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Abstract: In this work, we systematically analyze the impact of three kinds of Mach-Zehnder
modulator (MZM) imbalances, including bias deviation, amplitude mismatch, and differential
time skew in intensity-modulation direct-detection (IM-DD) links. It is shown that, for power
fading limited transmission, the imbalances can be utilized as advantages rather than impairments.
Specifically, the bias deviation with single-arm driven mode and amplitude mismatch with differential
driven mode can increase the available bandwidth by shifting the frequency of fading notches.
Meanwhile, time skew provides another way to avoid fading by shaping the double sideband (DSB)
signal into a vestigial sideband (VSB) with an asymmetrical transfer function. In the transmission
experiment, 34 Gbaud Nyquist 6/8-ary pulse amplitude modulation (PAM-6/8) signals are used for
investigation in a 20 km dispersion-uncompensated standard single-mode fiber (SSMF) link. With
the help of a Volterra nonlinear equalizer, all three kinds of imbalances can achieve bit-error rates
(BERs) below the 7% and 20% hard-decision forward error correction (HD-FEC) thresholds for PAM-6
and PAM-8 signals, respectively. The received power sensitivity is also compared at the back-to-back
(BTB) case and after fiber transmission. Both numerical simulation and experimental demonstration
confirm that the dispersion-induced power fading can be effectively suppressed with bias, amplitude,
or skew imbalance, providing a feasible solution for transmission distance extension of C-band
DD links.

Keywords: Mach-Zehnder modulator; direct detection; chromatic dispersion; power fading; data-
center interconnects

1. Introduction

Driven by the emerging broadband services, such as cloud computing, augmented /virtual
reality (AR/VR), and high-definition videos, in 5 G Era, the capacity of data center intercon-
nects (DCI), and other short-reach applications are looking for evolutions to accommodate
the Internet traffic. Since the end of last century, intensity modulation with direct detection
(IM-DD) has been widely used, owing to its simplicity, low cost, and small footprint [1-3].
For intra-DCI applications up to 2 km, 400-gigabit Ethernet (GbE) has been standard-
ized in the IEEE Standard 802.3bs-2017 [4], in which 4 lanes x 100 G or 8 lanes x 50 G
are implemented based on 4-ary pulse amplitude modulation (PAM-4). Meanwhile, the
rising of edge computing and a large-scale data center also put forward requirements
on inter-DCI links with longer transmission distance of tens of kilometers. As a conse-
quence, fiber dispersion has become an important channel impairment [5]. For coherent
detection systems, the complex optical field can be linearly obtained with dispersion
compensated by digital equalizers [6,7]. However, the hardware complexity and cost of
coherent receivers are still practical issues for such a high-density scenario. On the other
hand, since the optical-to-electrical conversion in photodiode (PD) follows square-law
detection, the power fading effect would thus limit the bandwidth-distance product of DD
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systems by introducing notches in the signal spectrum [8]. Therefore, it is worth studying
the methods of suppressing the power fading and extending the reach of DD optical links.

In recent years, extensive efforts have been undertaken to cope with power fading.
The first approach is to perform optical dispersion compensation. For passive optical
network (PON) and mobile fronthaul (MFH) scenarios, O-band transmission is still pre-
ferred [9]. In Reference [10], 100 Gb/s/A PON downstream is demonstrated with a 29 dB
power budget by using a 10 G-class directly-modulated laser (DML) and a semiconductor
optical amplifier (SOA). However, the transmission distance is limited by the fiber loss,
and the capacity scalability is restricted by the uneven gain characterization of the optical
amplifier and dispersion slope in the O-band. An alternative choice is to employ an optical
approach, such as a dispersion-compensating fiber (DCF) [11] and a tunable dispersion
compensation module [12] with C-band transmission. By matching the accumulated disper-
sion values between DCF and the transmission fiber link, the first 400 G real-time inter-DCI
is reported based on 8 x 50 Gb/s PAM-4 [11]. Secondly, vestigial sideband (VSB) or single
sideband (SSB) modulation can overcome power fading by avoiding the superposition of
two dispersed sidebands. In Reference [13], 100 Gb/s VSB PAM-4 is successfully delivered
over 45 km SSMF with an optical band-pass filter (OBPF). However, precise wavelength
control is needed to align with the optical filter. For SSB signaling, digital /analog Hilbert
transform [14-17], virtual carrier [18], and optical carrier [19] based schemes have been
fully investigated, at the cost of doubled digital-to-analog convertors (DACs) or additional
electrical components. Thirdly, as the frequency nulls cannot be efficiently mitigated by
linear equalizers, transmitter-side Tomlinson-Harashima precoding (THP) [20,21] and
receiver-side decision feedback equalizer (DFE) [22,23] are proposed. The former algo-
rithm requires channel information through feedback, while the latter suffers from error
propagation. Moreover, dispersion pre-compensation [24,25] can be performed by the
inverse dispersion transfer function, if complex-valued modulation is allowed. In addition,
frequency nulls can be moved or avoided with more complicated transmitter structures,
such as parallel IM/phase modulation (PM) [26], dual-parallel MZM (DP-MZM) [27],
and polarization modulation (PolM) [28]. Going back to the hardware complexity con-
straint of conventional IM-DD links, 10 km SSMF transmission of 100 G PAM-6/8 signals
are achieved with the help of pre-chirping by operating DDMZM at single-arm driven
mode [29]. In Reference [30], a differential time skew-based VSB scheme is proposed, which
shapes the signal through an inherent asymmetric transfer function without an optical
filter. These works offer possibilities to utilize imbalances for combating power fading.

In this work, by extending our recent work in Reference [31], we provide a compre-
hensive investigation of the influence of three kinds of MZM imbalances, including bias
deviation, amplitude mismatch, and differential time skew in short-reach DD systems
at C-band. The theoretical transfer function considering fiber dispersion and PD detec-
tion in the presence of the above imbalances are first derived, respectively. Transmission
experiments are carried out by using 34 Gbaud Nyquist PAM-6/8 signals over a dispersion-
uncompensated 20 km SSMF link at C-band. After applying Volterra nonlinear equalizer
(VNE), the bit error rates (BERs) of PAM-6 and PAM-8 signals achieve the 7% and 20%
hard-decision forward error correction (HD-FEC) thresholds of 4.5 x 1073 and 1.5 x 1072
after fiber transmission, respectively [32]. In addition, the received optical power (ROP)
sensitivities at back-to-back (BTB) and after transmission are measured and compared with
respect to bias, amplitude mismatch, and time skew, respectively.

The rest of this paper is organized as follows. In Section 2, the theoretical model of
imbalances after fiber dispersion is derived. Section 3 introduces the experiment setup
and DSP stacks. Section 4 presents and discusses the experimental results. Finally, the
conclusions are drawn in Section 5.
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2. Principle
2.1. Power Fading with Differential Driven Mode

We first start from the conventional IM transmitter operating at differential driven
mode, as shown in Figure 1a. For the sake of simplicity, we use s(t) to represent the electrical
signal normalized by V};, then the output optical field E; (t) of MZM is

Eqi(t) = eSH19 1 o501 2 cos ¢ + j(ejq’ — e*jq’)s(t) = C —2sin ¢s(t) 1)

where ¢ represents the bias induced constant phase shift and C = 2 cos ¢ is tge real-valued
optical carrier. e* ~ 1+ x is utilized for first-order approximation throughout Section 2.
After fiber transmission and square-law detection of PD, the output photocurrent I (¢) can
be calculated as

L (t) = [Ey(6) @ h(DI2 = |C — 2sin gs(t) @ h()
= C? —2sin ¢Cs(t) ® h(t) — 2sin pCs* (t) @ h*(t) + ... 2
~ C2 —2sin ¢Cs(t) ® [h(t) + h*(t)]

where h(t) is the impulse response of fiber dispersion in the time domain and the conjugate
symmetry of real-valued signal s(t) is employed. To focus on the impact of dispersion
on linear terms, the second-order signal-signal beating interference (SSBI) is ignored in
Equation (2). With the help of Fourier transform, the convolution in the time domain can
be turned into multiplication in the frequency domain.

Ii(f) = C(f) = 2sin 9CS(f) - [n(f) + h*(f)] = C*5(f) — 2sin@CS(f) - i (f) ~ (3)

were h(f) = exp(jmA2DLf?/c) is the frequency domain transfer function of dispersion [6],
which is a pure phase distortion. Finally, the overall transfer function is obtained as

vv

Hi(f) = h(f) + " (f) = 2cos(mA2DLf2/c) )

? T .
S(T) -s(1) s(1) = s(r) -ks(t)  s(t) -5(t-7)
i % >

(a)

(b) (c) (d)

Figure 1. Transmitter configuration of (a) standard differential driven mode, (b) single-arm driven mode, (c) differential

driven mode with amplitude mismatch, and (d) differential driven mode with time skew.

According to Equation (4), the phase to amplitude conversion occurs after the con-
jugated superposition and those frequencies satisfying 7TA?DLf?/c = (1/2 + n)7 would
suffer from power fading [8]. Moreover, it should be noted that the frequency notches are
independent of bias in this case.

2.2. Bias Deviation with Single-Arm Driven Mode

We then investigated the impact of bias deviation in the single-arm driven mode, as
shown in Figure 1b. The modulated optical field E,(t) is modified as

Ey(t) = e*H1® 1 o7I% x oI?[1 4 js(t)] + ¢ /9 = C + jel?s(t) (5)
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At the receiver, the photocurrent I, (t) can be modified accordingly as

B(t) = [E2(t) ® h(t) = |C + je?s(t) @ h(t)|”
- c2+]ef‘PCS( )®h( ) — je I9Cs™ (1) @ W () + ... ©)
~ C2 + Cs(t) ® [je/Ph(t) — je IPh*(1)]

Again, we transformed into the frequency domain, as in Equation (7), for a bet-
ter understanding.

Ha(f) = jel?h(f) — je 11" (f)
=exp[j(mA2DLf*/c+ ¢ + 71/2)] + exp[—j(mA’DLf?/c+ ¢ + 71/2)] 7)
= 2cos(mA’DLf?/c+ ¢ + 1/2)

In this case, the overall transfer function H;(f) becomes dependent with the constant
phase shift, indicating that the available bandwidth can be shifted as the bias deviates.
Typically, when the MZM is biased at the quadrature point of 7/4, the first fading frequency
is increased to v/3c/4A2DL, which is larger than v/c/ 2A2DL with differential driven mode.
However, biasing at the other quadrature point of 37 /4 would lead to smaller first fading
frequency of v/c/4A?2DL. Furthermore, for lower-arm single-driven mode, the transfer
function can be easily modified as

H(f) :2cos(7'f)\2DLf2/c—(p—7'c/2) 8)

2.3. Amplitude Mismatch in Differential Driven Mode

Similarly, as shown in Figure 1c, the impact of amplitidue mismatch in the differential-
driven mode can be taken into consideration. Equation (9) gives the modulated optical
field E3(t).

Ey(t) = R0 4 ¢ 010 0 o0 [1 4 js(1)] + eI jks(8)] = C + (jel? — jke 77 )s(t) )

were k is defined as the amplitude ratio between the differential outputs. The corresponding
photocurrent I3(t) after PD detection is derived in Equation (10).

I3(t) = [Es(t) @ h(t)|?
jel? — jke™1%)s(t) ® h(t)
= C2 4 (jel? — jke™ 14’)6s< ) ®

2
|
t
~C?2+Cs(t) ® [(]e”" — jke™ J‘P) (

)+ (—je/? + jke/?) Cs* (t) @ h*(t) +
t) +(—je 1% + jkel?)h* ()]

|
)
_|_

(10)

In this case, the overall transfer function H3(f) can be acquired as

i () = (jo? — ke 9)(F) + (~je /2 + jko®) () an
= 2cos(A’DLf?/c+ ¢ + 7/2) + 2k cos(mA?DLf?/c — ¢ — 11/2)

One can find that the overall transfer function H3( f) is the combination of two terms.
If k = 1, Equation (11) would return to Equation (4) as the differential driven mode, while
Equation (11) becomes Equation (7) as the upper-arm single driven mode if k = 0 is
satisfied. In addition, when k € [—1,0), intensity modulation is gradually transformed
towards phase modulation, which in fact changes the hardward configuration rather than
using the negative output, as in Figure 1c. Nevertheless, we still considered it to be in
the class of amplitude mismatch due to similar mathematical form.
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2.4. Time Skew in Differential Driven Mode

Finally, we modeled the influence of time skew in differential-driven mode. The mod-
ulated optical field E4(¢) is

Eyg(t) = eF040 4o IU=0710 o o9[1 4 js(£)] + e T9[1 — js(t — )] = C+ jel?s(t) —je st —1)  (12)

were T denotes the time skew between the differential outputs. Based on Equation (13), the
optical signal is actually VSB-shaped in the frequency domain, making it more tolerant to
power fading. '

Es(f) = Co(f) —2je 1™/ sin(g + f7)S(f) (13)

Here, the relationship FFT{s(t — 7)} = S(f)e /2™ is utilized. Following the same
process, the receiver-side overal transfer function can be further deduced. After fiber
transmission, the received photocurrent I;(t) can be obtained as

I5(t) = |Es(t) @ h(t)?
=|C+ [je/?s(t) — je i#s(t — T)] ® h(t)\2 (14)
~ C2 4 Cljel?s(t) — je 19s(t — T)] ®@ h(t) + C[—je 1?s*(t) + jel?s* (t — T)] @ h*(t)

Since s(t) is a real-valued signal, the overall frequency response Hy(f) can be ac-
quired as

Hy(f) = (jo/ — je 12 PIT)h(f) + (—je™1? + jel e P T) b (f) (15)

= 2cos(mA2DLf?/c + ¢ + 7/2) + 22"/ cos(TA2DLf%/c — ¢ — 7t/2)

Different from Equation (11), the two terms are combined with coeffient dependent on

7. Therefore, power fading for most frequency components can be succesfully suppressed
with the appropriate value of time skew.

2.5. Perspective of Chirp

The mechanism of MZM imbalances can be also understood from the perspective of
chirp & [33], which is defined as
_do /1dE
YT @) Ear
where 0 and E are the phase and amplitude of the output optical signal, respectively. In
general, negative chirp can benefit transmission with positive dispersion values, such as in
G.652 fiber, while positive chirp will degrade the transmission.

For standard differential driven mode, chirp-free is always satisfied since 6 = 0 is
ensured according to Equation (1). It reveals that the fading nulls cannot be changed
through bias adjustment. For single-arm driven mode, the chirp a; can be calculated by
substituting Equation (5) into Equation (16).

(16)

1
tan ¢

N~ (17)

We can see that the chirp varies with bias voltage-induced constant phase shift ¢,
making it possible to adjust the available transmission bandwidth. Meanwhile, the chirp
«p of amplitude mismatch in differential driven mode is shown in Equation (18).

1—-k 1

1+ktang (18)

Ny =~

It indicates that the amplitude mismatch applies an additional multiplication factor
(1 — k)/(1 + k) on the original chirp. If k < 0, the MZM chirp is enhanced by such a factor;
otherwise, the chirp is suppressed when k > 0.
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Differently, according to Equation (13), time skew actually produces an asymmetric
transfer function. For SSB signals, /2 phase shifts are always guaranteed for the two driving
waveforms over the entire signal bandwidth. On the contrary, a time delay can only achieve
71/2 phase shifts at a certain frequency. Hence, filter-free VSB signal is generated in a cost-
effective manner.

3. Numerical Visualization
3.1. Bias Deviation with Single-Arm Driven Mode

In this subsection, we numerically calculate the transfer functions of the single-arm
driven mode, as shown in Figure 2a—d. The fiber length is set as 20 km, and the dispersion
factor D is 16 ps/nm/km throughout Section 3. Note that in Section 3, the factor of 2 in
Equations (4), (7), (11) and (15) is niglected for normalization. The dashed gray curve
represents the transfer function with differential driven mode, which is employed as a
reference. We found that the first fading frequency was 14.0 GHz for conventional IM-
DD transmission. Thanks to the upper-arm single driven mode with bias around /4,
the first fading frequency increased to ~17.1 GHz, as in Figure 2a. Additionally, the
available transmission bandwidth slightly enhanced by reducing the constant phase of bias.
However, it should be noted that the frequency components near zero were suppressed
as the fading notch shifted toward a higher frequency. Unfortunately, when the bias was
switched to 37t/4, as in Figure 2b, the frequency of the first notch was 9.9 GHz, which was
smaller than the differential driven mode. In addition, for lower-arm driven mode, as in
Figure 2¢,d, the performance was exactly the opposite. To be specific, the fading frequency
with upper-arm driven biasing at 77/4 was equivalent with lower-arm driven biasing at
37 /4. Meanwhile, the frequency of notch moved toward, rather than away from, zero, as
the increasing of bias induced the constant phase.

ob-——_ Ob————=o
E -5 y a -5
) Upper-arm S Upper-arm L
® -10[iBias @/mr*180°: ) vl o 10/ Bias @/*180°: |
o 36° \ il @ 126° "
c o £ 4
6 "S[— 39 i 18 P — 1200 .
aQ . v Q
& 20|42 ! @ go|—132° ']
¢ a5 : e 135 X
25 l—— 48° H 1 -25 |——138° '
51° I ! 141° |
-30 f—— 54° | 1 B0f— 144° 1
35———Diff. . I . a5 L= Diff Y ! !
0 5 10 15 20 25 0 5 10 15 20 25
Frequency (GHz) Frequency (GHz)

-20

Response (dB)
5 2

-25

-30

-35

=)

Bias ¢/1m*180°:

I 36°
e 39°
—42°
—45°
———48°

51°
—— 54°
- - - Diff.

(a)

Response (dB)

-20

-25

-30

(b)

Lower-arm

L 126°
— 129°
—132°
——135°
——138°

141°
—— 144°
- - - Diff.

Bias @/m*180°:

0 5

10 15
Frequency (GHz)

(c)

20

-35
0

5

10 15 20 25
Frequency (GHz)

(d)

Figure 2. Calculated transfer function of (a) upper-arm single driven mode with bias around 7/4,
(b) upper-arm single driven mode with bias around 37/4, (c) lower-arm single driven mode with
bias around 7t/4, and (d) lower-arm single driven mode with bias around 37/4. Diff.: standard
differential mode.
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3.2. Amplitude Mismatch with Differential Driven Mode

Figure 3a plots the transfer function of differential driven mode versus amplitude
mismatch ratio k. The bias phase was fixed at the quadrature point of 7 /4. Here, k = 100%,
0%, and —100% correspond to the special cases of pure IM, IM with single-arm driven mode,
and pure phase modulation, respectively. We found that the fading frequency gradually
increased from 14.0 GHz to 17.1 GHz with k = 0%, and finally got to 19.8 GHz with
k = —100%. Compared to Figure 2a, amplitude mismatch had a wider tunable frequency
range than bias deviation in single-arm driven mode. Figure 3b shows the calculated
transfer function versus bias induced constant phase at k = —30%, 0%, and 30%, respectively.
It can be confirmed that, when k < 0 (solid line), the fading frequency shifting enhanced
compared with the single-arm driven mode (dashed line) under the same bias phase, while
k > 0 (dotted line) lead to suppress the frequency shifting. In other words, to achieve
the target transmission bandwidth, amplitude mismatch was more effective to be exploited,
leaving the bias deviates less away from the linear modulation region.

Amplitude ratio k:
20 ——=100% 20%

-20

Response (dB)
Lo

Response (dB)
5o

——-80% ——40% Amplitude ratio:
25 ——-60% ——60% -25 tk=—30%: k=0: i
——-40% ——80% e 40° = = -40°
30 ——-20% ——100% 30 f——45°— — -45° 4
0% S 7 LY 7 L O —
-35 x 1 L -35 y
0 5 10 15 20 25 0 5 10 20 25
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 3. (a) Calculated transfer function of differential driven mode with various amplitude ratios k.
(b) Calculated transfer function versus different bias phases and amplitude ratios.

3.3. Time Skew with Differential Driven Mode

Figure 4a,b illustrates the overall transfer function in the presence of positive and
negative differential time skews with differential driven mode, respectively. The bias was
still at 7r/4. Note that 0 ps skew (black curve) equaled the case of conventional IM-DD, in
which power fading at 14.0 GHz can be observed. As the differential time skew grew from
0 ps to 16 ps (green curve), the frequency response gradually became smoothed. However,
when we continuously increased the time skew larger than 20 ps, a new frequency notch
appeared around 19.8 GHz. Nevertheless, time skew was much more powerful than
the previous two imbalances, since it could mostly compensate for the power fading, rather
than moving, the nulls. In addition, by comparing Figure 2a with Figure 2b, it can be
concluded that the same transfer function can be realized with either positive or negative
skew values. Therefore, it would be convenient to just focus on the abosulte values of time
skew in practical implementations.
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Figure 4. Calculated transfer function of differential driven mode with (a) positive and (b) negative
skew values T after 20 km SSMF transmission and with (c) positive and (d) negative skew values T
at BTB.

Figure 4c,d shows the transfer function at BTB with positive and negative skew values.
Unlike bias deviation and amplitude mismatch, time skew results in a frequency-dependent
tranfer function, even at BTB. Due to the partial response-like inter-symbol interference
(ISI) in the time domain, the bandwidth tended to decrease as the skew increased.

4. Experimental Setup and DSP Stack
4.1. Experimental Setup

Figure 5a shows the experimental setup. At the transmitter, a continuous wave
light was generated by an external cavity laser (ECL) at 1550.2 nm with 15 dBm optical
power. The light was then fed into DDMZM (Fujistu FTM7937) with 25 GHz bandwidth.
Two channels from the arbitrary waveform generator (AWG, Keysight M8195A) were
used to emulate the imbalances of MZM. The sampling rate and bandwidth of AWG
were 64 GSa/s and 25 GHz, respectively. For differential driven mode, the peak-to-peak
voltage (Vpp) was typically set as 250 mV. For fair comparison, the sum of the Vpp of two
channels were kept the same with single-arm driven mode in this experiment. Afterwards,
the output waveforms were amplified by a dual-input-dual-output electrical amplifier (EA,
CENTELLAX OA4SMM4). The amplitude ratio or time skew were set through the software.
The inset showed the measured optical spectrum of 34 Gbaud Nyquist PAM-6 signals at
0.02 nm resolution. With the help of digital Nyquist shaping, the rectangular spectrum
could be observed with symmetric double sidebands. The signal occupied approximately
0.29 nm optical bandwidth, which was equivalent to ~36 GHz, including the RRC roll-off.
The transmitted fiber link was 20 km SSMF without optical dispersion compensation.
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...............

—— Electrical link

(b) Tx DSP (a) of CreHed (¢) Rx DSP
sl — Optical link
PRBS d ol Re-sampling
PN mappine EA S| RRC i
Up-sampling / i Synchronization
|| 1) | M
Re-sampling 20km LA PAM demapping
............................ ECL DDMZM SSMF EDFA Att.  PD

Figure 5. (a) Experimental setup. ECL: external cavity laser; AWG: arbitrary waveform generator; EA: electrical amplifier;

SSME: standard single-mode fiber; EDFA: erbium-doped fiber amplifier; VOA: variable optical attenuator; PD: photodiode;

DSO: digital storage oscilloscope; Tx: transmitter; Rx: receiver. (b) transmitter- and (c) receiver-side DSP stacks. RRC: root

raised cosine; FFE: feed-forward equalizer; VNE: Volterra nonlinear equalizer.

At the receiver, the erbium-doped fiber amplifier (EDFA) was employed only to
compensate for the initial loss of the following attenuator. The noise figure and output
power of the EDFA were 5.5~6.0 dB and 2 dBm. The optical-to-electrical conversion was
realized by a PD (Picometrix PT-40A) with 40 GHz bandwidth, which was integrated with
a trans-impedance amplifier (TTA). Finally, a real-time digital storage oscilloscope (DSO,
Lecroy 845Zi-A), operating at 40 GSa/s, was utilized to capture the received waveform for
offline processing later.

4.2. DSP Stack

Figure 5b,c displays the transmitter- and receiver-side DSP stacks, respectively. At the
transmitter, 40,000 PAM-6/8 symbols were mapped from a pseudo random binary sequence
(PRBS) as payload. A 2048-symbol training sequence was then added as a preamble, leading
to 4.9% redundancy from the frame structure. After 2-times up-sampling, root raised cosine
(RRC) filter with 0.05 roll-off was convoluted with the data sequence in order to restrict
the signal spectrum into a rectangular shape. Before sending to the AWG, the signal
was resampled to 34 Gbaud to match the sampling rate. No pre-equalization or pre-CD
compensation was conducted.

At the receiver, the stored waveform was resampled from 40 GSa/s to 68 GSa/s,
which equaled 2 samples per symbol (SPSs). The first 128 symbols from the training
sequence were used as a synchronization sequence, and synchronization was performed
by calculating the cross-correction between transmitted and received sequences. The taps
of the time-domain T/2-spaced finite impulse response (FIR) filter was updated based on
the training sequence by the recursive least square (RLS) algorithm. Here, linear the feed
forward equalizer (FFE) and Volterra nonlinear equalizer (VNE), up to the third-order,
were employed for comparison. The memory length for first-, second-, and third-order
kernels were set as 73, 29, and 5, respectively. Finally, BER was obtained after symbol
decision and de-mapping with ~5 x 10° bit samples.

5. Experimental Results and Discussion
5.1. Transmission Performance with Single-Arm Driven Mode

Figure 6a,b displays the received signal spectra with differential driven mode and
single-arm driven mode after 20 km SSMF transmission, respectively. Note that the signal
spectra in Figure 6 were normalized to keep the scale consistent with theoretical curves in
Figure 2 as a validation. The normalization operation can also provide a fair comparison
among different bias voltages. As shown in Figure 6a, the signal spectrum at BTB (dashed
black curve) was plotted as reference. One can observe that, after transmission, the signal
spectra fell around 14 GHz, resulting in severe ISI. Almost the same spectra were obtained
for all the bias voltage, varying from 4.0 V to 5.2 V, which fits well with Equation (4).
On the other hand, the spectra were quite different with single-arm driven mode. Note
that low-arm single driven mode with bias around 377 /4 is utilized in Figure 6b. Similar
to Figure 2d, larger bias voltage leads to a larger bandwidth at the cost of suppressing
the frequency components around zero. By using single-arm driven mode, the 3-dB
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bandwidth achieved larger than 16 GHz, which was closer to the Nyquist bandwidth of

the 34 Gbaud signal.
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Figure 6. Received signal spectra versus bias voltage with (a) differential driven mode and (b)
single-arm driven mode after 20 km SSMF transmission.

We then quantitatively investigated the BER performance of 34 Gbaud PAM-6 and
PAM-8 signals after transmission as a function of bias voltage, as in Figure 7a,b, respectively.
For differential driven mode, the BERs of PAM-6/8 deteriorated to larger than 0.1, mainly
due to the frequency null inside signal bandwidth. Even though VNE was applied, the BERs
could hardly be brought down to below 0.1. It can be explained that the structures of both
FFE and VNE were only capable of addressing frequency poles, rather than zeros. For
single-arm driven mode, the BERs of PAM-6 and PAM-8 were successfully reduced to
2.78 x 1072 and 6.08 x 10~2 with FFE only, at the optimal bias voltage of 5.7 V. Further
improvement can be obtained by applying VNE for SSBI mitigation. In this case, the BERs
of PAM-6 and PAM-8 were 1.41 x 103 and 1.37 x 102, which were lower than the 7%
and 20% HD-FEC thresholds, respectively. The optimal bias voltage with VNE was smaller
than with FFE, because a higher carrier component was needed to suppress the influence

of SSBI for FFE.
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Figure 7. Measured BER versus bias voltage for (a) PAM-6 and (b) PAM-8 signals after 20 km SSMF
transmission with differential and single-arm driven mode. Measured ROP sensitivities of (c) PAM-6
and (d) PAM-8 signals after 20 km SSMF transmission and (e) PAM-6 and (f) PAM-8 signals at BTB,
respectively.
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Figure 7c,d depicts the ROP sensitivities of PAM-6 and PAM-8 signals after 20 km
SSMF transmission, respectively. The optimized bias voltages of 4.3 V and 5.4 V were
chosen for differential and single-arm driven mode, respectively. At 7% and 20% HD-FEC
thresholds, the ROP sensitivities were —3.7 dBm and 0.2 dBm for PAM-6 and PAM-8
signals. We also measured the ROP penalty of utilizing the single-arm driven mode at
the BTB scenario, as in Figure 7e,f. Since bias voltage can be easily adjusted in practi-
cal implementation, the curves were tested under optimal voltage of 4.3 V, which was
approximately the quadrature point. When the ROP was larger than —1 dBm, the error
floor could be observed, mainly due to the quantization noise of DAC. At the 7% and 20%
HD-FEC thresholds, there were 0.7 dB and 0.6 dB penalties for PAM-6 and PAM-8 signals.
Such a penalty can be attributed to the common mode noise elimination with differential
driven mode.

5.2. Amplitude Mismatch with Differential Driven Mode

Figure 8a shows the received signal spectra as a function of amplitude mismatch ratio
after 20 km SSMF transmission. The bias voltage was fixed as 5.1 V. Here, amplitude ratio
0% (black curve) was equivalent to single-arm driven mode. As the amplitude ratio got
smaller, the low-frequency region became lower, while the high-frequency region was
slightly lifted. The tendency was similar to numerical results in Figure 3a. On the other
hand, if the amplitude ratio was fixed at —15%, changing the bias voltage could also enlarge
the bandwidth, as shown in Figure 3b. In comparison, amplitude ratio was more effective
in terms of the spectrum.

o o ibihabalt”
2 Z
[} )
© kel
2 =
= ' 6+
()] (o)}
g g Amplitude ratio k = -15%
Amplitude ratio k: Bias voltage:
or 0% ——-25% “l—4.8V ——5.1V
—-15% -30% 49V ——52V
-20% -35% — 5.0V —— 5.3V
12 x . H L B i ;
0 4 8 12 16 20 120 4 8 12 16 20
Frequency (GHz) Frequency (GHz)
(a) (b

Figure 8. (a) Received signal spectra versus amplitude ratio with 5.1 V bias voltage after 20 km SSMF
transmission. (b) Received signal spectra versus bias voltage with amplitude ratio of —15% after
20 km SSMF transmission.

As shown in Figure 9a,b, the bias voltage and amplitude ratio were jointly optimized
for the BER of 34Gbaud PAM-6/8 signals after 20 km transmission, respectively. The BERs
were obtained with VNE. It should be noted that the amplitude between —15% and 0% was
not swept, owing to the 75 mV minimum output limitation of the AWG. As mentioned in
Section 3.2, a negative amplitude ratio would enhance the performance of fading frequency
shifting, resulting in a smaller optimal bias voltage. Furthermore, the performance of 0%
amplitude ratio was mainly limited by the high-frequency falling, while the performance
of the —35% amplitude ratio was degraded due to the low-frequency suppression. As
a compromise, the —15% amplitude ratio exhibited the best performance, and the BERs
were further reduced from 1.41 x 1073 and 1.37 x 1072 t0 5.87 x 10~% and 8.84 x 103
compared with single-arm driven mode. Therefore, the amplitude ratio was kept as —15%
in Figure 9c—f.
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Figure 9. Measured BER versus amplitude ratio and bias voltage for (a) PAM-6 and (b) PAM-8 signals after 20 km SSMF
transmission. Measured ROP sensitivities with —15% amplitude ratio for (c) PAM-6 and (d) PAM-8 signals after 20 km
SSMF transmission and for (e) PAM-6 and (f) PAM-8 signals at BTB, respectively.

Figure 9¢,d shows the ROP sensitivities of PAM-6 and PAM-8 signals after 20 km
SSMF transmission, respectively. The ROP sensitivities could be improved to —4.3 dBm
and —2.9 dBm at the 7% and 20% HD-FEC thresholds for PAM-6 and PAM-8 signals.
Moreover, the ROP penalty at BTB were measured in Figure 9e,f. At 7% and 20% HD-FEC
thresholds, there were 2.2 dB and 2.1 dB penalties for PAM-6 and PAM-8 signals, which
was much larger than the single-arm driven mode. The reason is that part of amplitude
modulation would become phase modulation when k < 0 and square-law detection at BTB
loses the phase information.

5.3. Time Skew with Differential Driven Mode

Finally, the impact of time skew was experimentally tested. Figure 10a shows the re-
ceived signal spectra with different skew values at the BTB case. Similar to Figure 4c,
spectral narrowing was introduced by time skew. Differently, as shown in Figure 10b, time
skew was able to confront with power fading after 20 km SSMF transmission. A sharp
depression inside the spectrum could be observed with 0 ps skew (black curve). The fading
frequency components could be gradually lifted as the skew value increased.
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Figure 10. Received signal spectra versus time skew (a) at BTB and (b) after 20 km SSMF transmission.
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Figure 11a,b shows the measured BERs as a function of time skew for 34 Gbaud PAM-
6/8 formats, both at BTB and after 20 km SSMF transmission. For the BTB case, the larger
skew values lead to the rising of BER, which was caused by more serious ISI in the time
domain or low pass filtering in the frequency domain. For 20 km SSMF transmission,
the BERs could be brought down quickly as the skew increased and then reached an
error floor when the skew was larger than 20 ps. The lowest BERs were 2.43 x 10~* and
5.39 x 1073 with 26 ps skew for PAM-6 and PAM-8 signals, respectively. Figure 11c—f
measures the ROP sensitivity for PAM-6/8 signals after 20 km SSMF transmission and at
BTB, respectively. The skew was controlled as 20 ps considering both BTB and transmission
performance, suitable for practical implementation with a fixed delay line. After 20 km
SSMF transmission, the ROP sensitivities were promoted to —5.1 dBm and —3.9 dBm at
the 7% and 20% HD-FEC thresholds, which was the best result among three imbalances.
For the BTB case, the penalties were 1.3 dB and 1.2 dB after introducing time skew for
PAM-6 and PAM-8 signals. It can be explained as the low pass filtering effect.
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Figure 11. Measured BER versus time skew for (a) PAM-6 and (b) PAM-8 signals after 20 km SSMF transmission with
differential driven mode. Measured ROP sensitivities with 20 ps for (¢) PAM-6 and (d) PAM-8 signals after 20 km SSMF
transmission and for (e) PAM-6 and (f) PAM-8 signals at BTB, respectively.

5.4. Eye-Diagrams

Figure 12 displays the typical eye-diagrams and amplitude histograms of PAM-6/8
signals with FFE/VNE at BTB and after 20 km SSMF transmission operating at different
modes, respectively. The ROP was fixed at 1 dBm. For 20 km transmission scenario,
the eyes in the first line could hardly be recognized (dashed circle), which suffered severe
power fading with differential driven mode. Meanwhile, the eyes with FFE in the second,
third, and fourth lines were faintly separated and became quite clear after applying VNE
for nonlinear SSBI compensation. According to the amplitude histograms of PAM-8 signals,
it can be confirmed that time skew had the best performance and amplitude mismatch was
better than bias deviation after transmission. On the other hand, for the BTB scenario, the
first line exhibited the clearest eyes with highest peaks in amplitude histograms. The eyes
in the third lines had the lowest peak probability. Therefore, amplitude mismatch induced
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the largest penalty at BTB, while bias deviation with single-arm driven mode had the
smallest penalty compared to differential driven mode. Moreover, the similar results of
PAM-6/8 signals indicated that the influence of imbalances indeed acted as a frequency
transfer function, which holds for different modulation formats.

20km FFE 20km VNE BTB FFE BTB VNE 20km FFE 20km VNE BTB FFE BTB VNE

w/ diff.

PAM-6
w/ amp.

w/ diff.

w/ bias
w/ bias

PAM-8

w/ amp.

w/ skew
w/ skew

=

-:)

Figure 12. Typical eye-diagrams and amplitude histograms of PAM-6/8 signals with FFE/VNE at BTB and after 20 km
SSMF transmission operating at different modes, respectively. w/diff., conventional IM with differential driven mode;
w/bias, with bias deviation in single-arm driven mode; w/amp., with amplitude mismatch in differential driven mode;
w/skew, with time skew in differential driven mode.

5.5. Impact of Transmission Distance

The above comparisons focus on 20 km SSMF transmission. For longer distances,
the basic limitation can be still understood from channel response in the frequency domain.
Figure 13a—d depicts the overall transfer function after 20/40/60/80 km SSMF transmission.
Conventional IM with differential driven mode (black curve) is shown as benchmark. We
found that, with the help of bias deviation (blue curve) and amplitude mismatch (green
curve), the 3 dB bandwidth could be extended by ~35%. However, since the frequency nulls
were not cancelled, the available transmission bandwidth inevitably reduced inversely
proportional to the square of fiber length. Fortunately, if time skew is adopted, the 3 dB
bandwidth is kept around 20 GHz, showing much stronger robustness against power
fading. A smoother response can be obtained by selecting the appropriate value of skew.

5.6. Comparison of Preivous Work

Key parameters of recent reported works on short-reach DD links are summarized
in Table 1. Although the capacity and reach can be further improved using complex-
valued modulation, the hardware complexity of transmitter was almost doubled owing
to the IQ modulator and another DAC, which is not suitable for such a cost-sensitive
scenario. Meanwhile, the transmitter structures proposed in References [26,27] are also
complicated, and the subcarrier allocation algorithm was designed only for multi-carrier
modulation, such as the orthogonal frequency division multiplexing (OFDM) signal, which
is not compatible with PAM. The main contribution of our work is to offer a cost-effective
solution employing imbalanced MZM with single DAC. The hardware complexity is almost
the same as standard IM-DD configuration. Another advantage is that all three imbalances
are compatible with various modulation schemes, including PAM, carrier-less amplitude
and phase modulation (CAP), subcarrier modulation (SCM), and discrete multi-tone (DMT).
Moreover, as mentioned in Section 5.5, although 20 km was chosen for fair comparison, the
differential skew scheme has the potential for longer transmission, up to 80 km.
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Figure 13. Calculated transfer function operating at different modes after (a) 20 km, (b) 40 km, (c)

60 km, and (d) 80 km SSMF transmission, respectively. IM: conventional IM with differential driven

mode; Bias (40°), with 40° bias phase in upper-arm single driven mode; Amp (—20%), with —20%

amplitude mismatch in differential driven mode; Skew (20 ps) with 20 ps time skew in differential

driven mode.

Table 1. Comparison of DD transmission experiments.

. Bitrate Distance Additional .

Year Transmitter Wavelength (Gb/s) Format (km) Device Algorithm
2016 [16] DDMZM + DAC x 2 C-band 105 DMT 80 - VNE + TCM
2016 [25] DDMZM + DAC x 2 C-band 128 PAM-4 80 - Pre-CDC
2017 [15] IQM+ DAC x 2 C-band 4N x 112 16-QAM 320 - Hilbert + KK
2018 [21] MZM + DAC x 1 C-band 56 PAM-4 80 - THP
2018 [26] IM +PM + DAC x 2 C-band 108 62122[21\1/{/[ 20 - Subcarrier allocation
2019 [11] MZM + DAC x 1 C-band 8A x50 PAM-4 100 DCF FFE
2019 [13] DML + DAC x 1 C-band 100 PAM-4 45 OBPF VNE
2019 [27] IQM + DAC x 2 C-band 129.6 62—1221)2{\[/1 20 - Subcarrier allocation
2019 [28] PolM + DAC x 1 C-band 100 PAM-4 5 - VNE
2020 [10] DML + DAC x 1 O-band 100 PAM-4 50 - VNE
2020 [22] MZM + DAC x 1 C-band 64 OOK 100 - VNE + DFE + MLSD
2020 [23] MZM + DAC x 1 C-band 112 PAM-4 20 - Pre-Equ. + FFE-DFE
2020 [29] MZM + DAC x 1 C-band 120 PAM-8 10 - VNE
2020 [30] MZM + DAC x 1 C-band 96 PAM-8 80 - VNE
This work MZM + DAC x 1 C-band 104 PAM-8 20 - VNE

IQM: IQ modulator; PolM: polarization modulator; DCF: dispersion-compensating fiber; OBPF: optical band-pass filter; VNE: Volterra
nonlinear equalizer; TCM: Trellis coded modulation; Pre-CDC: pre-chromatic dispersion compensation; KK: Kramers-Kronig receiver; THP:
Tomlinson-Harashima precoding; FFE: feed forward equalizer; DFE: decision feedback equalizer; MLSD: maximum likelihood sequence
detection; Pre-Equ.: pre-equalization.
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6. Conclusions

In conclusion, we systematically investigated the impact of bias deviation, amplitude
mismatch, and time skew for MZM-based short-reach DD links. The overall transfer
function, including fiber dispersion and PD detection, were theoretically obtained and
validated numerically. Specifically, bias deviation with single-arm driven mode and am-
plitude mismatch with differential driven mode can shift the frequency of fading notches,
while time skew is capable of filling up the frequency nulls. In the experiment, 34 Gbaud
Nyquist PAM-6/8 signals reached the 7% and 20% HD-FEC thresholds after 20 km SSMF
transmission, after introducing one of the imbalances combined with VNE. For fading-
dominated fiber transmission, the ROP sensitivity from best to the worse was sorted as:
time skew, amplitude mismatch, and bias deviation. On the other hand, for the BTB
case, the imbalance-induced penalty from the least to the largest could be sorted as: bias
deviation, time skew, and amplitude mismatch. Both numerical and experimental results
confirm that the dispersion induced power fading can be effectively suppressed with bias,
amplitude, or skew imbalances, providing a valuable reference for the transmitter design
in C-band short-reach optical transmission systems.
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