Enabling low-cost, high-volume production compatible Terabit
transceivers with up to 1.6 Tbps capacity and 100 Gbps per lane PAM4 modulation for intra-data center optical interconnects up to 2 km:
The TERIPHIC project approach
P. Groumas*a, C. Tsokosa, D. Felipeb, U. Troppenzb, R. Hersentc, P. Bakopoulosd, B. Atiasd, J. Y.
Dupuyc, A. Paganoe, A. Chiado Piate, S. Kibbenf, L. Gounaridisa, A. Raptakisa, M. Seyfriedf, M.
Moehrleb, C. Kouloumentasa, N. Keilb and H. Avramopoulosa
a
National Technical University of Athens, Iroon Polytechniou 9, 15773 Zografos, Greece;
b
Fraunhofer HHI, Einsteinufer 37, 10587 Berlin, Germany; cIII-V lab, Augustin Fresnel 1, 91767
Palaiseau, France; dMellanox Technologies, Ofer Industrial Park, HaKidma St 26, Yokne’am Illit,
2069200 Yokneam, Israel; eTelecomitalia LAB, G. Reiss Romoli 274, 10148 Turin, Italy;
f
ficonTEC, Rehland 8, 28832 Achim, Germany
ABSTRACT
Existing transceiver technology inside data centers will soon reach its limits due to the enormous traffic growth rates driven
by new, bandwidth-hungry applications. Efforts to develop the next generation of 800Gbps and 1.6Tbps transceivers for
intra-DC optical interconnects have already kicked-off to address the demands in traffic, the exhaustion of the ports at the
digital switches and the power consumption limitations inherent to the use of many lower capacity modules. The new
generation of optical modules must also provide Terabit capacities at low cost, necessitating the use of high-volume
manufacturing processes. TERIPHIC is an EU funded R and D project that aims at developing transceiver modules with
up to 1.6 Tbps capacity over 16 lanes in duplex fiber and cost less than 1 € per Gbps for distances up to 2 km, utilizing
PAM-4 modulation for 100Gbps per lane and high-volume production compatible transceiver designs. At the component
level, TERIPHIC will rely on arrays of high-speed electronics, InP Externally Modulated Lasers (EMLs) and InP
photodetectors, and at the integration level it will rely on a polymer photonic platform as a host motherboard, leveraging
its flexibility and powerful toolbox. A summary of the progress on the TERIPHIC transceiver modules concept, both at
the component level and integration level is presented in this paper.
Keywords: externally modulated lasers (EMLs), optical interconnects, terabit transceivers, 800-GbE, assembly
automation, Quad Small Form Factor Pluggable Double Density (QSFP-DD), Octal Small Form Factor Pluggable (OSFP),
Consortium for On Board Optics (COBO)

1. INTRODUCTION
The capability to provide Terabit capacity and the possibility for high-volume production at low cost are the two main
requirements that rule today the development of next generation optical modules for datacom applications.
The current 400G Ethernet standards have been recently approved, but the efforts to develop the next optical modules
providing Terabit capacity have already kicked off. They are driven by the need to address the continuous data traffic
growth inside the modern data center (DC) networks, the exhaustion of the ports at the digital switches of these networks,
and the power consumption limitations that are inherent to the parallel use of a large number of lower capacity modules.
At the same time, the increase in the number of the Terabit interfaces that have to be installed inside the DC networks is
continuous. In order to handle the traffic growth, traditional DCs evolve into mega DC environments accommodating more
than half a million of resources in the form of compute servers or data storage devices. The total traffic, which needs to be
aggregated and exchanged between these resources over distances up to 2 km or beyond, necessitates the use of Terabit
interfaces not only at the switches that reside at the higher layers of the switching hierarchy (spine switches), but also at
those interfacing directly with the Top-of-Rack switches of the network (aggregation switches). As a result, the required

number of Terabit optical modules becomes particularly large setting the base for the creation of a high-volume, costsensitive market.
The migration from the current generation of optical modules to a next one with higher capacity has been always smooth
and has always involved an optimum compromise between the data rate per lane and the number of lanes in the new
modules. Serial NRZ modulation format was widely used due to its simplicity but was later largely abandoned in favor of
the most bandwidth efficient PAM-4 format. The reasons for this adoption were that the electronic components for the
transceivers, lagged behind in terms of bandwidth compared to their photonic counterparts. Ultra -fast modulators based
on electro-optic materials (E-O) with bandwidths capable of 100-Gbps serial NRZ transmission1 have been already
available some time ago. Optical transmitters based on hybrid integration of DFB sources with these E-O Mach-Zehnder
Modulators (MZM)2 have demonstrated serial operation at 80-Gbps and 100-Gbps3 over a single wavelength. Efforts to
develop arrayed versions of these transmitters for potential use in 400-Gbps interfaces had also been successful and had
been reported previously4. High-baud rate hybridly integrated transmitters with more advanced functionalities like
wavelength tunability5 and multi-flow operation6 were also feasible using the specific polymer modulators. On the other
hand, typical SerDes speeds are limited today mainly at 26.5-Gbaud.The adoption of PAM-4 alleviated the bandwidth
limitation at the expense of increased complexity at the transceiver and a SNR penalty.
The current generation is represented today by the modules of the 400G Ethernet standard, based either on the use of eight
parallel lanes operating with pulse amplitude modulation-4 (PAM-4) at 26.5 Gbaud or the use of four parallel lanes
operating with the same format at 53.125 Gbaud. The latter is clearly the most forward-looking specification, and is
believed to set a limit today regarding the maximum data rate per lane (100G) that can be safely used for the development
of optical modules, which keep the simplicity and the low power consumption aspect of the direct detection schemes and
remain practical, reliable, compact and with low cost.
Within this context, a practical path for scaling the capacity of the current 400G products to the Terabit regime can only
rely on the use of the 100G rate per lane as a base, and the extension of the number of lanes from 4 to the necessary one in
order to achieve the target total capacity. Although simple as a concept, the addition of lanes can always be challenging
with respect to the fabrication and assembly complexity of the modules, and can critically affect the high-volume
production and the low-cost aspect that the emerging market of Terabit products need to have. Obviously, this is
particularly the case, when the optical modules are based on micro-optics solutions for the integration of the individual
components and their final assembly and packaging. Photonic integrated circuit (PIC) technology on the other hand can
offer alternative solutions and can become the key enabler for the addition of lanes and the extension of capacity to the
Terabit regime, but only when the integration and assembly concepts are kept simple and reliable. In the opposite case, the
PIC-enabled solutions can be even more complex, problematic and expensive than the micro- optics-enabled ones, and
thus absolutely unsuitable for high-volume production lines.
The remainder of the manuscript is organized as follows: in section 2 the project objectives are described in detail, giving
an overview of the individual goals set by the project that eventually will lead to delivering mass production compatible
transceiver products, as well as the targeted prototypes within the project. In section 3, the various components comprising
the transceivers are described in detail and the latest updates on their status are given. In section 4, the basic assembly steps
that result in the preparation of the optical subassemblies for the transceiver prototypes are described, along with the basic
procedure for the packaging of the prototypes in MSA compatible form factors such as OSFP or COBO. Finally, before
concluding the manuscript in section 6, estimates of the cost for bill of materials of the prototypes and the assembly, based
on assumptions for high volume production, are presented in section 5.
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2. TERIPHIC OBJECTIVES AND TARGETED PROTOTYPES
2.1 Project objectives
The project will rely on a set of reliable and well proven Photonic Integrated Circuit (PIC) technology-related concepts in
order to develop a seamless chain of transceiver design, component fabrication, assembly automation and system
characterization processes as the basis of high-volume production line for Terabit capacity optical modules.
In the photonic part, TERIPHIC will rely on the EML7 technology for light generation and high-speed modulation in the
transmitting part of the transceivers. The EMLs will be developed in arrays of 4 and 8 elements, and each will be able to
achieve 50 Gbaud symbolrate with PAM-4 modulation for 100Gbps per lamda operation in the O-band. It will rely also
on the pin-photodetector8 (PD) technology of FhG-HHI for the fabrication of arrays of 4 and 8 elements for the receiving
part of the part of the transceivers. TERIPHIC will also utilize the PolyBoard9 technology of FhG-HHI for the development
of the host photonic platform of each transceiver module. The polymer host platform has two-fold functionality, first it
serves as the multiplexer of the EML optical signals to be transmitted in the duplex fiber, and as the demultiplexer of the
Wavelength Divison Multiplexing (WDM) signal going to the PD array for reception. The mux/demux functionality is
accomplished by means of Arrayed Waveguide Gratings (AWGs). Secondly, it eases the hybrid integration of the EML
and PD arrays with the PIC, and the fiber pigtail attachment for preparation of the optical subassembly. The fiber pigtail
is inserted into U-grooves formed in the PolyBoard, which allow for passive vertical and lateral alignment and clamping
of the fiber in one step. It is noted that the AWGs, the U-grooves and the straightforward hybrid integration of InP active
elements, are already part of the PolyBoard platform’s standard toolbox.
TERIPHIC will develop a simple and reliable process for the integration of the EML arrays, the PD arrays and the polymer
host platform into an optical subassembly, which will be the base of each optical transceiver module. Within this
subassembly, the polymer chip will act as a motherboard and the chips of the EML and PD arrays as photonic add-ons,
which will be integrated at the back-side of the polymer motherboard using edge-coupling. The assembly process is made
simple and more reliable by the use of a single element for light generation, modulation and amplification, which minimizes
the number of interfaces, the use of long EML and PD arrays, which minimizes the number of chips that need to be hybridly
integrated, and the use of the edge-coupling technique, which eliminates the need for complex flip-chip bonding processes
or complex RF routing schemes through the polymer host platform. The goal is to define an end-to-end process for the
preparation of the optical subassembly with optimum cost, yield, time and throughput that can be incorporated in a highvolume production line. More details on the assembly steps are given in Section 4 of this manuscript.
High speed transceivers operating with multilevel signals, utilize linear amplification stages for conditioning the electrical
PAM-4 signal that will drive the EML arrays, and the PAM-4 photocurrents that will be generated by the PD arrays. These
components will be part of the transceiver mainboards and will provide a bi-directional interface between the active
optoelectronic components (EML and PD arrays) and the Digital Signal Processing (DSP) chips that provide the gearbox,
Clock and Data Recovery (CDR) and equalization functionalities. TERIPHIC will rely on BiCMOS linear driver arrays
and TIA arrays coming from Mellanox’s standard vendors that will find their place inside the pluggable transceiver
prototypes, as their low power consumption satisfies the stricter power consumption requirements for these modules. In
parallel, InP-double heterojunction bipolar transistor (InP-DHBT)10 linear driver arrays with high output voltage and
bandwidth higher than 70 GHz will be developed as a future proof solution for ultra-high capacity modules. InP-DHBT
linear drivers consume more power than their BiCMOS counterparts, however they compensate for the much higher
bandwidth. Given their higher power consumption, these driver arrays will be used in the mid-board modules, where the
power consumption specifications are more relaxed compared to the pluggable modules.
The next objective is to develop an automated process for the final integration and packaging of the optical subassembly,
the linear driver arrays, the TIA arrays and the other required components, like the micro-controller and the gearbox/DSP
chip into small-form factor optical modules. The process for this second level of integration will be based on the use of a
printed-circuit board (PCB) as the mainboard of each module. The design of the mainboard for the modules will follow
Mellanox’s general design rules employed in their standard production line and the corresponding standards or MSAs for
each transceiver type. More specifically, the pluggable modules will follow the specifications of the Octal Small Form
Factor Pluggable (OSFP) MSA Rev.2 specification11 regarding the dimensions, thickness and layout, while the mid-board
modules will follow the COBO-8 and COBO-16 specification for the 800-Gbp/s and 1.6-Tb/s capacities. Mellanox is one
of the funding steering members for the Consortium for On Board Optics and member of the OSFP MSA. The overall RF
design of the mainboard will be capable of 50-Gbaud operation. Standard pick-and-pace and soldering routines will be
employed for the handling of the components. Flip-chip bonding will be used for the components that are BGA packaged

like the DSP chip and micro-controller, and wirebonds for the InP-DHBT driver arrays and TIA arrays. The interconnection
of the EML arrays with the drivers and the PD arrays with the TIA arrays will be realized with the use of polymer Flexlines9.
Flexlines are flexible polymer chips that have a large number of parallel high-speed RF co-planar waveguides. The Flexline
will be handled using pick-and-place routines using custom grip tools, while the attachment of the Flexlines with the EML
or PD array pads and the driver or TIA array pads will be realized by means of thermocompression techniques.
Using the optical and electronic components, and the assembly engines described above, the project will develop two
pluggable and two mid-board transceiver modules with capacities up to 1.6-Tb/s for the provision of high capacity
connectivity inside DC environments. The four modules will be incorporated inside Mellanox’s commercial switches and
are described in the subsections 2.2 – 2.5.
As far as testing is concerned, two steps of system characterization will take place to evaluate the system performance of
the modules. At the first step, the optical modules will be tested in lab settings as standalone devices. In order to facilitate
characterization, custom evaluation boards will be developed that will be populated with the optical subassembly. The
evaluation board allows direct access the components of the transceiver, something that would not be feasible inside the
tight form-factor compatible transceiver package. The electrical signals that will feed the drivers and EMLs will come
from arbitrary waveform generators, providing the flexibility to perform all kinds of stress-tests to the transmitter part. The
received optical signal will be amplified by the TIA and evaluated with the help of a realtime oscilloscope and offline DSP
algorithms. At the second step, the transceiver modules will be incorporated inside commercial switches, exchanging real
data with the host ASIC chip and thus enabling their testing within a real DC network environment.
After demonstrating that all steps during the fabrication and assembly of the TERIPHIC transceivers have been optimized
for automated assembly, and all the bottlenecks have been resolved, the final objective is to elaborate on a strategy for the
commercialization of the component, assembly and system technology of the project through the preparation of a pilot
assembly line. The four prototypes act as demonstrators of the optimized assembly steps, that need to be brought together
as an interrupted process, in order to be further optimized for high-volume production. Essentially, that means that each
assembly step, with special emphasis on the optical subassembly, should be able to be performed by a dedicated machine
in a pipeline, using specifically designed gripper arms and tools for the machine.
2.2 Prototype 1 – 400 Gbps pluggable optical transceiver

Figure 1: TERIPHIC 400 Gbps pluggable optical transceiver (prototype 1).

The first prototype will be a 400-Gb/s pluggable transceiver. The transceiver prototype comprises the PCB mainboard, the
micro-controller, a DSP chip with an integrated quad linear driver array, a BiCMOS quad TIA array and the optical
subassembly. The 400G DSP chip, apart from the quad driver array, integrates also on a single die a bi-directional 8:4
gearbox and equalization functions for both the Tx and Rx path. The optical subassembly will comprise a quad EML array,
a quad PD array and a polymer chip with two 1:4 AWGs. The module will be connected to the host ASIC using the
CDAUI-8 electrical interface which employs 8 parallel PAM-4 electrical signals at 26.5 Gbaud12. The DSP chip will
receive, retime and combine the input signals into 4 output signals at 53.125 Gbaud with the same modulation format and
subsequently amplify them and bias them to the appropriate levels to drive the EMLs. The latter will operate in the O-band
with a wavelength grid of 2.25 nm around 1300 nm and will be multiplexed by the first AWG to be launched into the
output fiber as a WDM signal. At the Rx side, the incoming optical signals will be demultiplexed by the AWG and detected

by the PD array. The photocurrents will be amplified by the TIA array and the electrical signals will be forwarded to the
DSP chip to be retimed and converted back to CDAUI-8 signals. The transceiver will be packaged in OSFP compatible
form-factor. The transceiver specifications can be seen in Table 1
2.3 Prototype 2 – 800 Gbps mid-board optical transceiver

Figure 2: TERIPHIC 800 Gbps mid-board optical transceiver (prototype 2).

The second prototype will be a 800-Gb/s mid-board transceiver. As 800GbE standards have not been defined yet, and
800G DSP chips will not be available in time for packaging by major vendors, the prototype will be based on already
available 400G building blocks in a 2´400G implementation as described in the COBO specification. The mid-board will
be packaged in a COBO-16 compatible form factor. The prototype will integrate two 400G DSP chips, two InP-DHBT
quad driver arrays, two quad TIA arrays, and an optical subassembly comprising two quad EML arrays, two PD arrays
and a polymer chip with two 1:8 AWGs. The prortype will allow for 8 optical lanes at 53.125 Gbaud PAM-4 each through
a duplex SMF. The electrical interface will be CDAUI-8 corresponding to a total of 16 parallel lines PAM-4 signal at 26.5
Gbaud each.
2.4 Prototype 3 – 800 Gbps pluggable optical transceiver

Figure 3: TERIPHIC 800 Gbps pluggable optical transceiver (prototype 3).

The third prototype will be a more compact version of prototype 2, able to fit in a OSFP form factor for realizing a 800Gb/s pluggable transceiver. This will be achieved by employing longer, 8-fold EML and PD arrays, as well as the next
generation 800G DSP chips that integrate on a single die 8 Tx, 8-fold linear driver, 8 Rx channels, which will remove the
need to use two 400G DSP chips. The speed of the host ASIC SerDes’ are also expected to grow to 53.125 Gbaud PAM4, which will remove the need for gearbox’s at the DSP, thus making it simpler and smaller in footprint. Furthermore, the
use of longer EML and PD arrays has obvious benefits at the speed and simplicity of the optical subassembly preparation
process.

2.5 Prototype 4 – 1.6 Tbps mid-board optical transceiver

Figure 4: TERIPHIC 1.6 Tbps midboard optical transceiver (prototype 4).

The last prototype targeted within the project will be the most advanced one featuring a total capacity of 1.6-Tb/s at a midboard form factor. It will be based on prototype 3, but will scale the number of lanes to 16 in order to achieve the targeted
capacity. As previously, due to the lack of 1.6TbE standard and 1600G DSP chips with 16 Txs and Rxs, the prototype will
be implemented as 2´800-Gb/s. The components that will be integrated are the micro-controller, two 800G DSP chips,
four quad InP-DHBT driver arrays, and an optical subassembly comprising two 8-fold EML arrays, two 8-fold PD arrays,
and a polymer chip with two 1:16 AWGs. The prototype will be packaged in a COBO-16 compatible form factor.
Table 1: Specifications of the prototypes targeted within TERIPHIC project
Prototype 1 – 400
Prototype 2 – 800
Transceivers
Gb/s pluggable
Gb/s mid-board
Link media
SMF
SMF

Prototype 3 – 800
Gb/s pluggable
SMF

Prototype 4 – 1600
Gb/s mid-board
SMF

Operation band
Symbol rate per optical lane
(Gbaud)

O-band (1300 nm)

O-band (1300 nm)

O-band (1300 nm)

O-band (1300 nm)

53.125

53.125

53.125

53.125

Modulation format (Optical)

PAM-4

PAM-4

PAM-4

PAM-4

# of optical lanes (WDM chann.)

4

8

8

16

Channel Spacing (nm)

2.25

2.25

2.25

2.25

# of EMLs / PDs

4/4

8/8

8/8

16 / 16

1/1
>2
(power budget for
>10)

2/2
>2
(power budget for
>8)

1/1
>2
(power budget for
>8)

2/2
>2
(power budget for
>2.6)

26.5625

26.5625

53.125

53.125

# of EML chips / PD chips
Interconnection distance (km)
Symbol rate per electrical lane
(Gbaud)
Modulation format (Electrical)
Type of electrical interfaces
# of electrical lanes
Linear driver technology

PAM-4

PAM-4

PAM-4

PAM-4

CDAUI-8

CDAUI-8

Beyond CDAUI-8

Beyond CDAUI-8

8

16

8

16

BiCMOS

InP-DHBT

BiCMOS

InP-DHBT

# of driver chips / TIA chips

1/1

2/2

2/2

4/4

Use of 26.5/53 Gbaud Gearbox

Yes

Yes

No

No

2 (i.e. 1 duplex)

2 (i.e. 1 duplex)

2 (i.e. 1 duplex)

2 (i.e. 1 duplex)

LC

LC

LC

LC

# of fibers
Type of connector

3. TRANSCEIVER COMPONENTS
3.1 InP Externally Modulated Laser (EML) arrays

Figure 5: Mask layout of the first generation of quad EML arrays showing the different sections for the DFB, EAM and SOA
components.

The EMLs that will be used in the transceiver prototypes will be based on Fraunhofer HHI’s proven EML13 technology,
which integrates on a single die a Distributed FeedBack (DFB) laser diode, an Electro-Absorption Modulator section and
a Semiconductor Optical Amplifier (SOA). The fabrication process relies on a common Multiple Quantum Well (MQW)
layer for the DFB, EAM and SOA sections14. Figure 5 shows the mask layout of the quad EML array as well as the width
of each EML device and the total width of the quad array. The EMLs will operate in the O-band around 1300 nm, will
have an EAM driving voltage <1.5 V and 3-dB bandwidth in excess of 36 GHz, which preliminary simulations have shown
that it is sufficient for 50-Gbaud PAM-4 operation. The waveguide at the front facet of each EML is angled by 7 degrees
and an anti-reflection coating ensures that no back reflections are fed back to the laser. The output power, optical spectrum
and yield characteristics are expected to be similar to previous work reported14. That means output power >5 dBm, side
mode suppression ratio >35 dB and >97% yield for a single device, respectively. The first generation of EML arrays will
integrate four EMLs on the same die and will be fabricated in two wafers to cover two different wavelength ranges with
400-GHz spacing between each of the four channels. The first wafer covers the wavelengths from 1293.335 nm to 1300.05
nm, while the second wafer covers the wavelengths from 1302.315 nm to 1309.14. The second generation of EML arrays
will extend the number of EMLs to eight on a single die for each wafer, and will cover the total of the above-mentioned
wavelengths in one die, including also eight wavelengths from 1273.54 nm to 1288.885 nm. The wavelength allocation
was based on the 400GBASE-FR8 specification15, interleaving another eight channels in between for a total of sixteen
channels with 400-GHz spacing. The ultimate goal is to accommodate sixteen wavelengths in two eight-fold arrays for a
total capacity of 1.6-Tb/s for Prototype 4. The wavelength allocation for each generation of EML arrays can be seen in the
table below.
Table 2: Wavelength allocation for each EML generation (wavelength values in nm)

1st generation
2nd generation

Wafer #1

1293.335, 1295.56, 1297.805, 1300.05

Wafer #2

1302.315, 1304.58, 1306.86, 1309.14

Wafer #1

1293.335, 1295.56, 1297.805, 1300.05, 1302.315, 1304.58, 1306.86, 1309.14

Wafer #2

1273. 54, 1275.715, 1277.89, 1280.075, 1282.26, 1284.46, 1286.66, 1288.885

3.2 Polymer motherboard

Figure 6: Photograph of the host polymer motherboard PolyBoard, schematics with dimensions of the AWG MUX/DEMUXs
for the prototypes.

The polymer motherboards are based on the PolyBoard platform and provide a low-cost real estate for the transceivers’
optical engines owing to the inherent low-cost of the polymer material. PolyBoard platform allows the fabrication of single
mode waveguides and structures with simple fabrication steps16. The typical waveguide geometry is a channel waveguide
of 3.5 um ´ 3.5 um with a mode-field diameter that matches closely that of a standard single mode fiber, resulting in
efficient coupling with fibers. The waveguide loss is below 1-dB/cm. The EML and PD arrays are hybridly integrated in a
straightforward manner to the waveguides by means of edge-coupling. The coupling losses, due to the mode-field diameter
mismatch between the EML and the PolyBoard waveguides, have been estimated through simulations to be < 3-dB per
waveguide, while the 1-dB alignment tolerances have been estimated to be ± 0.7 um in both the vertical and horizontal
direction, which is greater than the 100-nm accuracy targeted for the custom gripper arms. The wavelength multiplexing
and demultiplexing functionality is achieved by means of two AWG structures, one per direction, defined on the PolyBoard
platform. The AWG channels have 400-GHz spacing and are center aligned to the emission wavelengths of the EMLs
reported in Table 2. Fiber pigtailing will be realized by means of U-grooves etched on the motherboard, which provide
passive fiber alignment and fiber attachment in a single step. It is noted that the AWGs and U-groove structures are part of
their standard toolbox17. Figure 6 presents the mask layouts and dimensions of the AWG structures, for the first two
prototypes. The waveguide pitch for the Tx side is 640 um to match the EML array pitch, while on the Rx side is 500 um
to match the PD array pitch. The fiber in/out pitch is 6250 um and was defined according to the LC product specification.
3.3 InP Photodiode arrays

Figure 7: Layout of the quad InP-PD array

The PDs will be fabricated on Fraunhofer HHI’s InP foundry using the standard InP integration platform, which is based
on Butt-Joint integration of the active components with the Fe-doped passive waveguides18. The PDs will be waveguideintegrated pin type and detection will be based on evanescent coupling of light from the passive waveguide to the InGaAs
absorbing layer on top. The PDs will feature a 3-dB bandwidth of approximately 45-GHz and internal responsivity > 0.8
A/W. Initial simulation studies have shown that the 45-GHz 3-dB bandwidth is sufficient for good quality PAM-4 signal
reception at 50-Gbaud. The first generation of the PD arrays will integrate four PDs on the same die and will be used in

Prototypes 1 and 2. The layout of the quad PD array can be seen in Figure 7. The pitch between the optical waveguides is
500 um while the GSG pitch 150 um. The total width of the quad array chip will be 2000 um. The second generation of PD
arrays will extend the PDs integrated on the same die to eight, without altering the optical waveguide pitch. The eight-fold
PD arrays will be used in Prototypes 3 and 4. Careful design of the transmission line that interconnects the PDs to the TIAs
will ensure appropriate impedance matching, thus eliminating the need to integrate 50 Ohm terminations.
3.4 InP-DHBT linear driver arrays

Figure 8: (a)Layout of a single InP-DHBT equalizer-driver that will be the basis of an arrayed version, (b) photograph of the
fabricated device, (c) measured bandwidth response.

InP-DHBT drivers will be used in Prototypes 2 and 4 as a future proof solution where the power consumption requirements
are more relaxed due to the COBO form factor of the transceivers. The InP-DHBT drivers are based on a novel design that
combines equalizing and driving functionalities in a single chip, thus increasing the bandwidth and energy efficiency10.
Analog equalizers employ high frequency emphasizing, known as peaking, that relaxes the system’s SNR and speed
constraints. More specifically, the equalizer-driver will implement an active boost continuous time linear equalization
(CTLE) and the EAM driver on a single chip. The equalizer-driver will be fabricated in III-V Lab’s 0.7-um emitter width
InP-DHBT technology19, which allows transistors frequencies fT and fmax to reach 380-GHz and 420-GHz respectively, as
well as high breakdown voltage. Fabricated devices of the specific design that were reported20 have exhibited > 86-GHz
bandwidth, >15 dB differential gain, 4.1 dB peaking gain at 51-GHz, while providing up to 4.9 Vpp output amplitude with
vertical opening at the eye diagram over 650-mVdiff, for a 1.1-Vppdiff input PAM-4 signal at 50-Gbaud. A graph showing the
S-parameters measurements can be seen in Figure 8(c). The layout of the single driver chip and the position of its pins can
be seen in Figure 8(a). The chip has dimensions of 1200-um ´ 1500-um. As the EML devices are single ended, the
complementary output will be internally terminated, leaving space to accommodate the EAM biasing pin. The quad array
version will be realized by extending the basic design and it is expected to fit in a chip of 2400-um ´ 1500-um.
3.5 BiCMOS Digital Signal Processing chips and TIAs
The DSP engine (optical PHY) of the transceiver integrates in a single chip many functionalities such as clock and data
recovery, gearbox, equalization schemes using programmable FIR filters and others. The DSP chip can also have the EML
driver array integrated, providing a more compact and energy efficient solution. At the time the manuscript was being
prepared, only 400G commercial products were available. This is fine for Prototype 1 but essentially means that Prototype
2, the 800-Gbps mid-board transceiver will have to be built with two 400G DSP chips. An 800G DSP platform is expected
to become commercially available by big vendors within the year this manuscript is published, therefore the 800G DSP
chips will be available to use in Prototypes 3 and 4 which come later on. The TIAs have also four channels and > 30-GHz
bandwidth. More details on the DSP chips and TIAs cannot be disclosed due to confidentiality agreements with the vendors.

3.6 Polymer Flexlines

Figure 9: (a) Top-view photograph of a fabricated GSG polymer based Flexline co-planar waveguide, (b) high-frequency
Flexline interconnects of various lengths.

Interconnection of the InP-EML arrays and the InP-PD arrays with the driver and TIA arrays, respectively, will be realized
with the use of polymer Flexlines. The Flexlines are part of the standard PolyBoard toolbox and are realised with the same
fabrication process9. The fabrication starts with a silicon wafer acting as a mechanical substrate for the subsequent polymer
and metal layers. Adhesion promoters are omitted in order to ease the delamination of the polymer from the substrate. The
delamination of the polymer material from the silicon substrate is carried out with a blade. The single flexible co-planar
waveguide on PolyBoard seen in Figure 9 can be easily extended to multiple lanes on a single chip for accommodating
interconnection of arrayed components, and in combination with the ultra-high bandwidth of the Flexlines in excess of 110GHz, up to a length of several millimeters, it reveals the advantage of the specific component over traditional techniques
such as wirebonds, in delivering high-bandwidth and bridging height differences, facilitating that way the packaging
process. Careful design will ensure impedance matching of the Flexlines to the components.

4. OPTICAL SUBASSEMBLY AND PACKAGING
4.1 Optical subassembly integration

Figure 10: Typical PolyBoard optical subassembly preparation. (a) attachment of SMF into U-groove, (b) application of
epoxy glue, (c) active alignment and fixation of EML and/or PD.

The transceiver optical subassembly comprises the same building blocks for all Prototypes, differing only in the number
and size of EML and PD arrays, allowing the transceivers to scale gracefully as more capacity is required. The building
blocks are the polymer motherboard, the EML/PD arrays and the fiber pigtails. The basic alignment procedure that
TERIPHIC aims to fully automatize, can be seen in Figure 10. It starts by placing the polymer motherboard in a chip
holding stage and then attaching the fiber pigtail inside the U-groove. Then UV epoxy glue is dispensed on the polymer
motherboard facet and the EML/PD chip is brought to contact to start the active alignment procedure. The epoxy glue is
index matched and the EMLs are AR coated to avoid unnecessary back-reflections. Once the waveguides have been
aligned, the fixation of the EML/PD takes place by UV curing the epoxy.
The process will be automated by means of specially designed gripper tools for the ficonTEC assembly machines. The
custom tool will feature large gripper arms to handle the eight-fold EML and PD arrays with the same tool, avoiding that
way the need to change tool, which would lead to delays. The custom gripper arm will also feature probes for supplying
current to the EMLs and reading out the PDs to ensure proper active alignment. The EML/PD array gripper arm has been
designed by ficonTEC and is being fabricate. In the new automated process, the fiber pigtail will take place last as it is part
of the LC connector. For handling the fiber another custom gripper arm will be designed and fabricated.
It is noted that automation of the optical assembly process for PolyBoard chip and single active elements has been
demonstrated at Fraunhofer HHI using ficonTEC machines. Screenshots from the process depicting the basic assembly

steps can be seen in Figure 11 in clockwise direction. The first step is to place the PolyBoard on the chip holding stage.
Next, a needle dispenses the UV glue on the U-groove and a fiber gripper tool picks up and places the fiber pigtail in
position. UV glue is then again dispensed on the facet of the PolyBoard where the active component will be edge coupled.
Figure 11(e) shows the active element being handled by a gripper arm and simultaneously probed with DC needles to
apply current for active alignment. Once the waveguides have been aligned, the active element is fixed in place by curing
the UV epoxy glue. The total assembly duration was less than 1 minute, even though it was not speed optimized. If each
step is realized by dedicated machines, without the need to exchange tools the machine and becomes optimized in time the
time can be further reduced to 30 seconds or even less. TERIPHIC will extend and optimize the process for arrayed
components and larger PolyBoards. The goal is to prepare a strategic plan, so when the project ends to scale the automated
process to high volume production where each step will be performed by dedicated machines in a pipeline.

Figure 11: Screenshots of the automated process for preparing a PolyBoard tunable laser optical subassembly. Courtesy of
Fraunhofer HHI.

4.2 Transceiver packaging

Figure 12: Schematic showing the Flexline facilitating packaging by bridging height differences between components

Once the optical subassembly has been prepared, then it will be packaged in the corresponding form factor, either OSFP
for the pluggables or COBO-16 for the mid-boards. The optical subassembly will be placed on the transceiver mainboard
(PCB) where it will be integrated together with the rest of electronic components like drivers, TIAs, DSP chips, TEC
elements. The transceiver assembly at this stage will follow Mellanox’s standard packaging rules and processes for their
commercial modules as well as the packaging specifications of the corresponding MSAs. Regarding the mounting of the
components on the mainboards, flip-chip bonding and wirebonding will be employed depending on the compatibility of
the components. The EML arrays and PD arrays will be interconnected with the driver arrays and TIA arrays using

appropriately designed Flexlines. As previously mentioned, Flexlines provide very high bandwidth over lengths that cannot
be reached by wirebonds. Together with their bending flexibility, they allow the height differences of the components to
be easily bridged. Furthermore, the feasibility to fabricate arrays of coplanar waveguides on a single flexible chip with
pitch values adjustable to match the EMLs and PDs pitch allows interconnection in one step.

5. COST ANALYSIS
The following tables give figures regarding the bill of material cost and assembly cost for each transceiver prototype. The
prices are indicative and were calculated for high-volume production (~50k components/year) in dedicated fabs. The cost
of BiCMOS electronics is very low due to being commercial products. The cost of the optical modules’ assembly process
was calculated assuming assembly in an automated machine with a cost of ~0.4€/min and ~30-35 min duration, incurring
an assembly cost of 12 € - 14 €. From the optical subassembly components, the InP-PD, the PolyBoard motherboard and
the polymer FlexLines exhibit the lower cost due to the matureness of FhG-HHI’s InP-PD technology and the low-cost of
the polymer material. The InP-EML array cost is higher than the rest of the components, however it compensates for the
price with its capacity by providing a large number in the denominator of cost/Gbps resulting in a very good figure of merit
for the transceiver modules well below 1€/Gbps. The assembly cost is only a fraction of the optical subassembly component
cost. It is noted that the duration and cost of the optical subassembly are very conservative estimates. In fact, the assembly
duration can be reduced to a couple of minutes for the pick-and-place and probing of the array on the chip holder, the
EML/PD array active alignment and fiber pigtailing steps, including glue crosslinking time. The optical assembly and
module assembly processes are considered to be performed individually in parallel.
Table 3: Bill of materials and assembly cost analysis for the targeted optical modules in TERIPHIC (estimation).
Module-1
Module-2
Module-3
Module-4
Cost analysis (prices in €)
400 Gb/s pluggable 800 Gb/s Mid-board 800 Gb/s pluggable
1600 Gb/s Mid-board
Polymer MUX/DEMUX

15

20

20

25

InP-EML arrays

35

2´35

80

2´80

InP-PD arrays

20

2´20

45

2´45

TOSA/ROSA assembly cost

12

14

12

14

TOSA/ROSA cost

82

144

157

289

8:4 gearbox (50Gbaud PAM-4)

3

-

-

-

16:8 gearbox (50Gbaud PAM-4)

-

4

-

-

CDR circuit (50 Gbaud PAM-4)

-

-

3

4

BiCMOS linear DRV arrays

2

-

4

-

InP-DHBT linear DRV arrays

-

2´30

-

4´30

TIA arrays

2

4

4

8

Polymer FlexLines

10

12

12

14

Thermal control - TEC

2

3

3

4

uController

1

1

1

1

Mainboard PCB

1

1

1

1

10,5

12

11

12,5

Module total cost

113,5

241

196

453,5

Cost per Gbps

0,28

0,30

0,25

0,28

Bill of materials

Module assembly cost

Module-1: 4-ch MUX/DEMUX, 1x quad EML array, 1x quad PD array, 1x 4-ch FlexLine, 1x quad BiCMOS linear drv array,
1x quad TIA array, 1x 8:4 gearbox
Module-2: 8-ch MUX/DEMUX, 2x quad EML array, 2x quad PD array, 2x 4-ch FlexLine, 2x quad InP-DHBT linear drv
array, 2x quad TIA array, 1x 16:8 gearbox
Module-3: 8-ch MUX/DEMUX, 1x 8-fold EML array, 1x 8-fold PD array, 1x 8-ch FlexLine, 2x quad BiCMOS linear drv
array, 2x quad TIA array, 1x CDR

Module-4: 16-ch MUX/DEMUX, 2x 8-fold EML array, 2x 8-fold PD array, 2x 8-ch FlexLine, 4x quad InP-DHBT linear drv
array, 4x quad TIA array, 1x CDR
Table 4: Assembly process cost analysis for the optical subassembly and modules targeted in TERIPHIC

Module

TOSA/RO
SA

Assembly cost analysis

Module-1
Module-2
Module-3
400 Gb/s pluggable 800 Gb/s Mid-board 800 Gb/s pluggable

Module-4
1600 Gb/s Midboard

Assembly process cost €/min*

0,4

0,4

0,4

0,4

Time for assembly (min)

30

35

30

35

Assembly total cost (€)

12

14

12

14

IC bonding** (€)

0,5

1

1

1,5

Packaging cost*** (€)

5

6

5

6

Final testing**** (€)

5

5

5

5

10,5

12

11

12,5

Assembly total cost (€)

*Assuming machine cost of 1M € and depreciation in 5 years **Depends on the throughput of assembly machine. Can be 0,5 € - 2
€
***Assuming 5 € per 30 min assembly time ****Depending on pre-test and how much self-tests are built in. Can be 2 € - 9 €

6. CONCLUSIONS
TERIPHIC aims to develop the necessary components, tools and assembly processes so that the next generation intra-DC
transceiver modules targeting 800-Gbps and 1600-Gbps capacities can be mass produced with a cost of less than 1 € /
Gbps. TERIPHIC relies on clearly defined and ambitious objectives to achieve this, and targets the development of two
pluggable and two mid-board transceiver prototypes as vehicles to demonstrate the potential of the proposed transceiver
concept and assembly approach. The optical engine of the transceivers is based on the use of polymer motherboard, InPEML arrays and InP-PD arrays. The targeted transceiver prototypes and their specifications have been presented.
TERIPHIC will rely on commercial components where feasible and avoid the development, from scratch, of new
components by optimizing existing designs to keep the prototype cost low. The components that will be optimized within
the project and their specifications have been also presented. The main transceiver components that have been presented
in detail are the InP-EML arrays, the InP-PD arrays, the polymer motherboards, the InP-DHBT driver arrays and the
Flexlines. The assembly process of the optical subassembly has been described in detail and has been already demonstrated
for PolyBoard and single active components using assembly machines. The total assembly time can be less than 1 minute
if each step is peformed by dedicated machine. An estimate of the bill of material cost has been also presented. The most
expensive component is the InP-DHBT driver which nonetheless compensates for its higher cost with its available
bandwidth, keeping the cost/bandwidth ratio at a reasonable value. Overall, the project holds the promise to deliver high
technology readiness level (TRL) prototypes that can be turned into mass producible commercial transceiver products
through the preparation of a pilot assembly line that could start its operation soon after the project end.
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