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Abstract: We demonstrate 56 GBaud PAM-4 transmission by using a high-speed waveguide
avalanche photodiode (WG APD) and an electro absorption modulated laser (EML). Compared to
a PIN photodiode, the WG APD reduces the power budget in a B2B setup by 6 dB.
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1. Introduction

Driven by the demand for cloud services, today’s internet traffic is dominated by inter- and intra-data center
transmission with distances up to 80 km. Although coherent systems are expanding to cover inter-data center
transmission below 80 km [1], short-reach intra-data center traffic up to 2 km is mainly realized by intensity modulated
direct detection (IM/DD) in the O- and C-band [2,3]. To address the resulting challenges of high capacity data center
interconnections (DCI), high performance photonics with low power consumption are mandatory. Enhancement of
receiver sensitivity reduces the required laser power and thus a large share of overall power consumption incurred by
driving and cooling the transmitting laser.

We present an evanescent coupling high-speed waveguide integrated avalanche photodiode (WG APD) showing high
bandwidth up to 37 GHz operating at bias voltages below 20 V. Applied with an electro-absorption modulated laser
(EML) in a simplified setup for 56 GBaud PAM-4 direct detection, the WG APD enables 20 km transmission and a
reduces the power budget by 1.5 dB. The reduction of the power penalty increases at shorter distances and can leverage
the overall power consumption in DCI.

2. APD Design and Performance

For 56 GBaud PAM-4 detection, linearity and bandwidth are essential design parameters. Additionally, a high intrinsic
responsivity enables a high sensitivity and an increased transmission distance at a given power budget. By integrating
the avalanche photodiode on an evanescent coupling waveguide structure, a WG APD can fulfill these requirements,
due to a relaxed trade-off between sensitivity and bandwidth compared to vertically illuminated photodiodes. Further,
evanescent WG APDs can be monolithically integrated with other components [4] and allow a simplified fabrication
compared to butt-joint coupled devices [5].

The presented WG APD extends the conventional concept with separated absorption, charge, and multiplication
(SACM) layer design [6] with an additional charge (C) and InAlAs transit (T) layer. This sophisticated epitaxial
SACMCT structure minimizes the depleted absorbing region (see Fig. 1a) without sacrificing the RC limitation of the
device. By an undepleted absorber, the holes carrier transit time is minimized. As a drawback, this leads to an increased
RC time constant, which is determined by the depleted regions of the photodiode. To overcome the RC limitation, the
APDs capacitance is lowered by the InAlAs transit region similar to the collection layer in uni-travelling carrier
photodiodes [7]. Compared to current state-of-the-art APDs, we achieve similar performance regarding the
responsivity and bandwidth [6]. As against other waveguide integrated devices, the demonstrated WG APD shows
slightly lower gain [5, 8], but also a lower dark current to enhance the receiver sensitivity.

band TIX;
n-in. S
ener
a) ad b) u.id. InAlAs
S n-InAlAs
multlpl_lcatlon u.i.d. InAlAs
region p-InAlAs

u.i.d. InGaAs
transit p-InGaAs
layer p-InGaAsP

absorbing
region

device
thickness

Fig. 1. Epitaxial layer structure (a) and band diagram (b) of the sophisticated SACMCT waveguide integrated APD
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To optimize the quantum efficiency of the evanescent coupling structure, the APD structure is placed with the p-
contact above the waveguide layers, rather than the n-contact at the bottom [4,5]. This leads to an increasing refractive
index profile from the waveguide layer to the thin absorbing region and thus avoids optical coupling through the
transparent multiplication region (see Fig. 1b). As a result, the device demonstrates high-speed performance
compatible for 56 GBaud PAM-4 operation with an enhanced sensitivity. The external responsivity at the unity gain
voltage (7 V), the IV and gain characteristics (M), as well as the small-signal parameters at different bias voltages are
shown in Fig. 2.
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Fig. 2. External responsivity at unity gain (a), IV characteristics (b), S21 small-signal parameters (c) of the fabricated WG APD

At the unity gain voltage of 7 V our device shows a high responsivity of > 0.5 A/W and > 0.65 A/W in the O-band
and C-band, respectively. The IV characteristics show a moderate gain up to M=2 and a low dark current below 10
nA at a reverse bias voltage of 16 V. When increasing the reverse bias from 18 V to 19 V, the gain increases from
M=3 to M=4, while the dark current remains below 1 pA. The maximum 3dB-bandwidth is 37 GHz for a voltage up
to 14 V at a gain of M=1.6 and reduces to 30 GHz when increasing the reverse bias to 16 V (see Fig. 2).

3. System Evaluation

The WG APD is investigated in a simplified setup for direct detection, using an EML driven by a 265 Gs/s AWG for
56 GBaud PAM-4 signal generation. The components are connected by a standard single mode fiber supplemented
by a praseodymium-doped amplifier, and a variable optical attenuator. The received signal is amplified and fed to a
256 GS/s oscilloscope, or a digital-to-analog converter, respectively (see Fig. 3a). The digital signal processing
consists of pulse shaping with roll-off 1 and linear equalization at the Rx.

56 0B ster R
(o]
: ,,8, O - HO-FEC limit.
8. o
B2B 8 ©
4[| O 40 GBaud| o 8 o
O 48GBaud o o
O 56 GBaud| o
64 GBaud

8 6 4 =2 0 2
Rx Optical Power [dBm]

10 10* 10! 10
{9 o ) 3 b g
102 o O 10 8 102 8 10 O
0 Qi PAORNS B S (S-SR B S (ST TS B S Q.
o HD-FEC limit HD-FEC limit b HD-FEC limit 8 HD-FEC limit
W 10° ~ B o © i 10 9 g 15 100 °. 8 4 i 109 ) 6 91
m 528 le) 8 o o 2.5 km O . q m 10 km o 0 m 20 km
O PN 8 APD Rev. Bias [V] o) APD Rev. Bias [V] o 0 O PIN
1046 o o= 81 i4lfor Ol go¢ffo 2 104G T o
O 14 O 14 O 14 O 1
16 16 16 16
5O 18 . . . . s O 18 . . . . s O 18 . . . . 5[ O 18 . . . .
10-10 8 6 -4 -2 0 2 10-10 8 6 -4 -2 0 2 10-10 8 6 -4 -2 0 2 10-10 8 6 -4 -2 0 2
Rx Optical Power [dBm] Rx Optical Power [dBm] Rx Optical Power [dBm] Rx Optical Power [dBm]

Fig. 3. System setup (a), eye diagrams in B2B configuration of PIN and WG APD (b) and measurement results of BER for different baud
rates (c) and the evaluation of a the WG APD in 56 GBaud PAM-4 transmission (d). EML.: electro absorption modulated laser, AWG:
arbitrary waveform generator, SSMF: standard singe mode fiber, PDFA: praseodymium-doped fiber amplifier, VOA: variable optical

attenuator, WG APD: waveguide avalanche photodiode, SCOPE/DAC: oscilloscope / digital-analog converter
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For the generation of 56 GBaud PAM-4 signals, the InP-based EML module [9] is driven at laser current of 100 mA
emitting at the wavelength of 1290 nm. The applied reverse bias voltage at the electro-absorption modulator is set to
-1.1V and a modulation swing of V;,,=300 mV is applied for all further investigations. A thermoelectric cooler (TEC)
keeps the temperature at 45°C. To prove the setup, clear eyes were obtained at an Rx optical power of 0 dBm
employing the WG APD at a reverse bias of 18 V respectively the PIN photodiode at 2 V (Fig. 3b).

To evaluate 56 GBaud PAM-4 operation, the WG APD is applied in a back-to-back (B2B) experiment. We find a
BER below the FEC limit of 3.8x107 for receiver Rx optical powers above -7.2 dBm, -6.8 dBm and -5.8 dBm for
symbol rates of 40 GBaud, 48 GBaud and 56 GBaud, respectively. At a symbol rate of 64 GBaud, the minimum optical
input power increases significantly to 2 dBm due to the limiting bandwidth of the WG APD (Fig. 3c). Further, we
determined the BER for different transmission distances between 0 km and 20 km at various reverse bias voltages
between 12 V and 18 V according to gain characteristics covering M=1.3 to M=3 by varying the optical Rx optical
power. The BER is minimized at the maximum Rx power of 2 dBm for all different transmission distances. However,
in the B2B scenario, the BER slightly increases when the optical power is decreasing. For distances of 2.5 km and
beyond, the BER is barely changing for Rx optical powers between 0 dBm to 2 dBm, proving that the error-floor is
independent from the received power (see Fig. 3d). This effect occurs for the PIN photodiode as well as for all applied
reverse bias voltages at the WG APD. We conclude that this effect is resulting from the signal dispersion at 1290 nm
caused by the EML. Still, the error-floor for each investigated transmission distance is below the FEC limit, making
the setup suitable for transmission distances up to 20 km. For the B2B setup, the resulting reduction of the power
penalty at the FEC threshold is 6 dB. However, this reduced power penalty compared to using a PIN photodiode
instead of the WG APD decreases with the transmission distance due to dispersion. At the maximum investigated
distance of 20 km, the minimum Rx power to receive a BER below the FEC is -4.5 dBm for the PIN photodiode and
-5.9 dBm for the WG APD, translating to a reduction in the power penalty of 1.5 dB.

4. Conclusion

We demonstrated a novel WG APD with 37 GHz 3dB-bandwidth operating from O- to C-band. The WG APD with
an EML as transmitter are analyzed regarding 56 GBaud PAM-4 transmission. In a B2B scenario, the WG APD
reduces the power budget by 6 dB. This advantage reduces for longer transmission distances to still 1.5 dB at
20 km.

Both, the WG APD as well as the EML can be fabricated in an array configuration [10], allowing for LAN-WDM
operation. Further, using the WG APD on the receiver with a minimum Rx optical power of -5.9 dBm, the optical
EML output power of 3.5 dBm is sufficient to allow 20 km transmission at a total power budget of 9.4 dB.
Conclusively, the demonstrated performance can enable the deployment of DCI for short-reach transmission
according to 400 Gb/s IEEE standardization [11].
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