FFE-DFE
with 8-symbols joint decision achieves a superior BER of
6.0× 10−4 compared with the BER of 9.1× 10−4 with
EPF-FFE-DFE.

The rest of this paper proceeds as follows. The principle of
CD-induced power fading is analyzed in Section II. In Section
III, the experimental setup and principle of DSP are presented.
In Section IV, we analyze and discuss the experimental results
with digital equalization techniques for OBTB transmission,
10-km SSMF transmission and 20-km SSMF transmission, re-
spectively. Finally, the paper is concluded in Section V.

II. PRINCIPLE OF CD-INDUCED POWER FADING

Generally, a double-side band (DSB) optical signal S(w) in
frequency domain can be expressed as [25]:

S(w) = ejw0t(aejwt + a∗e−jwt + C) (1)

in which a represents the data at baseband frequency w, C is
the direct-current (DC) bias, and w0 is the optical carrier. It is
well-known that transfer function of fiber can be written as:

H(ω) = exp

(
−j

λ2

4πc
DLω2

)
= exp

(
−j

β2

2
Lω2

)
(2)

where λ is the optical carrier wavelength, c is the velocity of
light, D is the dispersion coefficient, L is the fiber length, and
β2 is the group velocity parameter. Therefore, the optical signal
after fiber transmission can be expressed as

X(w) = ejw0t(aejwte(−j
β2
2 Lω2) + a∗e−jwte(−j

β2
2 Lω2) + C)

(3)
Since the square-law detection is applied to achieve photovoltaic
conversion, the received electrical signal can be expressed as

Y (w) = X(w)X∗(w) (4)
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Fig. 1. The frequency response of CD-induced power fading for different fiber
lengths.

By substituting Eq. (3) for X(w) in Eq. (4), we can obtain many
terms. For simplicity, the DC terms and signal to signal beating
terms are ignored. Here, we only consider the desired first-order
terms of signal and Y (w) is calculated as

Y (w) = 2aCcos

(
β2

2
Lω2

)
(ejwt + e−jwt) (5)

Finally, the normalized power fading of fiber in frequency do-
main can be expressed as

H(f) = cos(2π2β2Lf
2) (6)

where β2 = −2.16× 10−26s2/m for the optical wavelength of
1550 nm, L is fiber length and f is signal frequency.

In order to visualize the effect of CD-induced power fading,
Fig. 1 shows the normalized frequency response of CD for
different fiber lengths. Typical short-reach optical interconnect
transmission distances of 2-km, 10-km and 20-km are con-
sidered. It can be found that for 2-km transmission, the first
spectrum null is beyond 40 GHz. However, the first spectrum
nulls for 10-km and 20-km transmission are 19.2 GHz and
13.6 GHz, respectively. Note that they are located within the
Nyquist frequency of 28 GHz, which undoubtedly would cause
severe distortion for 112-Gb/s PAM4 signal.

III. EXPERIMENTAL SETUP AND DSP

A. Experimental Setup

Fig. 2 shows the experimental setup of C-band 112-Gb/s
PAM4 IM/DD system. At transmitter, the offline generated
PAM4 data was loaded to a 100-GSa/s arbitrary waveform
generator (AWG) with 35-GHz bandwidth. After that, the gen-
erated electrical signal was amplified by a fixed gain of 19-dB
driver with 25-GHz bandwidth. Then, we used a 6-dB electrical
attenuator to appropriately reduce signal amplitude. A laser with
a central wavelength of 1550.12 nm was employed to generate
the optical carrier. A Mach-Zehnder modulator (MZM) was used
to modulate the electrical signal into the optical domain. The
Vπ of MZM is approximately 3.5 V and the DC bias was set
to make the modulation signal at the linear region. The output

Fig. 2. Experimental setup of C-band 112-Gb/s PAM4 intensity modulation
and direct detection (IM/DD) system. AWG: Arbitrary waveform generator;
MZM: Mach-Zehnder modulator; SSMF: Standard single-mode fiber; VOA:
Variable optical attenuator; PD: Photo-detector; RTO: Real-time oscilloscope.

Fig. 3. DSP flow at transmitter and receiver with MATLAB.

optical power of MZM was around +4 dBm. Afterwards, the
optical signal was launched into SSMF for transmission. At re-
ceiver, a variable optical attenuator (VOA) was applied to adjust
received optical power and a photo-detector (PD) with 20-GHz
bandwidth was employed to achieve photoelectric conversion.
Then, the electrical signal is captured by a 63-GHz real-time
oscilloscope (RTO) with 8-bits resolution and 160-GSa/s sam-
pling rate. Finally, the offline DSP was finished with MATLAB,
which mainly includes resampling, synchronization, normaliz-
ing, post-equalization, PAM4 demapping, and BER calculation.
The system frequency response at OBTB transmission is also
shown in the inset of Fig. 2. It can be found that the whole
system is of around −3 dB bandwidth of 5 GHz and −10 dB
bandwidth of 21 GHz.

B. Pre-equalization at Transmitter

Fig. 3 shows the DSP flow at transmitter and receiver. At
the transmitter side, every 72400 bits are mapped to one PAM4
frame with Gray code. Note that the first 1000 PAM4 sym-
bols are considered as training sequence for the receiver-side
equalization. Afterwards, the PAM4 signal is up-sampled with
a factor of 2. Then, a square root-raise-cosine (RRC) filter with
a factor of 0.4 is applied to do Nyquist pulse shaping in the time
domain. In the next step, a 2-tap FIR pre-filter is employed to
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Fig. 4. (a). Frequency response of pre-filter with different α value; (b). Signal
PAPR after pre-filter with different α value.

do channel pre-equalization. The Z-domain expression of 2-tap
FIR pre-filter can be written as

Hpre−filter = 1 + αZ−1 (7)

The normalized frequency response of pre-equalization with
different α value is depicted in Fig. 4(a). It can be found that
the pre-filter would enhance high-frequency response while de-
crease low-frequency response. The frequency response varies
according to the α value. In addition to the change of frequency
response, however, pre-equalization would also cause a growth
in signal peak to average power ratio (PAPR), which can be
seen in Fig. 4(b). When α value goes from 0 to −1, the PAPR
increases from 6 dB to approximately 10 dB.

The adopted 2-tap FIR pre-filter has the following two advan-
tages compared to pre-equalization with the inverse of channel
response: 1) The 2-tap FIR pre-filter doesn’t require accurate
channel estimation and channel feedback. 2) The computational
complexity of pre-equalization is extremely low since only a
2-tap FIR filter is applied.

C. Post-equalization at Receiver

In this paper, a modified FFE-DFE is proposed for mitigating
residual bandwidth limitation and CD-induced power fading at

Fig. 5. Illustrative structure of modified FFE-DFE.

receiver. Note thatT/2 symbol space is applied to FFE to provide
robustness against clock jitter while T symbol space is used to
DFE. The illustrative structure of FFE-DFE can be seen in Fig. 5
and mathematical expression of FFE-DFE can be written as

y(n) =
L−1∑
l=0

al × x(2n− l)

︸ ︷︷ ︸
Feed−forward terms

+
M∑

m=1

bm × d̂(n−m)

︸ ︷︷ ︸
Decision−feedback terms

(8)

in which x(n) is the T/2 input signal, d̂(n) denotes the decision
feedback signal, y(n) represents the output signal, and al and
bm are tap coefficients of feed-forward terms and decision-
feedback terms, respectively. L and M are feed-forward and
decision-feedback tap numbers, respectively. Hence, the FFE-
DFE with different taps could be noted as FFE-DFE(L,M ). It
is well-known that FFE-DFE generally achieves better perfor-
mance than single FFE owing to feedback structure to mitigate
enhanced noise [26]. Moreover, DFE could be viewed as an
autoregressive (AR) filter which compensates spectrum nulls by
inserting poles [27].

However, one major problem of FFE-DFE is error propa-
gation when wrong decision symbols are fed to DFE. It is
universally acknowledged that when output symbols are far
from the constellation points, it is more likely to get wrong
decision symbols. Therefore, we could define an unreliable
region according to the distance between the output symbols and
constellation points. The minimum distance can be calculated
as

εr = min|y(n)− SigConst| (9)

where y(n) is output symbol and SigConst is possible decision
symbols (+3,+1,−1,−3) for PAM4 symbols. Here, a specific
value is defined as the distance threshold DT . If the minimum
distance εr is smaller than the distance threshold DT , we con-
sider the symbol as a reliable decision symbol. Otherwise, if
εr is greater than the distance threshold DT , we consider the
symbol as an unreliable decision symbol.

The proposed modified FFE-DFE can be operated in one of
three modes, which can be seen in the bottom right of Fig. 5.
Firstly, we use recursive least square (RLS) adaptive algorithm
and training symbols to update tap coefficients for equalizer
convergence. This is called training symbols mode. In this stage,
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known training symbols are fed to DFE to achieve no error
propagation. When the equalizer has been successfully con-
verged, training symbols are not required anymore. Afterwards,
the equalizer could be categorized into two types: coefficient-
updated equalizer or coefficient-stable equalizer. The difference
is the former would continuously update equalizer coefficients
according to mean square errors (MSE) while the latter would
not. It is noted that we adopt coefficient-stable equalizer in this
work.

Then, the operation mode of equalizer is dependent on
whether the output symbol is located in reliable region. If the
output symbol is located in reliable region, the decision is
operated in a normal decision mode and the equalizer is exactly
the traditional FFE-DFE. However, if the output symbol falls in
the unreliable region, the equalizer is operated in a joint decision
mode. At this time, multi-symbols joint decision is applied to
further determine the output symbol and decision symbol. Let
us assume that we enter joint decision mode for output symbol
y(n) and we want to consider (N + 1)-symbols joint decision.
In order to obtain (N + 1) output symbols for joint decision, we
feed the decision symbols ′0′ to the DFE to obtain the next N
output symbols; i.e., we set d̂(n+ i) = 0, i = 0, . . ., N − 1 till
we collect (N + 1) output symbols y(n), . . ., y(n+N). Here,
we take 3-symbols joint decision as an example. The error value
is defined as the difference between output symbol and decision
symbol, which can be calculated as

e(n) = y(n)− d̂′(n) (10)

e(n+ 1) = y(n+ 1) + b1d̂
′(n)− d̂′(n+ 1) (11)

e(n+ 2) = y(n+ 2) + b2d̂
′(n) + b1d̂

′(n+ 1)− d̂′(n+ 2)
(12)

we could rewrite Eq. (10)-Eq. (12) and extend toN + 1 symbols
joint decision in matrix form:

⎡
⎢⎢⎢⎣

e(n)

e(n+ 1)

e(n+ 2)

. . .

e(n+N)

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

y(n)

y(n+ 1)

y(n+ 2)

. . .

y(n+N)

⎤
⎥⎥⎥⎦−

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 · · · 0

−b1 1 · · · 0

−b2 −b1 · · · 0

...
...

. . .
...

−bN −bN−1 · · · 1

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

d̂′(n)
d̂′(n+ 1)

d̂′(n+ 2)

...

d̂′(n+N)

⎤
⎥⎥⎥⎥⎥⎦

(13)

where d̂′(n+ i), i = 0, . . ., N denote the candidate decision
symbols. The optimal solution of Eq. (13) can be obtained based
on the maximum likelihood (ML) principle to achieve mini-
mum MSE, i.e., 1

N+1

∑N
i=0 e(n+ i)2. After that, the previous

unreliable output symbols and previous decision symbols are
corrected by the joint decision symbols. In this way, we could
obtain more reliable decision symbols, thus mitigating possible
error propagation and correct possible previous error symbols.

In terms of complexity, since multiplication complexity is
much higher than addition complexity, the number of multi-
plications and comparisons are mainly evaluated. For (N + 1)-

Fig. 6. (a). Received signal frequency spectrum for OBTB transmission with-
out pre-equalization; (b). BER versus FFE taps for OBTB transmission without
pre-equalization.

Fig. 7. (a). Received signal frequency spectrum for OBTB transmission
with pre-equalization of 1− 0.5Z−1; (b). BER versus different α for pre-
equalization at received optical power of 0 dBm.

symbols joint decision, firstly, we need (L+M)(N + 1)multi-
plications to obtain previous output symbols y. Then, 2N(N +
1) multiplications are needed to calculate errors from e(n) to
e(n+N). Afterwards, 4(4N+1 − 1)/3 multiplications are re-
quired to get the square errors. Finally, we need 4N+1 − 1 com-
parisons to choose the path has minimum MSE. Therefore, we
need (L+M)(N + 1) + 2N(N + 1) + 4(4N+1 − 1)/3 mul-
tiplications and 4N+1 − 1 comparisons for each joint decision
output symbol, which reveals that the complexity grows expo-
nentially by N .

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental results for OBTB Transmission

Fig. 6(a) shows the received signal frequency spectrum with-
out pre-equalization. It can be found that the received signal
suffers from high-frequency distortion since the experimental
system is bandwidth-limited. In order to compensate for the
insufficient bandwidth, FFE with different taps are investigated
to equalize high-frequency distortion. Fig. 6(b) shows BER per-
formance versus different tap numbers at received optical power
of −4/−2/0 dBm, respectively. It depicts that 81 taps could be
chosen as optimal tap numbers considering a tradeoff between
equalization performance and computational complexity. How-
ever, as it is known to all, FFE would increase high-frequency
noise as well when the insufficient system bandwidth is com-
pensated. Therefore, the achieved BER with FFE is limited to
3.3× 10−3.

Fig. 7(a) shows the received signal frequency spectrum with
the proposed 2-tap FIR pre-filter. It reveals that the signal
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Fig. 8. (a). Received signal frequency spectrum for 10-km SSMF transmission
without pre-equalization; (b). Received signal frequency spectrum for 10-km
SSMF transmission with pre-equalization.

Fig. 9. (a). Recovered signal frequency spectrum with FFE(111); (b). Recov-
ered signal frequency spectrum with FFE-DFE(111,15).

frequency spectrum is flatter than that without pre-equalization
in Fig. 6(a). Since the proposed 2-tap FIR pre-filter is not an
accurate channel compensation, FFE is still required to com-
pensate residual bandwidth limitation. However, the noise en-
hancement would be alleviated by bandwidth pre-compensation.
Fig. 7(b) shows the BER performance versus different α for
pre-equalization at received optical power of 0 dBm. Note that
FFE with 81 taps is still used to compensate residual bandwidth
limitation. It depicts that pre-equalization with α ranging from
−0.1 to −0.7 achieves better BER performance compared to
that without pre-equalization. The optimal BER performance is
achieved at the α of -0.5 with the BER of 5.5× 10−4. Thanks
to an OBTB performance sweeping over the different α values,
the proposed pre-equalization enables optimized transmission
performance and is applied to the following experimental system
unless otherwise explicitly indicated.

B. Experimental results for 10-km SSMF transmission

Fig. 8(a) and Fig. 8(b) show the received signal frequency
spectrum after 10-km SSMF transmission without and with
pre-equalization respectively. Due to the effect of CD-induced
power fading, the signal frequency spectrum suffers from deep
spectrum nulls, where the first spectrum null is located in around
19.2 GHz, no matter with or without pre-equalization. Therefore,
although the pre-equalization is able to partly compensate lim-
ited bandwidth, it cannot equalize CD-induced spectrum null.

Fig. 9 shows the recovered frequency spectrum with FFE(111)
and FFE-DFE(111,15) at the received optical power of 0 dBm,
respectively. FFE(111) represents FFE with 111 taps while
FFE-DFE(111,15) denotes FFE-DFE with 111 feed-forward
taps and 15 feedback taps. It is noted that the tap numbers have

Fig. 10. (a). Symbol errors for FFE-DFE(111,15); (b). Symbol errors for EPF-
FFE-DFE(111,15).

been optimized considering equalization performance and com-
putational complexity. Fig. 9(a) depicts that the spectrum null
still exists since linear FFE cannot equalize deep spectrum null.
Fortunately, FFE-DFE can fundamentally compensate spectrum
null owing to its function of inserting pole [27]. Hence, it can
be seen in Fig. 9(b) that signal spectrum null is successfully
compensated with FFE-DFE(111,15).

As we mentioned, FFE-DFE may have the problem of er-
ror propagation owing to incorrect symbol feedback to DFE.
Fig. 10(a) and Fig. 10(b) show the output error symbols
for FFE-DFE(111,15) and error-propagation-free (EPF) FFE-
DFE(111,15), respectively. The EPF-FFE-DFE is defined as
FFE-DFE without error propagation, which adopts all of the
transmitter data as training symbols in order to make sure all
the feedback symbols are correct. It could be found that there
are some successive symbol errors in Fig. 10(a) while symbol
errors in Fig. 10(b) are fewer and more independent. The reason
could be attributed to that incorrect decision symbols with tra-
ditional FFE-DFE(111,15) give rise to error propagation while
EPF-FFE-DFE(111,15) doesn’t have this problem. However, it’s
essential to note that it is impossible to use all of the sending
data as training symbols to achieve EPF-FFE-DFE in practical
application. In order to measure the degree of error propagation,
average error propagation length LEP could be defined as [27]

LEP =
SEREP

SEREPF
− 1 (14)

in whichSEREP represents symbol error ratio (SER) with FFE-
DFE and SEREPF denotes SER with EPF-FFE-DFE.

Fig. 11(a) shows the relationship between error propagation
lengthLEP and distance thresholdDT when applying FFE-DFE
with different symbols joint decision. The distance threshold
DT is used to measure the size of unreliable region. When the
distance threshold DT is equal to 0, all of the output symbols
are located in unreliable region and the equalizer only operates
in joint decision mode. However, when the distance threshold
DT is equal to 1, the equalizer almost always operates in the
normal decision mode. Fig. 11(a) also depicts that when distance
threshold DT is less than 0.8, the average error propagation
lengths are almost the same. Besides, when more symbols are
applied to joint decision, the average error propagation length
can be significantly decreased. This could be attributed to that
more symbols joint detection leads to less likely incorrect deci-
sion and less error propagation. It is interesting to observe that
when 5-symbols joint decision is used, average error propagation
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Fig. 11. (a). Error propagation length versus distance threshold with different
symbols joint detection for 10-km SSMF transmission; (b). BER versus distance
threshold with different symbols joint detection for 10-km SSMF transmission.

Fig. 12. (a). Received signal frequency spectrum for 20-km SSMF trans-
mission without pre-equalization; (b). Received signal frequency spectrum for
20-km SSMF transmission with pre-equalization.

lengthLEP < 0 can be achieved, which means which means the
SER of FFE-DFE with 5-symbols joint decision is less than that
of EPF-FFE-DFE. This is because the joint symbol decision not
only mitigates error propagation, but also corrects previous error
symbols. In other words, although EPF-FFE-DFE will not lead
to error propagation, it cannot correct the existed error symbols,
either. However, joint symbols decision has the ability to correct
the previous error symbols.

Fig. 11(b) shows the BER versus distance threshold DT

when applying FFE-DFE with different symbols joint deci-
sion. Moreover, the achieved BERs with traditional FFE(111),
FFE-DFE(111,15) and EPF-FFE-DFE(111,15) are 2.8× 10−2,
1.4× 10−3 and 1.6× 10−4 respectively, which have been plot-
ted in Fig. 11(b) to give an explicit comparison with FFE-DFE
with joint decision. The BER with joint decision in Fig. 11(b)

Fig. 13. (a). Recovered signal frequency spectrum with FFE(111);
(b). Recovered signal frequency spectrum with FFE-DFE(111,15).

Fig. 14. (a). Error propagation length versus distance threshold with different
symbols joint detection for 20-km SSMF transmission; (b). BER versus distance
threshold with different symbols joint detection for 20-km SSMF transmission.

shows a strong consistency with LEP in Fig. 11(a). Similarly,
5-symbols joint decision shows a better BER of 7.3× 10−5 than
the BER of 1.6× 10−4 with ideal EPF-FFE-DFE(111,15), since
joint decision could correct previous error symbols.

C. Experimental Results for 20-km SSMF Transmission

Fig. 12(a) and Fig. 12(b) show the signal frequency spec-
trum after 20-km SSMF transmission without and with pre-
equalization respectively. Different from 10-km SSMF transmis-
sion, signal frequency spectrum after 20-km SSMF transmission
has two spectrum nulls within its Nyquist bandwidth, which
means signal suffers from more CD distortion. Moreover, pre-
equalization cannot compensate spectrum nulls either. Fig. 13
shows the recovered frequency spectrum with FFE(111) and
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FFE-DFE(111,15) at received optical power of 0 dBm, respec-
tively. Fig. 13(a) depicts the two spectrum nulls cannot be com-
pensated by FFE(111) while Fig. 13(b) shows FFE-DFE(111,15)
can compensate both of two spectrum nulls.

Similarly, Fig. 14(a) shows the average error propagation
length LEP versus distance threshold DT using FFE-DFE with
different symbols joint decision for 20-km SSMF transmission.
Traditional FFE-DFE without joint decision (DT ≥ 1) has an
average error propagation length of 12.7, while 8-symbols joint
decision could reduce the LEP to below 0 when the distance
threshold DT is less than 0.8. Fig. 14(b) shows the relationship
between BER and distance threshold DT when applying FFE-
DFE with different symbols joint decision. The achieved BERs
with FFE(111), FFE-DFE(111,15) and EPF-FFE-DFE(111,15)
of 6.7× 10−2, 1.2× 10−2 and 9.1× 10−4 are plotted for com-
parison, respectively. It can be found that FFE-DFE with 8-
symbols joint decision achieve a superior BER of 6.0× 10−4

than that of 9.1× 10−4 with EPF-FFE-DFE. It is noted that
up to 8-symbols joint decision suffers from huge complexity to
achieve improved performance than EPF-FFE-DFE. In practi-
cal application, trade-off between complexity and performance
should be considered. Otherwise, further research is required to
reduce complexity of the equalizer.

V. CONCLUSION

In this work, we have successfully demonstrated C-band
112-Gb/s PAM4 signal over 10-km and 20-km SSMF trans-
mission with digital pre- and post-equalization. A simple 2-
tap (1− 0.5Z−1) FIR filter is employed at the transmitter to
pre-compensate insufficient system bandwidth. At the receiver,
modified FFE-DFE is applied to compensate residual band-
width limitation and CD-induced power fading. Moreover, a
novel multi-symbols joint decision is proposed for FFE-DFE
to mitigate error propagation and correct previous error sym-
bols. Experimental results show that 5-symbols joint decision
FFE-DFE achieves a BER of 7.3× 10−5 for 10-km transmission
while FFE-DFE with 8-symbols joint decision achieves a BER
of 6.0× 10−4 for 20-km transmission. Both measured BERs are
below 7% feed-forward error correction threshold of 3.8× 10−3

and also superior to the BERs with EPF-FFE-DFE. We believe
that the proposed equalization techniques show great potential
in the high-speed, short-reach PAM4 optical transport systems.
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