732

IEICE TRANS. ELECTRON., VOL.E106-C, NO.11 NOVEMBER 2023

| INVITED PAPER Joint Special Section on Opto-electronics and Communications for Future Optical Network |

128 Gbit/s Operation of AXEL with Energy Efficiency of 1.5 pJ/bit

for Optical Interconnection

Wataru KOBAYASHI™®, Shigeru KANAZAWA ', Takahiko SHINDO', Manabu MITSUHARA',

SUMMARY  We evaluated the energy efficiency per 1-bit transmission
of an optical light source on InP substrate to achieve optical interconnec-
tion. A semiconductor optical amplifier (SOA) assisted extended reach
EADFB laser (AXEL) was utilized as the optical light source to enhance
the energy efficiency compared to the conventional electro-absorption mod-
ulator integrated with a DFB laser (EML). The AXEL has frequency band-
width extendibility for operation of over 100 Gbit/s, which is difficult when
using a vertical cavity surface emitting laser (VCSEL) without an equal-
izer. By designing the AXEL for low power consumption, we were able
to achieve 64-Gbit/s, 1.0 pJ/bit and 128-Gbit/s, 1.5 pJ/bit operation at 50°C
with the transmitter dispersion and eye closure quaternary of 1.1 dB.

key words: electro-absorption modulator, semiconductor optical amplifier,
DFB laser, pulse amplitude modulation

1. Introduction

Cyber-physical systems (CPS) based on Internet of Things
(IoT) sensor networks are increasingly being utilized to
achieve the Society 5.0 concept, where remotely driven sen-
sors generate huge data. This has led to an increase of the
global data sphere at the rate of about 30% per year[1].
The generated data need to be transmitted to a processor
such as an edge computer or a cloud computer, and this re-
quires the network system to continuously expand its trans-
mission capacity while at the same time reducing power
consumption. The total power consumption of data cen-
ters worldwide is predicted to increase dramatically from
approximately 200 TWh in 2018 to 3000 TWh by 2030 [2].
The bulk of this enormous amount of power is taken up by
IT equipment, whose ratio is defined by a power usage ef-
fectiveness (PUE). Generally, IT equipment consumes more
than half of the power in a data center, so for this reason,
reducing the power consumption of IT equipment can be
viewed as a vital social issue to maintain a sustainable soci-
ety.

Against this background, IT equipment such as opti-
cal light sources need to enhance their energy efficiency per
1 bit of transmission. Various standardizations are in place
for the optical light source of an optical network system, in-
cluding those put forth by the IEEE [3], [4] and the Consor-
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Fig.1  Comparison of light sources from bit rate and transmission dis-
tance viewpoints.

tium for On-Board Optics (COBO) [5], along with Periph-
eral Component Interconnect Express (PCle). According to
the PCle specification, the signaling rate doubles as its tech-
nology generation increases: e.g., 16 Gbit/s for PCle 4.0 and
32 Gbit/s for PCIe 5.0. One report has indicated that op-
tical interconnect can dramatically reduce power consump-
tion compared to electrical interconnection as the signaling
rate increases to high speeds such as 64 Gbit/s (PCle 6.0)
and 128 Gbit/s (PCle 7.0) [6] because the electrical trans-
mission loss of an electrical interconnection increases as the
signaling rate increases. This means an optical light source
that features both high-speed operation (over 64 Gbit/s) and
high energy efficiency will be an attractive candidate for op-
tical interconnection applications.

The main candidates for an optical source that can be
driven over 64 Gbit/s are compared in Fig. 1. The EML
has the largest frequency bandwidth compared to the VC-
SEL and the directly modulated laser (DML), while from
the viewpoint of low power consumption, the VCSEL is su-
perior to the DML and EML for operations up to 25 Gbit/s.
However, if the signaling rate is higher than 64 Gbit/s, the
VCSEL requires an equalizer to compensate for its fre-
quency bandwidth shortage, as its general frequency band-
width is about 25 GHz [7]. This means it requires a power
consumption increase to reach the same level as the DML
and EML.

In light of the above background, the main challenge
with the optical light source is how to improve the energy
efficiency per 1-bit transmission. The main point to keep
in mind here is that if a signaling rate increases with the
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same power consumption, the energy efficiency will also in-
crease. In principle, the frequency bandwidth of the EML
is larger than that of the DML and VCSEL, so the EML
has an advantage in operations over 64 Gbit/s. Therefore, as
the signaling rate gets higher, the energy efficiency of the
EML will be superior to the other candidates. We recently
proposed an approach based on an SOA-assisted extended-
reach EADFB laser (AXEL) to improve the EML energy
efficiency [8], [9] and were able to almost double the energy
efficiency with the same optical output. By using the AXEL,
we realized the energy efficiency of less than 1.5 pJ/bit at 64
and 128 Gbit/s [10]. But the fine-tuning method for increas-
ing the energy efficiency with the AXEL is not sufficiently
described.

In this paper, we fine-tune the AXEL to improve the
energy efficiency at a signaling rate of over 64 Gbit/s and
128 Gbit/s. We investigate the optimal driving condition for
the AXEL by comparing a simulation and an experiment.

2. Concept

Our concept is to enhance the energy efficiency per 1-bit
transmission. In our prior work, we reported an EML with
the power consumption of about 180 mW at 40 Gbit/s and
the corresponding energy efficiency of about 4.5 pJ/bit[11].
By using the SOA to reduce the power consumption of the
EML, we could reduce the power consumption to 140 mW
and the corresponding energy efficiency to about 3.5 pJ/bit.

However, since optical interconnection requires the
same level of energy efficiency as the VCSEL in a 25-Gbit/s
optical system, we need to further reduce the power con-
sumption and improve the energy efficiency to be in the 1.0-
to 2.0-pJ/bit range.

We utilize two approaches to achieve this target. The
first is to increase the operating speed so as to increase the
denominator of the energy efficiency. This approach is suit-
able for the AXEL because an EA modulator (EAM) has a
large extendibility of high-speed operation [12].

The second approach is to carefully design the DFB
laser and SOA section, as these sections can be implemented
with a reduced injection current to the DFB laser (/;p) and
SOA section (Ispa). Our overall concept is shown in Fig. 2.
Generally, an EML requires a high output power from the
DFB laser section to compensate for the optical loss of the
EAM, and this results in a deterioration of the energy effi-
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Fig.2  Concept of this work.
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ciency. In contrast, the SOA section is free from the optical
loss of the EAM due to its spatial configuration, which al-
lows us to reduce the Iy p while increasing the Ispa with the
same optical output. This approach enhances the energy ef-
ficiency of the AXEL compared to the EML.

In our prior work, we focused on instilling the AXEL
with a high output power for NG-PON applications [13]. In
the current work, we focus on the energy efficiency.

3. Design Methodology

First, we determined the operating condition for the AXEL
to evaluate the energy efficiency per 1-bit transmission of
the optical light source. When looking at the entire power
consumption of the optical light source, we need to take into
account the thermo-electric cooler (TEC) and the driver of
the EAM. To reduce the power consumption of the TEC, we
set the operating temperature to 50°C, as this temperature
can reduce the power consumption with a semi-cooled op-
eration. This semi-cooled operation can minimize the power
consumption of TEC, because the power consumption of
TEC depends on the temperature difference between a case
temperature and a setting temperature of TEC [14]. We also
evaluated the device characteristics at 80°C to determine the
extendibility of TEC-free operation. The power consump-
tion in the EAM driver depends on the required modulation
voltage swing (V) for the EAM, so from a practical view-
point, we set the Vp,;, to below 1.5V, as the general V,;, of an
EAM driver is less than 1.5 V.

Next, we evaluated the energy efficiency at the deter-
mined operating condition of 50°C. To determine the opti-
mum /1 p and Ispp, we evaluated the optical output power
using a simulation and an experiment. First, we calculated
the light-current (L-I) characteristics for the LD section by
using LASTIP (Crosslight Inc.)[15]. Figure 3 shows the
calculated output power of a DFB laser with a 300-um cav-
ity length at 50°C. The simulation also included the optical
coupling loss to an optical fiber and the optical loss of the
EAM. As shown, when I p increased from 40 to 60 mA, the
optical output power increased from 5.9 to 8.1 mW, which
corresponds to an optical gain of about 1.3 dB.

To clarify the optimum condition of I p and Isoa, We
also calculated the optical gain with various Isoa. Figure 4
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Fig.3  Calculated L-I characteristics of DFB laser.
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Fig.5 L-I characteristics of AXEL: (a) simulation and (b) experiment.

shows the calculated optical gain versus optical input for
the SOA length of 100 um at 50°C. This calculation was
done using the rate equation detailed in [11]. As shown, as
Isoa increased from O to 20 mA, the optical gain increased
by 3 dB. This value is larger than the gain difference of the
DEFB laser with the I1p of 40 to 60 mA. These simulation
results demonstrate that the AXEL can improve the energy
efficiency of the EML.

Next, we utilized the L-I characteristics and SOA gain
characteristics shown in Figs. 3 and 4 to evaluate the optical
output power of the AXEL. Figure 5 shows the L-I char-
acteristics of the AXEL used for the simulation and experi-
ment at 50°C. The red circles indicate the data whose sum
of I p and Ispp was 60 mA. As we can see, the optimum
conditions of I1p and Isps were about 40 mA and 20 mA
when the length of the LD and SOA were 300 and 100 pwm,
respectively. Although the output power in the experiment
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Fig.6  Relationship between power consumption and modulated output
power at 50°C.

was smaller than that in the simulation, the tendency of the
input current versus optical output was similar. These results
clarify the optimum condition for providing the maximum
optical output.

Next, we evaluated the power consumption and mod-
ulated output power at 50°C. To evaluate the entire power
consumption of the AXEL chip, we assumed the power con-
sumption of the EAM to be 12 mW and the typical values of
the DC bias voltage and photo current of the EA section to
be —1.2'V and 10 mA, respectively. For the simulation, we
assumed the EAM optical loss of 5 dB and depicted the sum
of the power consumption for the LD, EAM, and SOA sec-
tion on the vertical axis, where the vertical axis increases
as the I1p increases. When we consider the energy effi-
ciency of 1.0pJ/bit, the allocated power consumption was
64 mW for 64-Gbit/s operation and 128 mW for 128-Gbit/s
operation. As shown in Fig. 6, we could achieve the mod-
ulated output power of about 5dBm and 7dBm when the
power consumption of the AXEL was 60 mW and 128 mW,
respectively. Although the maximum optical out power for
1.0 pJ/bit at 64 Gbit/s operation was limited to 5dBm, we
could control the power consumption by reducing the opti-
cal output power. In this work, the optical output power was
set to a sufficiently high level to evaluate modulation char-
acteristics such as eye diagram and eye closure quaternary
(TDECQ) (discussed later).

To investigate the extendibility of the TEC-free oper-
ation of the AXEL, we also measured the temperature de-
pendence of the modulated output power at 80°C. Fig-
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ure 7 shows the power consumption versus modulated out-
put power. As we can see, the modulated output power de-
creased by 5dB when the temperature increased by 30°C.
However, since the AXEL could suppress the optical loss
of the EAM, it was able to provide the modulated output
power of over 0dBm when the power consumption was
about 80 mW. These results indicate that 1.0-pJ/bit oper-
ation with the modulated output power of over 0 dBm can
be achieved when the signaling rate is over 80 Gbit/s. Note
that the red square in Fig. 7 indicates the experimental con-
ditions for measuring the modulation characteristics shown
later in Figs. 12 and 16.

Next, we fine-tuned the EAM design to increase the en-
ergy efficiency per 1-bit transmission. Generally, the EAM
has a trade-off relationship between the frequency band-
width and extinction ratio (ER). To enhance the frequency
bandwidth, we need to reduce the parasitic capacitance and
therefore shorten the EAM, but on the other hand, the optical
network system requires a high enough ER to achieve suf-
ficient bit error rate (BER) characteristics, and therefore we
need a long EAM. To ease this trade-off, we need to enhance
the ER per EAM unit length. The impurity concentration of
the EAM epitaxial layer is the main issue here, specifically,
the diffusion of zinc (Zn) from the cladding layer [16]. We
therefore evaluated the Zn concentration in the EAM sec-
tion using the three epitaxial layer structures shown in Fig. 8.
The three samples were compared to clarify the influence of
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Fig.9  Zn concentration for the EAM.

Zn diffusion during the epitaxial regrowth process. As the
AXEL consists of an LD, EA, and SOA, we inevitably re-
quire a regrowth process for the p-cladding layer. Generally,
Zn diffusion is caused by a kick-out mechanism [17], [18],
where Zn atoms move through vacancies created by group
IIT elements. For this reason, Zn diffusion occurs easily
during temperature changes of the epitaxial growth, and it
therefore has a severe effect on the epitaxial regrowth pro-
cess. We consider that the interstitial Zn atom can easily
diffuse into the MQW region. In order to suppress the gener-
ation of interstitial Zn atom, p+-InGaAs layers were grown
at a relatively low substrate temperature.

Figure 9 shows the depth profiles of the secondary
ion mass spectrometer (SIMS) signals of Zn in the EAM
multiple-quantum-well (MQW) epitaxial layer. As we can
see, Zn diffusion was suppressed to less than 2.0E + 15 cm™
without a regrowth process. After optimizing the regrowth
process, we were able to obtain the Zn diffusion of less than
1.0E + 17cm™ at the interfacial layer between the buffer
and EAM MQW. Generally, the deterioration of the extinc-
tion characteristics can be suppressed if the Zn diffusion is
less than 1.0E + 17cm™[19]. We optimized the epitax-
ial growth condition of the p-cladding layer and p+ contact
layer.

Next, we utilized the epitaxial regrowth technique de-
scribed above to fabricate the AXEL. Our main objective
was to balance the trade-off relationship between the fre-
quency bandwidth and ER. Figure 10 shows the extinction
characteristics of 75- and 125-pm long EAM at 50°C. As
we can see, ER reached about 15 dB with the DC bias dif-
ference of 1.5V for 125-um EAM, while it was about 8 dB
for 75-um EAM. If we operate EAM with pulse amplitude
modulation, we need the ER to be over 15 dB, which is why
we set the EAM length to 125 pm.

We also measured the frequency bandwidth of EAM.
Figure 11 shows the electrical to optical (EO) frequency re-
sponse for various lengths of EAM at 50°C. As shown in
figure, we can achieve the 3-dB-down frequency bandwidth
(f3as) of over 40 GHz for 125 um long EAM. The peaking
level around 15 GHz was controlled by the bonding wire be-
tween a RF circuit board and a termination resistance. By
taking consider Figs. 10 and 11, we set the EAM length to
125 pm.
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4. Device Characteristics

Some of the basic structure of the AXEL we fabricated has
already been reported [20]. First, we evaluated the 64-Gbit/s
modulation characteristics at 50 and 80°C, where the V,
was set to 1.5V. The electrical signal input to the device
was non-return zero (NRZ) with a pseudorandom binary se-
quence (PRBS) of 2!5 — 1. The applied bias voltage was
—1.3V at 50°C and —-0.65V at 80°C. Figure 12 shows
64-Gbit/s eye diagrams, where we can see that clear eye
openings were obtained for each temperature. The dynamic
extinction ratios (DERs) were 9.5dB and 9.7 dB, respec-
tively. The measured optical modulation amplitudes (OMA)
were 5.0 and 0.6 dBm. The measured power consumption
was 60 and 71 mW and the energy efficiency was 1.0 pJ/bit
and 1.2 pJ/bit, respectively. These results indicate that the
AXEL can be operated at 1.0 pJ/bit when the signaling rate
is 64 Gbit/s, thus making it an attractive candidate for appli-
cation of PCle 6.0.

Next, we evaluated the 128-Gbit/s operation to de-
termine whether AXEL is suitable for PCle 7.0. Fig-
ure 13 shows the 64-Gbaud/s pulse amplitude modulation 4
(PAM4) electrical signal that was input to the device. Since
the EAM has non-linearity for extinction characteristics, we
tuned the bias voltage of each level to compensate.

Figure 14 shows the eye diagrams for the V,, of 0.8,
1.0, and 1.5 V. The measured extinction ratios between lev-
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els 0 and 3 were 4.6, 5.9, and 8.0 dB, respectively, and the
measured TDECQ values were 1.1, 1.2, and 1.7 dB, respec-
tively. These results demonstrate the importance of com-
pensating for the non-linearity of the EAM to reduce the
TDECQ.

Figure 15 shows the PAM4 signals whose bias volt-
ages between levels 0 and 3 (V) were 0.8, 1.0, and 1.5V,
respectively. The vertical axis shows optical power from
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Fig.16  128-Gbit/s eye diagrams for 50 and 80°C.

the AXEL at 50°C with linear scale. We set each bias volt-
age to obtain the uniform PAM4 optical eye diagram while
compensating for the non-linearity of the extinction charac-
teristics of the EAM.

Finally, we measured the temperature dependence of
the eye diagrams. Figure 16 shows 128-Gbit/s eye dia-
grams for 50 and 80°C, where the modulation voltage swing
was set to 0.8V,,. As we can see, the TDECQ values
were 1.1 dB and 4.3 dB, respectively. For the case of 1.1 dB,
error-free operation was achieved. The power consumption
was 180 and 160 mW, and the corresponding energy effi-
ciency was 1.5 and 1.2 pJ/bit. The measured optical mod-
ulation amplitudes were 7.6 and 1.4dBm. These results
demonstrate that the AXEL is an attractive optical source
candidate for application of PCle 7.0.

5. Conclusion

We designed and fabricated a semiconductor assisted ex-
tended EADFB laser (AXEL) for use as an optical inter-
connection. Compared to the roughly 4.5-pJ/bit energy
efficiency of a conventional EML, the proposed AXEL
achieved 1.0 pJ/bit for 64 Gbit/s and 1.5 pJ/bit for 128 Gbit/s.
We clarified the optimum operating current condition of
the LD and SOA section through simulations and experi-
ments and also mitigated the tradeoff relationship between
ER and the frequency bandwidth of the EAM by fine-tuning
its length. To increase the ER per EAM unit length, we
focused on suppressing the impurity of the EAM section
and optimized the regrowth process of the p-cladding layer
and were able to simultaneously achieve the high-speed
operation of over 64 Gbit/s and high energy efficiency of
1.5 pJ/bit. These results demonstrate that the AXEL is an
attractive candidate for the optical source of optical inter-
connection applications such as PCIe 6.0 and 7.0.
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