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Abstract
T

ODAY’s required optical interconnect bandwidth is exponentially scaling
up to support the growth of traffic in data center networks (DCNs). Hence,
high-speed parallel optical interconnects must become more reliable, meet the
increase of bandwidth density and be power-efficient. Also, the costs of optical
interconnects need to be cut down to achieve large market penetration.
Given the large market volume of both Vertical Cavity Surface Emitting
Lasers (VCSELs) and photodiodes (PDs), most of the efforts to realize highspeed VCSEL and PD based transceiver modules are devoted to the electronic
and optical packaging processes to satisfy the requirements such as high bit
rate, high bandwidth density, high channel count, low cost, and low power
consumption. Multimode (MM) VCSELs at 850 nm are chosen here as low-cost
light sources for short reach optical communication in DCN. However, the
majority of current commercially available transceivers, such as small formfactor pluggable+ (SFP+), quad small form-factor pluggable+ (QSFP+), and C
form-factor pluggable+ (CFP+), often make use of complicated design and
fabrication technologies resulting in high cost, complex automation and low
yield. For example, cleanroom technology is often used in the interposer
fabrication process and wire bonding techniques are used to create the
connections from the interposer to the chip or from chip to chip. After that, the
interposer is generally soldered or bonded on a printed circuit board (PCB)
with an edge connector to get a final pluggable module. In order to simplify the
overall packaging approach we investigate in this thesis the concept of direct
flip-chip bonding of both electronics and optics on the eventual platform (rigid
PCB, flexible printed circuit (FPC) and ceramics). Moreover, as pluggable front
panel optical transceivers have been widely used in the DCN, the limited front
panel area of the switch box implies that the resulting total bandwidth is
limited. Relative to the pluggable electrical connector, an on-board optical
module offers smaller footprint and larger bandwidth density.
The FR4 (Flame Retardant 4) based PCB is our first material choice because
of its low-cost, multilayer structure and ease of fabrication process. The
minimum pitch of current PCB technology is 125 µm, which is insufficient for
the direct flip-chip bonding of the electronic and photonic ICs due to their very
tightly arranges pads. Broadside coupled electronic differential pairs-based
drivers for 850 nm MM transmitters on FR4-based PCB have been designed to
match the metal pads layout on the dies. After a straightforward assembly of
the electronic and optical dies, we have shown a 850nm MM PCB-based

ii

transmitter, which performs error-free at 10 Gbps. Broadside coupled
differential pairs do not perform well at higher frequencies because of the
unbalanced length due to the presence of vias and pads, which causes unwanted
reflections, extra losses and phase shifts. Relative to the rigid PCB, the FPC
has shown good performance at frequencies up to and above 40 Gbps and can
also provide higher fabrication resolution. Therefore, we built a low-cost 48channel high-speed 850nm MM FPC based on-board transmitter and receiver
modules with coplanar differential pair with 1mm ISI pitch pin grid array
(PGA) connector. The packaging approach requires only several flip-chip
bonding steps using industry-standard solder reflow and ultrasonic bonding
processes. All 96 channels show error-free performance at 10Gbps and offer a
state-of-art bandwidth density of 0.483 Gbps/mm2. However, the assembly
process for FPC is more difficult, especially for very compact designs due to the
non-rigid substrate and Coefficient of Thermal Expansion (CTE) mismatch
during the flip-chip bonding process. Ceramics, which now can support the
increasingly finer pitch interconnects with photoimageable thick film
technology (PITF), is another material we used as the base material. Its strong
tensile strength and excellent thermal conductivity are used to overcome CTE
mismatch and simplify the assembly process. Based on these properties, a
concept design of the 1.572 Tbps bandwidth transceiver board is suggested.
This board can be directly attached on the back side of a Xilinx field
programmable gate array (FPGA) board, which contains 1 mm pitch ball grid
array (BGA) pads, with a special Samtec 28Gbps+ low profile array connector.
This design not only supplies the shortest transmission line between FPGA
and transceiver module to maintain signal integration and reduce the power
consumption but also proves to be the most compact transceiver design concept
for both FPGA and application-specific integrated circuit (ASIC), which can
provide the largest bandwidth density in the system.
Although 850nm MM VCSEL based optical interconnects have many
advantages such as low power dissipation, low-driver current and high-speed
modulation properties, it is still facing several challenges. On one hand, the
reliability of VCSELs tends to degrade under harsh environmental conditions.
On the other hand, MM VCSELs can only be used in short distance
communication due to the relatively large fiber propagation loss at 850nm. Cband single-mode (SM) VCSELs-based transmitters will dominate the long
distance communication market. To address these two trends we firstly looked
at the challenge of reliability of VCSELs by developing a low-cost optical
interconnect with redundant VCSELs to overcome possible failure of a single
VCSEL. The solution has been demonstrated error-free operation at 10Gbps
for both 850nm MM VCSELs with no performance penalty compared to a
single device or commercial module. To address the challenge of single mode
VCSEL transmission we demonstrated a low-cost SM 1.5 µm VCSEL based
transmitter module capable of supporting 100 Gbps (4×25 Gbps) error-free
data transmission directly attached to a multicore fiber (MCF) using space
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division multiplexing (SDM) technology for long reach optical communication
systems. A 1x4 VCSEL array is directly coupled to a 3D glass interposer,
which contains 4 waveguides made using an ultrafast laser inscription process
and couples into a 4-core fiber which is used to increase the bandwidth density.
In this project, we investigated the trade-offs between several backplanes to
realize the low-cost optical transceiver modules with higher bit rate, higher
channel number and higher bandwidth density in order to meet the DCN traffic
growth. Finally, we made the most compact design concept for both FPGA and
ASIC and demonstrated for the first time a SDM C-band SM VCSEL-based
transmitter capable of supporting 100 Gbps data transmission directly attached
to a MCF.
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1
Introduction

T

HIS first chapter presents the motivation for the research over the past
four years. First, we review the rapid evolution of the DCN and provide
background about how optical interconnects are used in the DCN. To support
the rapid exponentially growth of DCN traffic, the required optical
interconnect bandwidth is scaling up accordingly. Therefore, the primary
purpose of this dissertation is to design and implement cost-effective optical
interconnects with more channels, a smaller size, a higher bit rate, greater
reliability, and lower power consumption. This chapter is concluded by
describing the outline of the dissertation.

1.1

Internet of Things and Cloud Computing

Research into networking has a long history. Since J. C. R. Licklider
proposed the global network in the 1960s [1], many studies have been
undertaken in the research of this discipline [2, 3]. In the 1980s, Sir Timothy
John Berners-Lee invented the World Wide Web to link the world using
personal computers [4]. The World Wide Web has had a major impact on our
modern society and the Internet has continued to exponentially expand ever
since. In the last few years, the evolving network underpinning the Internet
has been used not only for conventional desktop computers but also for the
Internet of Things (IoT), which is defined as “a world-wide network of
interconnected objects uniquely addressable, based on standard communication
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protocols” [5]. Generally speaking, the IoT is the advanced network for both
complex devices such as mobile phones, laptops, and everyday objects such as
lights, household appliances, paper, and clothing. Based on the IoT, a large
number of objects become interconnected with the aim of making our daily life
smarter and/or easier.
Cloud computing is a disruptive technology and is defined by the following:
“Cloud computing is a model for enabling ubiquitous, convenient, on-demand network
access to a shared pool of configurable computing resources (e.g., networks, servers,
storage, applications, and services) that can be rapidly provisioned and released with
minimal management effort or service provider interaction” [6]. There are four
layers in the architecture of the cloud: hardware/datacenter (DC),
infrastructure, platform and application. The hardware layer is always
implemented in data centers including physical servers, routers, switches,
power, and cooling systems. The main duty of the hardware layer is to manage
the physical resources of the cloud. The infrastructure layer is used to partition
the physical resources by using virtualization technologies. The platform layer
is made up of operating systems and application frameworks. The target of this
layer is to decrease the heavy load of deploying applications directly into
virtual machine containers. The application layer is the highest level of cloud
computing architecture and contains cloud applications such as Google Apps,
Facebook and YouTube. Based on this architecture, cloud computing offers
three services models: software as a service (SaaS), platform as a service (PaaS),
and infrastructure as a service (IaaS) [7]. These three models are attractive to
enterprises (large and small) because they efficiently reduce the investment in
infrastructure, decrease the operating costs and shift the business risk to the
infrastructure provider. In addition, cloud computing has several technical
advantages, such as energy efficiency, optimization of resource utilization,
elasticity, performance isolation, and flexibility [8].
The IoT and cloud computing are two separate internet trends, but their
characteristics are often complementary. Recent attention has focused on
integrating the mobility of cloud systems and the diversity of the IoT to create
new services. For example, wearable devices can monitor patients’ health
parameters and upload the data to a server. As a result, doctors can remotely
check the data on the server and accurately provide a diagnosis without seeing
the patients face to face. Other examples of service combination are for artificial
intelligent agents to communicate with people and fulfill their requests, such as
providing a weather forecast or managing a lighting system. For example, the
Google Map app can already today obtain global positioning system (GPS)
information from users’ smart devices and recommend the best navigation
route to save time and energy.
Thus, without the involvement of humans, application scenarios such as
industrial automation, precision agriculture, intelligent transportation, smart
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home and community safety can be connected and managed by the IoT and
cloud computing platforms [9].
However, all the functions related to the IoT and cloud computing cannot
independently provide services without data traffic. By 2021, Cisco projects
that global mobile data traffic will reach 49 exabytes per month or 587
exabytes annually [10], and the number of connected devices is predicted by
Ericsson to reach 22 billion by 2022 [11]. Thus, a dramatic growth in data
traffic is expected.

1.2

The Growth of Data Traffic

Figure 1. 1 Global traffic growth and data center traffic by destination in 2021 [12].
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The Growth of Data Traffic

As an essential infrastructure, DCs are deployed in the hardware layer of the
cloud for exchanging and processing large volumes of data. Based on the
forecast of the growth of global DCs and cloud-based Internet protocol (IP)
traffic from the Cisco® Cloud Index, the annual global DC IP traffic is
expected to rise from 6.8 zettabytes per year in 2016 to 20.6 zettabytes per year
in 2021 with a 25% compound annual growth rate, as shown in Figure 1.1.
With respect to DC traffic distribution in 2021, 71.5% of IP traffic will remain
within the DC, and the traffic between DCs will share 13.6% of the total DC
traffic. The remaining 14.9% of the traffic will flow from the DC to the end user
through the internet or IP wide area network (WAN). Following such a DC
traffic increase, the scale and complexity of DC network will need to expand
tremendously in equipment, management and operations and drive the
development of large-scale public cloud DCs, which are called hyperscale DCs.
A hyperscale DC hosts more than 100,000 severs and requires large bandwidth
optical interconnects such as 100 G (4 × 25G non-return-to-zero(NRZ)), 400 G
(8 × 25G 4-level pulse amplitude modulation (PAM4) or 8 × 50G NRZ) to
support the traffic growth. Based on this forecast, the number of hyperscale
DCs may grow beyond 600 worldwide sites and will represent 53% of all
installed DCs by the end of 2021 [12]. Cloud service providers such as
Microsoft, Google, and Facebook have already introduced hyperscale DCs to
satisfy this significant growth of demand for cloud computing [13, 14].
According to this projection, there are pressing requirements for the
improvement of the DCN infrastructure.

1.3

Data Center Network

DCs contain servers and switches accompanied by the power and cooling
systems [15], and the DCN incorporates the physical connections between
these components. This architecture supports parallel communication among
the servers and typically consists of either two- or three-level trees of switches
and/or routers. The three-layer design has a core layer, aggregation layer and
access layer. In the access layer, top-of-the-rack (ToR) switches are used to
connect a large number of servers, which are placed in individual racks via
electrical or optical links. Principally, the tree level is determined by the host
number and a two-tiered design can only support between 5,000 to 8,000 hosts
[16].
The conventional three tier tree-based DCN is a multiroot tree architecture,
as shown in Figure 1.2. Currently, Clos-based architecture is often employed in
a DCN. To handle bottlenecks and upper-layer single-node failures, a special
Clos topology called a fat-tree is adopted to interconnect commodity Ethernet
switches. Figure 1.3 shows a trinary full bisectional bandwidth fat-tree
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topology. A fat-tree architecture contains k pods and each of them has two
layers of k/2 k-port switches: ToR switches and aggregation switches. In each
pod, the k-port ToR switches are directly connected to the k/2 severs and the
k/2 aggregation switches and the k-port aggregation switches are connected to
the k/2 ToR switches and the k/2 core switches. The main advantage of the
fat-tree topology is that all switching elements are identical. In addition,
because the number of input ports and output ports are the same, an unused
input on an ingress switch can always be connected to an unused output on an
egress switch. Therefore, this architecture is rearrangeably nonblocking [16].

Figure 1. 2 Conventional tree-like DCN [17].

As cloud services have spread, cloud DCs have become more widely used.
When scaling up the DC network interconnectivity, the folded-clos topology
suffers from daunting cabling complexity and requires a large number of
optical transceivers. Therefore, the networks are migrating from conventional
3-tier to flattened 2-tier topology (leaf-spine), as shown in Figure 1.3. In the
leaf-spine architecture, a large number of leaf switches, which contain the
servers, are fully connected to the spine switches. Because these leaf switches
are no more than one hop away from one another, the latency and the
likelihood of bottlenecks can be minimized. This topology can build hyperscale
DCs that are larger, more modular and more homogenous. In addition, the
topology can support heavier workloads and a higher degree of east-west traffic
across the network [18].
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Figure 1. 3 Folded-Clos DCN architecture and leaf-spine DCN [17].

1.3.1

Optical Communication

Optical communication is already deployed in DCNs; the transmission
medium in the system is optical fibers. Compared to conventional electrical
communication, optical communication offers several advantages.
High Speed : Passive and active copper cables struggle to support data rates
beyond 10 Gbps for more than a few meters [19], whereas current optical
transceiver product such as Quad Small Form-factor Pluggable 28 (QSFP28)
can support 28 Gbps per channel from 200 m to 40 km, and a PAM4 optical
transceiver with a capacity of 112 Gbps per channel have been demonstrated
[20].
Power Efficiency: The electronic losses in FR4 of copper traces are
approximately 0.5 dB/cm at 10 GHz [21], while the propagation losses in a
single-mode fiber (SMF) and multimode fiber (MMF) are 0.3 dB/km for a
wavelength of 1550nm (SMF), 0.4 dB/km for a wavelength of 1310nm (SMF),
and 3.5 dB/km for 850nm (MMF) [22]. As propagation losses allow for large
distance transmission other propagation effects including several dispersion
mechanisms such as modal dispersion, material dispersion, waveguide
dispersion, and nonlinear dispersion eventually limit transmission distance
with a high bit rate [23]. Based on the fiber standards, an 850nm short-reach
(SR) transmission distance can reach 150 m at speeds up to 10 Gbps with
optical multi-mode 4 (OM4) MMF for 40 G (QSFP+) and 100 G (QSFP28)
applications. For the long-reach (LR) and extended-reach 100 G applications
with SMF, the transmission distance can be 10 km and 40 km, respectively
[24].
Small Size & Weight : Relative to glass fibers, conventional copper wires
weigh significantly more. In addition, an electrical cable is much thicker than
an optical cable. With a fiber’s smaller size, lower weight and no
electromagnetic interference (electrical crosstalk), a DC becomes easier to
manage and build.
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Cost: The cost of fiber cable was nearly twice that of conventional copper
cable a few years ago. However, the price gap between these two cables has
narrowed. The main reason is that fiber communication is cheaper to maintain
and is more durable [25] and copper is becoming more expensive. In addition,
the extra system requirements related to the use of electrical communication
equipment, such as a conditioned uninterruptible power source (UPS) power,
data ground, hybrid automatic voltage control (HAVC), and floor space, may
cause the cost of electronic solutions to exceed those of fiber based ones [26].
Reliability: Optical communications have lower electromagnetic
interference (EMI) and less crosstalk, which leads to more reliable signaling
[27].
Security: Because of the lower associated EMI and radiation, optical
communications are more challenging to tap and attack by hacking than
electrical communications.

1.3.2

Electrical Switch

Electrical switches are commonly used in the DCN and can receive packets
from the input port and deliver the packets to the desired output port. A
commercial electrical switch module contains an ASIC attached to a heatsink,
central processing unit (CPU) and power supply circuits integrated on a PCB.
The ASIC features electronic buffers to store the packets. The CPU can be used
to decode the packets and determine the address of the output port based on
the programmed routing table. Between the electrical switches, optical
transceiver modules are deployed to enable communication via optical fiber
connections [28]. In December 2017, the electrical switch manufacturer
Broadcom announced a 12.8 Tbps multilayer L3 Ethernet switch, Tomahawk
3, which can be configured to provide 32 ports of 400 Gigabit Ethernet (GbE),
64 ports of 200 GbE or 128 ports of 100 GbE. The switch contains 256 dualmode Serializer/Deserializer (SerDes), each of them supporting 56 G PAM4
and 28 G NRZ over LR optics [29].

1.3.3

Optical Switch

To satisfy future bandwidth requirements, optical switching techniques such
as optical circuit switching, optical burst switching and optical packet
switching [30] have been proposed as a high data-rate solution in future DC
applications. In addition, due to the absence of electro-optical conversion at the
switch edges, optical transceiver modules are not required in the all-optical
DCN, which reduces the power consumption and cost.
However, these optical switches have several drawbacks that have delayed
their penetration in the commercial market. The major challenge is the lack of
optical buffers. To overcome this limitation, several methods, such as optical
delay lines and electronic buffer hybrids have been reported, but the
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technologies involved significantly increase the system complexity and cause
performance degradation [31]. To date, no fast optical switches with a large
port count have been commercialized.

1.3.4

Hybrid Electrical/Optical Switch

The combination of electrical and optical switching technologies in hybrid
networks has been also proposed for DC and high-performance computing
systems [32- 34]. In the Helios [35] architecture, optical circuit switches are
used to replace electrical switches at the core of the network. The idea is that
the electrical switches provide large connectivity with short reconfiguration
time for mouse flows (<15 Mb/s) and optical switches offer the large capacity
links for elephant flows. However, it is difficult to scale these networks in terms
of devices, power consumption, and cost.

1.4

Optical Interconnects

Due to the significant increase in bandwidth demand, the number and speed
of DC connections required is also growing fast. Most of these connections,
between switches and routers, are for reasons previously discussed
implemented using optical interconnects. These links can be divided into three
types: within the DC rack, between the DC racks and in long spans (shown in
Figure 1.4). In today’s DCN, 10 Gbps and 25 Gbps Ethernet are used within
the DC rack, while between the DC racks, 40 Gbps and 100 Gbps Ethernet are
employed. For the long-distance transmission in the data center interconnect
(DCI) and WAN, 100 Gbps and 400 Gbps Ethernet is being applied [18].

Optical Interconnects
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Figure 1. 4 Optical links within and between DCs [18].

An optical transceiver contains a transmitter and a receiver. The optical
transmitter can be a laser that is directly modulated by a driver IC or a laser
source with an external optical modulator. The optical receiver consists of a
photodiode and a transimpedance amplifier (TIA) circuit.
For the SR transceiver module at 25 Gbps NRZ signaling, an 850 nm
VCSEL based optical transmitter is used with optical multi-mode 3 (OM3) or
OM4 MMFs. The transmission distance is then limited to less than 100 m.
For longer distance transmission above 100 m at 25 Gbps signaling, two key
technologies, namely, parallel single-mode fiber (PSM) and wavelength
division multiplexing (WDM), are applied in conjunction with distributed
feedback (DFB) lasers. In principle, PSM is similar to the SR technology. SM
lasers, such as DFB lasers, are deployed to extend the transmission distance up
to 500 m. For WDM, multiplexers and de-multiplexers are applied at both
transmitters and receivers. As a result, 4 different wavelengths are coupled into
a single fiber. The transmission distance using this WDM method can achieve
ranges between 2 km and 40 km at 25 Gbps.
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As the light source for directly modulated optical interconnects, VCSELs
offer small power dissipation, a low drive current, high-speed modulation, and a
high wall-plug efficiency [36], which refers to energy conversion efficiency
from electrical power into optical power [37]. The VCSELs are also low-cost
due to their high yield and wafer-level testing capability. Thus, VCSEL arrays
are used in parallel optical transceiver modules as low-cost light sources. As
shown in Figure 1.5, the electrical signal from the switch ASIC can be
converted into an optical signal by the optical transmitter (including the
bipolar and complementary metal oxide semiconductor (BiCMOS) driver chip
and VCSEL array), and the lasers from the VCSEL array can be coupled into
optical fibers and then transmitted to the receiver array (including the
photodiode array and TIA chip). The photodiode array from the receiver can
capture the light from the optical fibers and transfer these signals into the
electrical signals. Then, the electrical signals are amplified by the TIA circuits
and transported to another switch ASIC.

Figure 1. 5 Schematic of the parallel optical transceiver by using parallel optical
transmitter and receiver units [38].

As mentioned in Section 1.2, most data traffic happens within the DC [12],
and the transmission distance is less than 500 meters. As a result, low-cost 850
nm MM VCSEL-based optical interconnects are already dominating SR optical
interconnect products and have taken the largest part of the optical transceiver
market. For other distances, SMF DFB is the major laser source. Some
promising long-wavelength SM VCSEL devices at 1310 nm and 1550 nm have
been reported as light sources in optical transmitters and have shown up to 56
Gbps performance [39]. However, due to the complex fabrication technology
[40-42] and limited reliability because of the lack of solid supporting data
[43], their commercial introduction into the market is still very slow.
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From 100 G to 400 G

IHS Infonetics has predicted that 100 G Ethernet will make up more than
50% of the DC optical transceiver market in 2019 [44]. There are six 100 G
standards for transceiver modules from short to long transmission distances
[45], as shown in Figure 1.6 and Table 1.1.

Figure 1. 6 100 Gigabit Ethernet transceiver products [45].

QSFP - Quad Small Form-factor Pluggable;
CFP - C form-factor pluggable;
CXP - Common Transceiver(X) Pluggable;

Table 1.1: Six 100 G Technologies [45].
Modulation
Distance
Lasers
Fiber
format
8
NRZ
100 m
VCSEL
parallel
MMF

Type

Other functions
included

SR4

N/A

SR10

CDR with input
equalizer, limiting
amplifiers &
transmit deemphasis

NRZ

150 m

VCSEL

PSM4

N/A

NRZ

500 m

DFB Laser

CDR, WDM
MUX/DeMUX

NRZ

2 km

DFB Laser

NRZ

10 km

DML

NRZ

40 km

EML

CWDM4

LR4

ER4

CDR with input
equalizer, limiting
amplifiers &
transmit deemphasis
CDR with input
equalizer, limiting
amplifiers &
transmit deemphasis

LR - long reach;
ER - extend reach;
CDR - clock data recovery;

Connector

Line speed
(Gbps)

MMF
MPO/MTP

25

MMF
MPO/MTP

10

SMF
MPO/MTP

25

SMF LC

25

Duplex
SMF

SMF LC

25

Duplex
SMF)

SMF LC

25

20
parallel
MMF
8
parallel
SMF
Duplex
SMF

DML - directly modulated laser;
EML - externally modulated laser;
MPO - Multi-fiber Push On;

MTP - Multi-fiber Termination Pushon;
LC - Lucent Connector;
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Following the 100 G Ethernet, the next generation of Ethernet will be 400 G.
The IEEE 802.3 400 Gbps Ethernet Study Group defined the 400 G Ethernet
double density standard in 2014. In October 2017, the quad small form-factor
pluggable double density (QSFP-DD) standard was announced to accelerate
400 G Ethernet, and this standard showed that QSFP-DD offers excellent
backward compatibility and provides flexibility in meeting the requirements of
the market [46].

1.4.2

Roadmap of Photonics in Data DCs

As the bandwidth of transceiver modules rapidly increases, future optical
implementations can be foreseen. The roadmap for photonics in DCs is shown
in Figure 1.7.
Option 1:
The most common implementations are pluggable transceiver modules in
today’s DCs. This type of transceiver module is attached to the board edge
using a pluggable interface. Due to the edge connector, this retimed-module is
much more amenable to replacement upon failure.

Figure 1. 7 Roadmap of Photonics in DCs [47].
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Option 2:
On-board (mid-board) optics (OBO) is the foreseen solution for a higher bit
rate and larger density. As shown in Figure 1.7, optical transceivers are moved
onto the middle of the PCB and close to the switch IC. As a result, the
transmission line is shortened, and the repeater/retimer can be avoided, which
reduces the power consumption and improves high-speed signal quality [21].
In addition, OBO can save more space and offer a smaller form factor. As
shown in Figure 1.8, a switch with OBO designed by TU/e offers 4 times the
bandwidth density of the commercial Broadcom switch in the standard unit of
one rack [48]. Due to these excellent properties, companies such as TE
Connectivity, Finisar, and Avago have already announced on-board transceiver
products [49- 51].

Figure 1. 8 Electrical switch ASIC with pluggable optics and on-board optics [48].

As OBO has a large potential in the market, the Consortium for On-Board
Optics (COBO) [54], including several large enterprises, such as Microsoft,
CISCO, and Broadcom, is developing the specifications for a board-mounted
optical module as of 2015. In April 2018, COBO issued the first industry OBO
specification [55]. However, the adoption of OBO for DCs is still slow.
Option 3:
Multichip module (MCM) optics is thought to be the next step for the
development of optical interconnects. As illustrated as option 3 in Figure 1.7,
the switch ASIC and optical engine, which contains electricals (laser
drivers/TIAs) and optics (laser sources and photodiodes), are placed on the
same carrier. In this packaging approach, the shortest transmission line
between the switch ASIC and optical engine can be achieved using 2.5D

Optical Interconnects

19

integration. Such configuration can effectively reduce the module size and
power consumption due to the absence of the optical engine on the PCB and
dramatically increase the bandwidth density. In 2012, Altera announced the
world’s first demonstration of the optical FPGA [56] (Figure 1.9 left) with the
Avago MicroPODs [57].
Option 4:
The final target for the development of photonics in DCs is through-silicon
via (TSV) optics with 3D integration. As depicted as option 4 in Figure 1.7, the
transmission can be removed by combining the switch ASIC and silicon
photonics device. The high-speed SerDes can directly drive the silicon
modulator to further decrease the power consumption, offer the lowest loss and
obtain the best signal quality. This 3D integration has the potential to
overcome the switch ASIC IO bandwidth bottleneck. In 2013, Compass-EOS
developed the world’s first commercial chip-to-chip direct silicon-to-photonics
based router (Figure 1.9 right) [58]. However, the applications based on this
photonics router are rare due to its special interface.

Figure 1. 9 Left: Altera optical FPGA [59]; Right: Compass-EOS photonics router
[60].

1.4.3

Challenges for Integration

Due to the many challenges in adopting optical switches in DCNs, most
current DCNs are based on electronic switches with optical transceiver
modules. In the last decade, the bandwidth of ASIC switches rapidly grew from
<1 Tbps in 2010 to 12.8 Tbps in 2018 [29]. The development of transceiver
modules needs to continuously accommodate the increasing ASIC bandwidth.
Several challenges for developing advanced optical interconnects are still
waiting for solutions.
High Cost: The cost of the transceiver module includes the component cost
and the packaging cost. Due to the high volume requirement, both electrical
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and optical chips are low-cost chips. Therefore, most of the cost of the
transceiver module is the packaging cost [61]. At present, time-consuming
processes such as wire bonding are involved in the packaging approach.
Simplified packaging approaches are eagerly sought to reduce the cost for
integration.
High Power Consumption: Power consumption relies strongly on the
components. Low-power BiCMOS driver and TIA chips are highly desired. In
addition, new solutions such as OBO should be applied to shorten the
transmission line and remove the additional electrical chips, such as a
repeater/retimer, clock and data recovery (CDR) and feed forward equalization
(FFE), to reduce the power budget.
Low Bandwidth Density: There are two methods to enhance the bandwidth
density: increasing the bit rate and reduce the footprint. Both methods require
an accurate design for the interposer. High-speed electrical impedance
matching traces should be optimized to realize low propagation loss and
reflection. A compact design could also achieve a smaller footprint.
Light-coupling Scheme: In contrast to conventional electronic packaging,
light coupling is one special aspect of the opto-electronic packaging. Most
products are based on a standard optical interface, in which alignment accuracy
between the optical interface and optical components determines the coupling
efficiency. The commercial optical interfaces have the benefit of low cost due to
their large volume. However, the fixed standard of an optical interface offers a
large footprint and limits the development of compact optical accesses, which
restricts the total bandwidth density.
Thermal Management: Regarding the device level, on the one hand, high
temperature affects the output power of the laser. For example, the output
power of an 850 nm MM VCSEL with a 6 mA forward current at the
temperature of 27 °C is 2 mW while its output power decreases to 1.5 mW at
the temperature of 78 °C. On the other hand, CTE mismatching degrades the
packaging reliability [62].Therefore, efficient thermal management must be
considered when designing advanced optical interconnects.

1.5

Scope of the Dissertation

The project “An Optically Connected CMOS Ethernet Switch IC” is funded
by De Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO) and
addresses the costly interfacing of the switching engine with high speed optical
communication channels. “A more cost-effective solution is to place the optical
transceiver at close proximity of the switching fabric.”
The research reported in this dissertation focuses on cost-effective design
and manufacturing of advanced optical interconnects, especially VCSEL based
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optical transmitter and PD based optical receiver modules, which is widely
deployed in current DCNs.

1.5.1

Scientific Contributions

To realize a low-cost optical transceiver module, the costs of both the base
materials and the fabrication technologies are considered in a device level. In
terms of both the bandwidth density and the reliability of the optical
transmitter, some methods to improve these two factors are deployed in a
system level. Overall, the main contributions of this dissertation include the
following:
Device Level: In this dissertation, several cost-effective interposers and
platforms, such as PCBs, FPC and ceramics, have been used in the optical
transceiver design, and all these materials have been evaluated and compared.
Packaging processes, such as wire bonding, flip-chip bonding, and ultrasonic
bonding, have been applied, and the detailed assembly flows have been
described. The transmission lines for both digital and analog signals have been
designed and simulated. Thermal simulation has been done and heatsink
designs are proposed for a compact design.
System Level: Ultracompact on-board transmitter and receiver modules
with a capacity of 480 Gbps have been assembled on a FPC interposer. Optical
straight lens connectors and mechanical transfer (MT) ferrules are used to fan
the light in/out.
A ceramics-based optical engine has been demonstrated to provide a low-cost
solution to 100 G applications.
A state-of-the-art terabyte/s level FPGA board has been co-designed
together with an industrial partner and fabricated and a concept transceiver
board is suggested to directly connect on the back of this FPGA board to
improve the bandwidth density, maintain signal quality and reduce power
consumption.
A redundant VCSEL system has been demonstrated to enhance the
reliability of the optical transmitter module.
A low-cost 100 Gbps SM VCSEL-based transmitter module platform with
MCF has been designed and assembled. Because of the SDM technology, this
platform was the first demonstration of a four cores fiber based transmitter
module to increase its bandwidth density and shows great potential for future
transceiver module design.

1.5.2

Outline of the Dissertation

The dissertation is structured as follows.
In Chapter 2, advanced packaging techniques for optical interconnects are
reviewed firstly. Then the challenges in current transceiver modules are
summarized and several state-of-the-art packaging approaches are suggested.

22

Scope of the Dissertation

Chapter 3 describes a low-cost PCB based optical transmitter module and
broadside coupled differential pairs as a solution to overcome the limitation of
current PCB manufacture technology and the fully assembled transmitter
shows error-free performance at 10 Gbps.
Chapter 4 details work on a low-cost compact FPC based on-board optical
transmitter and receiver modules and their assembly processes are fully
described. Due to the compact design, it offers a cutting-edge bandwidth
density of 0.483 Gbps/mm2. Full electromagnetic analysis of the transmission
lines is included as well as thermal simulation results and an option to manage
heat dissipation is presented.
In Chapter 5, a ceramics-based 100 G optical engine is demonstrated. Then
a concept design of transceiver board is suggested to directly connect on the
back of the FPGA with the high-speed low profile array connector from
Samtec. This transceiver board provides in total 1.5 Tbps bandwidth.
In Chapter 6, two specific issues relating to optical interconnects are
highlighted. Those are the reliability of VCSEL based interconnect modules
and the potential of using SDM to further enhance bandwidth density in fiber
cables in DCNs. A redundant VCSEL structure is suggested to enhance the
reliability of an optical transceiver module and 3D ultrafast laser inscription
waveguides inside glass are used to couple the light from VCSELs to a MCF in
a 100 Gbps C band transmitter platform, which gives a proof of principle for
future high-density SDM based optical interconnect solutions.
Finally, Chapter 7 summarizes the main conclusions of the previous chapters
and gives an outlook for future research activities.
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2
State-of-the-Art Technologies

A

S data traffic exponentially increases and hyperscale DCs are widely
deployed, a need for advanced optical interconnects is emerging. These
advanced interconnects are promising to meet the requirements for future data
traffic in DCNs with cost-effective methods. Since packaging and assembly
dominate the cost of the module, a large number of techniques and designs
have been proposed and researched in this area. In this chapter, we first review
three common packaging concepts of the optical interconnect. Then, several
different types of interposers/platforms are briefly described, and two principal
assembly methods deployed in this dissertation, wire bonding and flip-chip
bonding, are discussed. Finally, the solutions for optical access to and from the
opto-electronic components are summarized.

2.1

Overview of Design Concepts

To create an advanced packaging design for an optical transceiver module,
studies are carried out on the different design concepts. In general, three
typical design concepts are used in the optical transceiver module.

2.1.1

3D Stacking Design

The first 3D stacking design for an optical transceiver module was reported
in 2012 [63]. As shown in Figure 2.1, this design is based on stacking the
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optical components (VCSEL and photodiode) on the electrical components
(laser driver and TIA chips), and bridges are used to supply the electrical
connections between the pads on opto-electrical dies and BiCMOS chips. These
bridges are made with the thick photoresist thermal reflow process, and the
gold traces on them are fabricated using lithography and electrical plating
processes. This compact optical transceiver engine achieves 10 Gbps error-free
performance per channel and offers 120 Gbps bandwidth in total. A wafer level
integration has also been demonstrated to show that this 3D stacking design is
a cost-effective, high-bandwidth density and scalable solution for optical
transceiver module manufacture.

(a)

(b)
Figure 2. 1(a) 3D stacking schematic design; (b) Trace “bridges” between VCSEL array
and VCSEL driver [63].

However, the fabrication processes for this 3D stacking approach are
complex and thermal management is the main issues for this 3D stacking
approach because both VCSEL and photodiode chips are sensitive to the
temperature. A large copper heatsink with dimensions of 30 mm × 20 mm × 2
mm with 8 mm fins was suggested as a solution for heat dissipation in thermal
simulations. The results show the temperature on the surface of optical chip is
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approximately 40 °C. This large heatsink shows that directly attaching the
optical dies atop the BiCMOS chip is not a satisfactory solution.

2.1.2

3D Embedding Design

(a)

(b)
Figure 2. 2 (a) 3D embedding schematic design; (b) Silicon interposer for the 3D
embedding design [64].

Another 3D embedding design was reported in 2017 [64]. The packaging
concept is based on a 3-level silicon interposer using a wet etching process,
which is shown in Figure 2.2. A special cavity is designed under the BiCMOS
chips and is reserved for the optical components. Both optical and electrical
chips are flip-chip bonded on the silicon interposer. Lithography and
electroplating processes are used to create the gold traces and make the
connections between both optical and electrical chips and from the electrical
chip to the contact pads for the radio frequency (RF) probe. Optical through
vias are accurately opened on the silicon interposer for optical accesses by the
wet etching process. To solve the thermal issues, an air gap between the optical
die and BiCMOS chip is designed to provide thermal isolation. In the thermal
simulation, two copper heat sinks with dimensions of 6 mm × 4 mm × 0.4 mm
are attached to the silicon interposer, and the heat distribution shows that the
temperature of the optics is approximately 38 °C. This configuration shows
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that the air gap is an efficient way to control the temperature and thermal
crosstalk in the 3D packages. For high-speed performance, this 3D embedding
parallel optical transceiver module can achieve 10 Gbps error-free performance
per channel.
The 3D embedding design is an ultracompact packaging concept intended to
enhance bandwidth density. However, this design concept is inflexible and
highly relies on the pad layout of the chips. Most commercial chips cannot be
used in this 3D embedding design due to the multiple bump array below the
chip for the solder reflow process. In addition, the interposer fabrication
requires additional etching steps for the cavity, and the assembly process is not
straightforward because of the different height levels of the interposer. These
drawbacks lead to high cost and make commercialization challenging.

2.1.3

2.5D Integration Design

2.5D integration design is the most common packaging concept for both
electrical and opto-electrical modules. In 2015, a 71 Gbps error-free
performance was achieved in a VCSEL-based transmitter module using this
design [65]. Generally, 2.5D integration involves assembling the components
next to each other on the same interposer, and this interposer can be fabricated
using standard industrial processes. During the assembly processes, the
electrical connections can be achieved by wire bonding or a flip-chip bonding
process. Relative to 3D integration design, 2.5D integration design is more
compatible with most chips. The cost for 2.5D integration design is much
lower in both interposer fabrication and component assembly processes than in
3D integration design
However, the drawback of 2.5D design is the slightly larger footprint
contributed by the optical components. Relative to the 235 µm × 2985 µm area
for a 12-channel optical die, the electrical interface and optical interface are
much larger and critically determine the bandwidth density for the whole
transceiver module. Nevertheless, 2.5D integration is the most cost-effective
packaging design concept for optical transceiver modules in switches.

Interposers/Platforms for Optical Interconnects
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Figure 2. 3 Schematic of the optical transceiver module.

As depicted in Figure 2.3, interposers are required to support both electrical
and optical components and supply the connections. Then, another carrier is
required to hold this interposer and provide the electrical interfaces to the
switch mother board. These interposers are typically made of glass or silicon,
and the carriers are generally based on PCBs, FPC and ceramics.

2.2.1

Glass Interposer

Glass has a wide transmission window, from visible light to telecom
wavelengths. For a typical glass sample such as N-BK7, the internal
transmittance is higher than 95% for a 25 mm thick sample between 400 nm
and 1600 nm [66]. In general, the thickness of the glass interposer is between
100 and 300 µm, and the propagation loss of the thin film at this wavelength
range can be ignored. Therefore, glass is a suitable candidate as interposers for
opto-electronic integration. Regarding the electrical properties, a glass
interposer has ultrahigh resistivity, which offers a low electrical loss and
supports a large bandwidth. Relative to silicon interposers, glass has a large
panel size, up to 730 mm × 900 mm. Ultrafine lines and spaces can also be
fabricated on the glass interposer with the redistribution layer (RDL) process,
including copper seed layer deposition, photolithography, and electrolytic
copper pattern plating [67]. As shown in Figure 2.4, glass interposers have
been applied in optical transceiver modules.
However, glass has low thermal conductivity, and heat dissipation is the
largest challenge. The process complexity of plating through-glass vias (TGV)
also limits the integration level of applications. For optical applications, an
additional anti-reflection coating is needed to reduce the reflection between the
active region of the laser source and the surface of the glass interposer.
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Figure 2. 4 Glass interposer for optical transceiver modules [68].

2.2.2

Silicon Interposer

Thanks to the excellent compatibility with the CMOS manufacturing
standards, silicon is proposed as a promising material for interposers. The
silicon interposer (Figure 2.5) design can easily be combined with silicon
photonics devices, which gives greater potential to realize cutting-edge
communication systems. In addition, silicon offers a large thermal conductivity
and a small CTE, which is favorable for releasing heat and avoiding CTE
mismatching. Furthermore, cleanroom technologies such as lithography and
electro-plating can be used to achieve ultrahigh resolution patterns.
The drawbacks of using silicon interposers are also notable. The involved
cleanroom technologies are complex, expensive, and time-consuming. In
addition, the silicon interposer allows only a single metallization layer since
plated TSVs are expensive. In addition, these TSVs result in a high electrical
loss [67]. KOH etching is typically used to make the optical window on silicon
interposer, which necessitates additional work and costs.
Overall, for both glass and silicon interposers, the main restrictions are that
these interposers do not have an electrical connector that can be directly
deployed in the switch since an additional platform such as a PCB or FPC is
needed to supply the electrical interface to the system.
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Figure 2. 5 Silicon interposer for optical engine [38].

2.2.3

PCB Platform

The PCB is a conventional interposer for microelectronics, and several large
companies, such as Rogers and Isola, provide excellent RF base materials. Such
materials have stable dielectric constants and small dissipation factors at high
frequencies. The industrial standard can supply a structure with multilayer
interconnections, and this structure can improve the integration level and
provide possibilities and flexibility for future complex communication system
designs.
Thanks to the optimized technology, PCB fabrication processes are fully
automatic, and reliability tests can also quickly, accurately and automatically be
completed with the flying probe test, optical inspection, or microscale
sectioning, among other characterization techniques. The fabrication
processing time is short (depending on the number of layers) and can be done
on very large 48 inch × 36 inch panel with a large yield. For opto-electronic
integration, the optical accesses are compatible with the nonplated hole process
using laser ablation or a mechanical drill. These factors enable the PCB
interposer to serve as a low-cost carrier for opto-electronic packaging. As a
result, multiple wire bonded optical modules [69, 70] have been demonstrated
with a PCB platform (Figure 2.6).
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Figure 2. 6 PCB platform for optical transmitter.

However, the standard PCB fabrication processes do not support the highresolution traces and gaps that are created by the lithography and plating
processes on silicon/glass in the cleanroom. Consequently, PCBs cannot
support the ultrafine pitch flip-chip bonding process for dies with small pads
and narrow pitches. The mismatch of CTE between the chips and PCB carriers
could decrease the reliability of the joints.

2.2.4

FPC Platform

Relative to the rigid PCB, FPC is another standard microelectronic and optoelectronic packaging platform [71] (Figure 2.7), supporting high-resolution
patterning and multilayer interconnections. The finer pitch flip-chip bonding
processes are supported on this carrier. In addition, the base material for FPC
is a low-loss polyimide, which has satisfactory high-speed performance even up
to 40 Gbps [72]. The optical accesses on the FPC are compatible with the
nonplated hole process using laser ablation or a mechanical drill. Overall, the
fabrication processes of FPC are similar to that of PCB and are compatible with
a fully automatic industrial standard with large panel size.
The CTE of FPC is even larger than that of a PCB, and the CTE mismatch
between the FPC and components leads to degraded reliability. Assembling
components with a mass reflow process on such a nonrigid material becomes a
challenge due to the deflection of the material at high temperature. However,
this deflection can be suppressed by attaching stiffeners on the back of the FPC
or using low-temperature assembly methods, such as ultrasonic bonding.

Interposers/Platforms for Optical Interconnects

31

Figure 2. 7 FPC interposer for a 100 G optical transceiver [71].

2.2.5

Ceramics Platform

Ceramics are also suitable candidates for opto-electronic interposers [73]
(Figure 2.8). First, ceramics have small material loss and offer favorable RF
performance. In addition, these materials have excellent thermal conductivity
and relatively low CTE values. The cost-effective fabrication is based on PITF
technology [74], which supports increasingly finer pitch interconnects and
multilayer interconnection designs. Due to the rigid base material, the
assembly processes are simplified, requiring only several flip-chip bonding
steps. Laser ablation can be used not only for the via connections but also the
optical accesses. However, the main limitation of ceramics platforms is the
small panel size.

Figure 2. 8 Ceramics based interposer for an optical transceiver [73].
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PCB, FPC and ceramics platforms can be designed with the electrical
interface and directly inserted into the switch board. Several properties of the
five different interposers/platforms are shown in Table 2.1.
Table 2.1: Comparisons of interposers/platforms.
Line width
(Industrial
Standard)
[74,75-77 ]

linear
CTE (10-6
• K-1) [7882]

Thermal
Conductivity
(W/m•K)
[78-82]

Panel/Waf
er Size [67,
80 82-84]

Connection
to switch
board
Additional
PCB carrier
required
Additional
PCB carrier
required
Directly
connected

Glass(Boro
-float)

5 µm

3.25

1.2

28 inch ×
35 inch

Silicon

1 µm

2.6

149

18 inch

PCB
(RO4350B)

75 µm

10-12

0.69

FPC

50 µm

20

0.12

Ceramics

2.3

30 µm

7.2
(Al2O3)
4.6
(AlN)

26
(Al2O3)
150(AlN)

48 inch ×
36 inch
24 inch ×
36 inch
6.5 inch ×
6.5 inch

Directly
connected
Directly
connected

Assembly Solutions

There are many optical interconnect products on the commercial market and
prototypes in the lab. Most of them are assembled by wire bonding and flipchip bonding processes. In this section, we do not cover all assembly techniques
of optical transceiver module packaging but focus only on the two main
assembly methods: wire bonding and flip-chip bonding.

Assembly Solutions

2.3.1
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Wire Bonding

Figure 2. 9 Advanced stacked-die package with ball bonding [89].

Wire bonding, shown in Figure 2.9, is the most widely used approach to
make electrical connections from chip to interposer or between chips. In
principle, wire bonding is a point-to-point operation that can provide much
more flexibility to the design [85]. The technique is based on metallic interdiffusion, and the diffusion rate relies on the materials, process temperature,
force, ultrasonic power and duration. Due to the maturity of the technology,
manufacturing efficiency and yield are both quite high [86]. Thus, wire
bonding is a cost-effective interconnect technology.
The high-speed performance of wire bonding is determined by the length,
shape and material of the wires. For example, 100 GHz applications have been
achieved with properly designed wire-bonded packages [87]. There are two
main techniques for wire bonding: wedge bonding and ball bonding. Wedge
bonding is more suitable for the fine-pitch applications implemented at
approximately 40 µm. However, because the bonding wire feeds through the
wedge tool, the first bond and the second bond must be orthogonal in the
wedge-bonding process [88]. Relative to wedge bonding, ball bonding is more
flexible in terms of bonding directions. Based on these properties, wire bonding
is widely used in evaluation designs and commercial optical interconnect
products.
To meet the new challenges, capillaries are designed to have smaller tip
diameters and shapes to support particular applications. The use of
manufacturing components with a finer pitch and higher circuit density is an
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anticipated trend in the industry. Wire bonding of these ultrafine-pitch devices
is a complex process, and additional process capabilities are required to avoid
wire sweep and deflection [68]. Copper wire shows several advantages over
gold wire in this context, such as lower electrical resistance, higher thermal
conductivity, and higher stiffness [90]. Nevertheless, hardness issues emerge
when using copper wire in the wire-bonding process, which leads to lower yield
and longer processing time [86]. Reliability analysis is not straightforward
because of the multiple factors, such as the materials for pads and wire and the
process conditions that affect the quality of the wire-bonding results.

2.3.2

Flip-chip Bonding

Figure 2. 10 Flip-chip bonded optical transmitter on PCB interposer.

Relative to wire bonding, flip-chip bonding is a wafer-scale operation used in
industry [85]. There are many types of flip-chip technologies. The joint
materials can be for example tin, gold, or copper, and the different assembly
processes, such as solder reflow [91], thermal compression bonding [92],
ultrasonic bonding [93], thermosonic bonding [94], and conductive epoxy
transfer technologies, are chosen based on the joint materials to meet the
requirements of applications. In addition, these processes are compatible with a
variety of interposer materials such as glass, silicon, PCBs, FPC, or ceramics.
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Components with solder bumps are widely used in standard manufacturing
which takes advantage of flip-chip bonding. These solder bumps are reflowed
above their melting point to form electrical interconnections, as shown in
Figure 2.10. For the applications requiring solderless processes or dies without
any solder bumps, thermal compression bonding using gold bumps formed by a
stud bumping process can be a solution. For applications that cannot
accommodate high temperatures, ultrasonic bonding with gold stud bumps can
be used. In addition, flip-chip bonding using gold bumps with conductive
adhesive is an alternative option.
As the components develop following Moore’s Law, the advanced packaging
approach for finer pitch devices is in higher demand. These higher integrated
devices always supply a large number of input/output (I/O) pads and request
high-density interconnects (HDIs). One of the main purposes is to fan in/out
the I/O pads of devices to PCB or other interposer I/O pads. Due to the
different design rules, these conversion processes are generally not cheap. Wire
bonding is a cost-effective process to realize this conversion, particularly for
the limited number of I/O pads, and is suitable for <4-layer low-density
interposer packages. Since all the I/O pads of the components are connected on
the bottom, the connection footprint for the flip-chip package is much smaller
than that for wire bonding, enabling high-density packages. Regarding the
cost, there are two additional costs for flip-chip packages: bumping and
interposer cost. The advantage is that the bumping process can accommodate
entire wafers, dies and interposers. The interposers for flip-chip packages
require a higher connection density and finer pitch design rules than the wirebonded packages. These HDI requirements increase the fabrication complexity
and number of layers. Figure 2.11 shows the relationship between the
estimated total costs of different packaging methods and the interposer with
different I/O number. The packaging and assembly details were varied based
on the complexity of the manufacturing. In the estimations, the package size
and I/O count combination was based on the maximum I/Os using 1 mm pitch
BGA and the interposer (substrate) information can be found in [86]. Both
gold and copper wire bond packaging offer a cost advantage compared to flip
chip packaging from 19 mm × 19 mm through 29 mm × 29 mm packages. In
such packages, the number of I/Os is so small that the bonding wires are short,
and the interposers (substrates) are simple enough for high yield and efficient
manufacturing. As I/O number on the interposer increases to 31 mm × 31 mm
or larger, flip-chips packages become the most cost effective solution due to the
long bonding wire length. For HDI packages, in which the pitch is smaller
than 1 mm, the flip-chip package is the better option.
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Figure 2. 11 Relationship between the estimated total costs of different packaging
methods and the interposer with different I/O number [86].

2.4

Advanced Optical Coupling Solutions

For opto-electrical integration, the light coupling scheme is one of the
largest problems to be solved, particularly for flip-chip packages. Several
methods have been developed for designing the optical accesses.
The straight lenses connector is one of the most common optical interfaces
and has been used in optical transceiver products. The lenses are attached on
the optical interface or the head of an optical fiber array to improve the
coupling efficiency of the light. The pitch distance of the lenses is 250 µm,
which is the VCSEL pitch standard. Because of the 1D light route, multiple
arrays are easily achieved. 12-channel [95] and 4 × 12-channel [38] products
are shown in Figure 2.12.
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Figure 2. 12 Left: 12-channel Enplas straight lenses connector [95]; Right: 4 × 12channel straight lens array USCONEC connector [38].

The light turning connector is another common optical interface on the
market. Relative to the straight lens connector, the light turning connector has
an additional angled mirror array to vertically change the light route, and this
mirror array must be accurately designed and aligned between the lenses and
optical fiber. After vertically changing the light route, fiber management
becomes much easier. However, the angled mirror array also introduces
additional loss, and the vertical light passes and fiber array occupy area on the
board, which limits the achievable density. Currently, only 12-channel light
turning connectors [96, 97] (Figure 2.13) are available on the market.

Figure 2. 13 Left: 12-channel Enplas light turning connector [96]; Right: 12-channel
USCONEC “MOI” light turning connector [97].

Polymer waveguides and 45-degree mirrors are used in the QSFP28
module (Figure 2.14) by Fujitsu [98]. In this module, a microlens-imprinted
film and polymer waveguide with 45-degree mirrors is used to couple the light
into a polymer waveguide connected with the MT connector. Relative to the
light turning connector, the MM fiber array is replaced with 25 µm core
polymer waveguides. This module can achieve 28 Gbps error-free performance
per channel over 100 m.
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Figure 2. 14 FPC based transceiver QSFP28 module with polymer waveguides and 45
degree mirrors [98] Left: the photo of assembled module; right: schematic drawing of
cross section.

Ultrafast laser inscribed waveguides are another solution to realize light
interfaces in transceiver modules. Multiple studies have been carried out on
ultrafast laser inscription in glass, and this technology is commercially
available from several companies, including Optoscribe (Figure 2.15 left) [99]
and Femtoprint [100]. In the glass, an ultrafast laser is used to change the
refractive index of the material to realize the waveguides. After changing the
focus point of the printed laser source, a rotated 3D waveguide inside the glass
is achieved. This technique flexibly supports high-density design and shows
significant potential to be combined with other cutting-edge technologies, such
as multicore fibers, fiber arrays, and even trace-plated glass interposers. In
2012, a 121-waveguide fan-out structure into a MCF using ultrafast laser
inscription was reported by R. R. Thomson [101]. The structure, containing
glass with laser-printed 3D waveguides and a multicore fiber interface, is
shown in Figure 2.15 right. However, the 3D waveguides inside the glass need
to be written by the ultrafast laser printing one by one, which is very time
consuming. This inefficient fabrication process ultimately leads to high cost.

Figure 2. 15 Left: 12-channel ultrafast laser inscription waveguides from Optoscribe
[99]; Right: Ultrafast laser inscription waveguides with MCF [101].

Salt-melted ion diffusion waveguides were reported by Lars Brusberg in
2009 [102] and Richard Charles Alexander Pitwon in 2015 [103]. The
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waveguides are formed by thermal ion exchange between the salt melt and
glass, and the change in refractive index can be controlled by the silver salt
concentration, process duration and temperature. A cross-sectional view of a
glass waveguide sample and the refractive index profile at a measurement
wavelength of 678 nm is shown in Figure 2.16. However, these waveguides
suffer large insertion loss (2.7 dB at 850 nm and 2.15 dB at 1310 nm) and
require large bend radius. Furthermore, the fabrication process is also
complicated.

Figure 2. 16 Refractive index distributions for Salt-Melted Ion Diffusion Waveguide at
678nm [103].

An ultra-dense silicon interface containing vertical grating coupler arrays
is a satisfactory solution to realize an optical fan-in/out structure, particularly
for edge-emitting light sources. A suitable example has been demonstrated
with a compact 7-channel grating coupler array with low insertion loss and
crosstalk on the SOI platform [104] (Figure 2.17 left). This structure has great
potential to be integrated with silicon photonics devices and MCFs. Due to the
use of a lithography process, ultracompact and high-density structures can be
easily fabricated. Another 61-channel vertical grating coupler, which is shown
in Figure 2.17 right, on a pitch of 42.3 µm was designed and fabricated in 2015
[105].
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Figure 2. 17 Left: 7-Channel grating coupler array for MCF [104]; Right: 61-channel
vertical grating coupler array [105].

The packaging methods of optical transceiver modules used in this
dissertation are shown in Table 2.2.
Table 2. 2 Packaging methods for the transceiver module in this dissertation.

Chapter
3

Chapter
4

Chapter
5

Prototype
PCB based MM 850nm
transmitter (wire bonding
version)
PCB based MM 850nm
transmitter (flip-chip version)
FPC based MM 850nm
transmitter
FPC based MM 850nm
receiver
Ceramics based MM 850nm
transmitter
Ceramics based MM 850nm
receiver
Redundant VCSELs system

Chapter
6

FPC based SM 1.5 µm
transmitter

Packaging methods
10 Gbps BiCMOS driver chip: solder reflow
10Gbps VCSEL array: wedge bonding
10 Gbps BiCMOS driver chip: solder reflow
10 Gbps VCSEL array: stud bumping and
conductive epoxy transfer
10 Gbps BiCMOS driver chip: solder reflow
14 Gbps VCSEL array: solder reflow
10 Gbps BiCMOS TIA chip: solder reflow
10 Gbps photodiode array: ultrasonic
bonding
25 Gbps BiCMOS driver chip: solder reflow
25 Gbps VCSEL array: thermosonic
bonding
25 Gbps BiCMOS TIA chip: solder reflow
25 Gbps photodiode array thermosonic
bonding
10 Gbps BiCMOS driver chip: solder reflow
10 Gbps VCSEL array: wedge bonding
BiCMOS driver chip: bumping and
conductive epoxy transfer
VCSEL array: stud bumping and
conductive epoxy transfer

Summary
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Summary

VCSEL based optical interconnects are popular in DC because VCSELs are
today the most efficient, low cost, and most widely used laser source for
interconnects [38]. Many researches are carried out to realize high VCSEL
and PD based transceiver modules to satisfy the requirements such as high bit
rate, high bandwidth density, high channel count, low cost, and low power
consumption. A novel 3D stacking optical transceiver [19] and another 3D
embedding optical engine [64] were demonstrated in 2014 and 2017,
respectively. Relative to 3D design concepts, the 2.5D design is the most
popular integration concept in the industry because of its simplified processes,
high yield, and efficient manufacturing. Efforts realize high-speed VCSEL and
PD based transceiver modules are devoted to both base materials and
packaging techniques. In 2010, Lars Brusberg presented a 10 Gbps glass based
optical transceiver module and both (laser drivers/TIAs) and optics (laser
source and photodiodes) were flip-chip bonded [68]. One year later, Hak-Soon
Lee demonstrated PCB based transmitter and receiver using wire bonding
process [69]. In 2017, FUJITSU announced 100 G QSFP28 active optical
cable, which contained FPC substrate [98]. Silicon [38] and ceramics [74]
were also used in the optical interconnects applications as the base material.
In this chapter, recent state-of-the-art studies on optical interconnect
packages are reviewed in terms of several aspects: interposers, assembling
strategies, design concepts and optical accesses. As mentioned in Section 1.5,
the target of this project is to build cost-effective VCSEL-based optical
transmitter and photodiode-based optical receiver modules in DCN. Both
electrical and optical chips for 850 nm MM optical transceivers used in this
dissertation are commercially available. The low-cost interposers, consisting of
PCBs, FPC and ceramics, are fabricated by several manufacturing methods
with standard industrial fabrication technologies. Due to the technology
limitation, the cost-effective packaging design—i.e., the 2.5D design—is
selected. To enhance the bandwidth density, the compact design with flip-chip
bonding is chosen. In addition, commercially available optical interfaces, such
as straight lens connectors and light turning connectors, are used in the
module. Overall, all technologies involved in this project are commercially
available and require only standard industry capabilities to efficiently reduce
the cost.
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PCB Based Optical Transmitter

S

INCE Albert Hanson invented his flat foil conductors laminated to an
insulating multiple-layer board in the year of 1903 [106], PCB technology
has been developed for more than 100 years. PCBs have benefited from low
cost, multilayer structures and ease of the fabrication making them the most
popular substrate for modern electronic products. In this chapter, we firstly
review the theory behind high-speed transmission lines and provide the
guidelines to design and optimize them. Secondly, we explain the limitations of
industrial PCB fabrication technologies. In order to overcome these limitations,
we deploy broadside coupled differential pairs in the design of a PCB based
high-speed optical interconnect substrates. We further evaluate the robustness
of our solution against some fabrication process variations using with Polar SI
9000. Based on the 3D simulation of the PCB substrate with CST (Computer
Simulation Technology), we find the broadside coupled differential pairs are
capable to operate up to 20 GHz with only 3.42 dB loss in the transmitter
design. Based on the PCB structure in the simulation, two different substrates
are fabricated to build the optical transmitter modules and their assembly
processes are described. Finally, both of the assembled optical transmitters
show error-free performance at 10 Gbps and the eye-diagrams are visually
open.

High-Speed Signals in Circuit

3.1
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Theoretically, there are three typical propagation modes for high-speed
signals: single-ended modes, common modes, and differential modes.
A single-ended I/O such as a ground-signal-ground (GSG) trace (shown in
Figure 3.1) only requires one wire/trace between a source and a load. The
voltage difference between the wire/trace and the ground is measured as a
signal. The main advantage of single-ended signals is that they require less
footprint, which improves the integration density. The impedance of singleended traces is determined by its geometry. The corresponding factors to
design an impedance matching single ended trace are the properties of a base
material, the trace width, the thickness of the base material, and the gap
between the signal trace and the ground. However, the critical drawback of
single-ended traces is larger sensitivity to the noise, which leads to a poor
signal quality and short transmission distance.

Figure 3. 1 Ground- signal-ground (GSG) single-ended trace.

Common mode signals are created by noise and travel in the same direction
on both wires/traces. This noise needs to be minimized to improve signal
quality, which is shown in Figure 3.2.
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Figure 3. 2 Differential mode used to restrain noise.

A differential I/O (shown in Figure 3.3) has a pair of wires/traces between a
source and a load. The wires/traces carry opposite voltages. The measurement
of the differential signal is taken as the voltage difference between two
wires/traces. Relative to the signal-ended traces, the differential traces show a
better RF performance in high-noise environments due to cancellation of the
common-mode signals. They can also support low-signal-level applications
because of a precise switching time. The impedance of the differential pair is
also determined by their geometry [107]. However, a differential I/O requires
two wires to transmit a single signal. This leads to increased footprint and
eventually limits integration density.

Figure 3. 3 Differential pair.
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In an optical transceiver design, high-speed connections between a switch
ASIC and BiCMOS driver/TIA chips are differential pairs because they offer
better signal integrity over a long transmission distance. To design the highspeed differential pair, the differential transmission lines should have equal
length. The reason is that an unbalanced differential pair introduces a phase
shift. The phase shift can cause inaccurate switching times and dramatically
increase as the frequency rises. Furthermore, the traces of the differential pair
need to be closely coupled to each other to control the EMI. Besides that, the
ground plane/trace is used to enhance the coupling between the differential
pairs and protect them from the environmental noise. Therefore, lower
crosstalk from other signals can also be achieved. However, this ground
plane/trace affects the group speed of the signal transmission and should also
be balanced in the design. Finally, the differential impedance is the most
important factor that needs to be considered in the design [107]. Several
software packages such as advance design system (ADS), CST packages, and
Polar SI9000 can be used to calculate the differential impedance and to simulate
the propagation losses and reflections.
The connections between the BiCMOS driver/TIA chips and the
VCSEL/Photodiode components are made using GSG structure since these
connections are very short and the signaling is fundamentally analog in current
signals.

3.2

Broadside Coupled Differential Pair

The cost of the PCB mainly relies on the minimum fabrication feature size.
The base materials such as Isola and Rogers RF products [80] are expensive
because of the more stable dielectric constant and the lower dissipation factor
at high frequency.
The traces on the PCB should be designed based on the pads layout of the
components and the minimum pitch distance of the pads on both electrical and
optical components is only 125 µm. Because of the small pad pitch, the edge
coupled differential pairs, which are commonly used in high-speed
transmission-line design, cannot be fabricated on the standard (FR4) low cost
PCB. The latest industrial processes show that the minimum possible pitch on
the PCB is limited to 150 µm. To solve this problem, the broadside coupled
differential pair is used.
Generally speaking, there are two normal types of the differential pairs: the
edge coupled differential pairs and the broadside coupled differential pairs.
Relative to the edge coupled differential pair (shown in Figure 3.4a), the
broadside coupled differential pair allows the propagation of the differential
signal in two different inner layers and the outer layers are used as reference
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planes (shown in Figure 3.4b). This structure can not only overcome the
fabrication limitation for the small pad pitch, enforced by the industrial
standard fabrication technology, but also offers a small footprint. As a result,
this broadside coupled structure provides a low-cost method to flip-chip bond
the ultra-pitch components.

(a)

(b)
Figure 3. 4 The scheme of the broadside coupled transmitter module concept.

Design Concept

3.3
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Design Concept

Figure 3.5 shows the scheme of the broadside coupled transmitter module
concept. The FR4-based PCB contains the copper traces to connect from the
BiCMOS driver chips to the edge connector and also between the driver chip
and the VCSELs. The driver chip and the VCSEL die are flip-chip bonded on
the PCB in correspondence of the pads. 250 µm pitch pads on the PCB provide
the access for the high-speed differential signals input from the differential
probes.

Figure 3. 5 The scheme of the broadside coupled transmitter module concept.

3.4

Differential Pair Design

The base material of the PCB interposer is FR4 with permittivity of 4.2 and
dissipation factor of 0.02 at 1 MHz. It has 4 layers and the broadside coupled
differential pairs are applied in two inner layers. The top layer and the bottom
layer are the power layer and the ground layer, respectively. The differential
impedance of this structure is simulated by a tool for PCB, the field solver
Polar SI 9000. In order to meet the impedance matching requirement, the
impedance of the differential pair should be 100 Ω, which is matching with the
input differential impedance of the BiCMOS driver and the output differential
impedance of the TIA chips. The detailed geometry of the broadside coupled
structure for this transmitter is shown in Figure 3.6a. The simulation has also
been performed to investigate how the differential impedance varies as a
function of the fabrication deviations. The result (see Figure 3.6b) shows that
this packaging approach presents a large manufacturing tolerance against the
misalignment (within ±100 µm in offset) in PCB multilayer bonding process
and against any thermal expansion possible (within ±100 µm in thickness) after
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the high temperature reflow. In both cases the worst case differential
impedance never exceeds 101.7 Ω. This shows how this differential pair
structure is robust with respect to both the variation of the lateral
misalignments and the changes in thickness.

(a)

(b)
Figure 3. 6 (a) Geometry (lateral view) of the broadside coupled differential pair for this
optical transmitter; (b) Differential impedance vs changing the offset and vertical
distance between differential pairs.

3D EM Simulation
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(a)

(b)

(c)

Figure 3. 7 3D layout model for simulation (a) cross-section view; (b) side view; (c) top
view.

The CST software package is used to perform a full 3D simulation for the
designed 4-layer PCB (shown in Figure 3.7a) in order to investigate the high
frequency response of the implemented broadside coupled differential pair
including the real constraints. In Figure 3.7b&c, the inputs are two rectangular
pads on the surface layer with 250 µm pitch for RF probes and the outputs are
square pads on the bottom layer for flip-chip bonding. The broadside coupled
differential pair is in two inner layers. Also, the blind vias and the buried vias
(shown in Figure 3.7a) are used to make connections between the layers. Both
the transmission parameter S21 and reflection parameter S11 for this model are
shown from 0 Hz to 25 GHz respectively in Figure 3.8. The blue curves are the
results for an ideal structure without the I/O pads and the vias. The results
associated with the real broadside coupled differential pair including the
unbalanced vias and the impedance unmatched pads are shown as the red
curves. Based on the port mode simulation results, the differential impedance
between the pads for the RF probe is 86.05 Ω, while the differential impedance
for the output pads is only 62.19 Ω. Both the I/O pads need to be compatible
with the differential probe and the layout of the BiCMOS driver chip for flipchip bonding, respectively. As a result, the layout of the I/O pads for RF probe
and BiCMOS driver chip are fixed and could not be optimized to 100 Ω.
Due to the impedance and length mismatching, this broadside differential
pair structure suffers from extra reflection and timing problems relative to the
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ideal case. To improve the high speed performance, the input pads for the
connector can be designed to fulfil the 100 Ω differential impedance.
Based on the 3D CST simulation, the ideal broadside coupled differential pair
shows excellent performance: the transmission coefficient slightly decreases
from -0.012 dB at 0 Hz to -0.035 dB at 25 GHz and the reflection coefficient is
below -25 dB. Relative to the ideal structure, the implemented broadside
coupled differential pair needs to use the unbalanced vias and the impedance
unmatched pads to provide the electrical connections from the differential
probe to the BiCMOS driver chip, which introduces the unwanted reflection
and the extra losses. The transmission coefficient (S21) is -0.06 dB at 0 Hz and
-4.2 dB at 25 GHz and the reflection coefficient (S11) shows a fluctuating curve
between -11.8 dB and -26 dB across the same frequency range. The main
reason for these fluctuations is the length mismatch between the two
transmission lines. The schematic module in CST is also used to simulate the
eye diagram for the real broadside coupled structure. The simulation results
are shown in Figure 3.9 at both 10 Gbps and 20 Gbps.

Figure 3. 8 Simulation result for S parameter of broadside coupled differential pair.

Both of the eye diagrams are clearly open, which shows that error-free
performance can be achieved at 25 Gbps. The eye opening of these eye
diagrams is around 400 mV and 300 mV at 10 Gbps and 25 Gbps, respectively.
The main reason is that the length mismatch becomes more significant at the
high frequency.
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Figure 3. 9 Simulation result for eye-diagrams at 10 Gbps (left) and at 25 Gbps (right).

3.6

Assembly Processes

Figure 3. 10 The layout of the PCB.

Figure 3.10 shows the layout of the PCB for both the driver and VCSEL
components. In the layout picture, the buried vias and the blind vias are used in
broadside coupled differential pair to connect the pads and differential pairs.
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The pads for the VCSEL array are distributed along the two sides of the die
and the non-plate holes are open for the optical accesses.
The commercial 10 Gbps BiCMOS driver chip with solder bumps is used in
this optical transmitter module and this driver chip has 12 differential inputs
and 12 single-ended outputs. The FINEPLACER® Lambda is used to flip-chip
bond the driver chips with a reflow process at 237 °C for 12 seconds and the
submicron alignment accuracy can be achieved with this flip-chip machine.
Relative to the BiCMOS driver chip, the 10 Gbps 850 nm MM VCSELs are
finished with gold plated pads without the solder bumps. Therefore, the solder
reflow process is not suitable to assemble these VCSELs and flip-chip bonding
the VCSEL array to the PCB carrier becomes a great challenge.
Wire bonding method - The VCSELs are wire bonded onto the pads of the
PCB with the wedge bonder in the first prototype. The pads on VCSELs and
PCB for wire bonding have 125 µm pitch. The bonding between wire and pad is
ultrasonically formed gold-gold connection. The full assembly of this
transmitter module is shown in Figure 3.11.

Figure 3. 11 Fully assembly broadside coupled differential pair based optical
transmitter module (wire bonding version).

Flip-chip bonding method – in order to flip-chip bond the VCSELs,
conductive epoxy transfer processes are used. The gold stud bumps are first
ultrasonically formed on the pads of the VCSELs (Figure 3.12a). Then, the
isotropic conductive adhesive (ICA) – epoxy H20E is dispensed on the pads of
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the PCB (Figure 3.12b). Then the FINPLACER® Lambda die bonder is used to
flip-chip bond the gold stud bumps on the VCSELs and the ICA -epoxy H20E
at 150 °C for 1 hour (Figure 3.12c). The fully assembled broadside coupled
transmitter is shown in Figure 3.12d.

(a)

(c)

(b)

(d)

Figure 3. 12 (a) Stub bumps on VCSEL array; (b) dispense the ICA epoxy H20E on
PCB; (c) flip-chip bonded VCSEL array on PCB; (d) assembled broadside coupled
differential pair based optical transmitters (flip-chip bonding version).

To couple the light from the VCSELs into the 12-channel optical fiber array,
a mechanical optical interface (MOI) and a prizm are glued on the top of the
PCB by using the non-conductive epoxy. The alignment tolerance of the MOI
on top of the VCSEL array is within half a micron and this misalignment can
cause a maximum of 5% optical power loss based on the MOI datasheet. The
12-channel fiber ribbon connected to the MOI is shown in Figure 3.13. An
MPO (Multi-fiber Push On) connector is used to fan out the optical fiber array
to the single fiber for testing.
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Figure 3. 13 MOI connector and fiber ribbon.

3.7

Experimental Setup

Two PCB based transmitters with different assembly strategies are then
tested to verify signal integrity in turn. The experimental setup is shown in
Figure 3.14. A 10 Gpbs differential electronic signal with 231 –1 NRZ pseudo
random binary sequences (PRBS) format from bit pattern generator are
transported to the BiCMOS driver chips and a VCSEL array on the PCB
through the RF multi-channel probe. A MM optical fiber is used to capture the
light from the VCSELs and then transmitted into a commercial SFP+ module.
This module is used to convert the optical signal to an electrical signal to
analyze the high-speed performance. The oscilloscope and the error detector
are used to measure the eye-diagrams and bit error rate (BER) at 10 Gbps.

Figure 3. 14 Experimental setup.
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3.8

Results

3.8.1

Wire bonding version

All the VCSELs were working and the measured output power ranged from
0.5 dBm to 1 dBm. Relative to the SFP+ module, all 12 channels showed errorfree performance at 10Gbps with a penalty that ranges from 1.1 dB to 3.8 dB.
The penalty might come from the different path lengths of broadside coupled
differential pairs and vertical misalignment of the MOI. The eye patterns for all
the VCSELs are visibly open, as shown in Figure 3.15 and the sensitivity for 12
channels is shown is Figure 3.16.

Figure 3. 15 Eye-patterns for 12 channels at 10 Gbps (50mV/div), eye opening = 150
mV.

Figure 3. 16 Sensitivity for 12 channels at 10 Gbps.
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Because the receiver used in the experimental setup is alternating current
(AC) coupled, the extinction ratio (ER) cannot be directly obtained from the
eye diagrams. Based on the data [108-110], VCSELs have a linear current–
optical power curve beyond the threshold point. The slope efficiency of
VCSELs is determined by the temperature but these variations are still linear
in the operating region of VCSELs [19]. As a result, the modulated currents
(“0” level current and “1” level current) can be used to calculate the ER. Based
on the values used in this demo the ER of this transmitter is 5 dB.
The performance of this wire bonded transmitter is slightly worse than the
back to back (BTB) performance of a commercial SPF+ module but still
acceptable at 10 Gbps.

3.8.2

Flip-chip version

Due to a solder reflow problem, channel 10 is not working in this transmitter
module. The eye-diagrams and BER of the other 11 channels are tested one by
one and the results are shown in Figures 3.17 and 3.18. The output powers of
the VCSELs are between 0.2 dBm and 1.3 dBm. Based on the BER curves, the
high-speed performance of the commercial SFP+ is better than this optical
transmitter with broadside coupled differential pair. The deviation of the
receiver sensitivity for these 11 channels is within 2 dB. The main reason for
this is due to the inaccurate alignment between optical fibers and the VCSELs.
Based on the modulated current, the ER of this transmitter is 5.5 dB.

Figure 3. 17 Eye-diagrams for 12 channels at 10 Gbps (35mV/div).

The eye-diagrams are clearly open at 10 Gbps. However, Relative to the
BTB performance, these eye-diagrams also suffer from more jitter.
Overall, both the wire-bonded version and the flip-chip bonded version could
achieve error-free performance at 10 Gbps. However, the commercial SPF+
module shows a better performance on sensitivity and BER curves. The reason
is that the broadside coupled differential transmission line suffers from the
length mismatching and the unbalanced vias, which cause unwanted reflections
and phase shifts. As a low-cost solution, broadside coupled differential pair
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makes it possible to allow the small pad pitch with industry-standard PCB
fabrication technology and this benefit should be weighed against the reduction
in performance.

Figure 3. 18 BER curves for 12 channels at 10 Gbps.

3.9

Summary and Discussion

3.9.1

Summary

In this chapter, two PCB based optical transmitters for the optical
interconnects using broadside coupled differential pairs are demonstrated. The
simulation shows this differential pair can not only allow large fabrication
tolerances, but also could operate at 20 GHz with a loss of 3.42 dB. It means
that changing the offset between the broadside coupled traces can be used as
we have shown such that small offsets have a minor effect on the eventual
impedance. As a low-cost solution, this broadside coupled structure has high
potential to support high-speed differential-pair-based transceivers with
standard industrial PCB technology.
Relative to the wire bond process, the flip-chip assembly process is relatively
complicated because of gold finished pads on the VCSEL. To solve this
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problem, gold stud bumping and ICA- epoxy H20E transfer process were
applied to flip-chip bonding the VCSEL array. Solder reflow process was used
to flip-chip the driver IC chip on the PCB. The transmitters can provide 10
Gbps error-free performance and all of the eye-diagrams were clearly open.

3.9.2

Discussion

In this chapter, the board-side coupled differential pair structure has been
proven to supply a low-cost solution for narrow pitch components based on the
standard industrial PCB technology, relative to edge coupled differential pairs.
However, both the input pads on the surface layers and the vias of the boardside coupled differential pair introduce differential impedance mismatching and
length difference. The impedance mismatching can cause unwanted reflections
and length difference leads to a phase shift and a timing problem. In order to
solve the timing problem, the length difference needs to be accurately
calculated and should include not only the length mismatch of the broadside
coupled traces but also the blind and buried vias. Because the differential
signals need to propagate from the input pads (most likely the BGA pads of the
ASIC generating the high speed signals) to the place where they are
transformed to the broadside coupled pair, the relative position of the pads can
be used to compensate for the timing difference.
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N the last chapter, PCB based optical transmitter using the broadside
coupled differential pair has been demonstrated. However, several issues
related to the use of broadside coupled differential pair emerged from the
demonstrations that need to be solved especially in the high frequency range.
Relative to a rigid PCB, FPCs can offer higher fabrication resolution [77] and
also have been shown to provide good performance at bit rates up to 40 Gbps
[71]. Therefore, FPCs are used as the substrates for optical interconnects
[72].
The first idea to print circuits on the flexible material, such as “a page of a
magazine”, was given by Cledo Brunetti and Roger W. Cirtos in 1948 [111].
After that, FPCs have become one of the fastest growing interconnection
technologies on the market [112]. In this chapter, a low-cost 48-channel highspeed FPC based interconnect packaging concept for on-board optical modules
is demonstrated and results show both transmitter and receiver can run 10
Gbps error-free performance for all 48 channels. We start to discuss the
drawbacks of current commercial optical transceiver products and provide the
motivation of this work. Then the design concept for both transmitter and
receiver modules is shown. Following this, a fabricated FPC board is presented
and the transmission lines on it are simulated and discussed. After that, the
assembly processes for both transmitter and receiver are fully detailed. In
addition, the test results are given including BER curves for all 48 transmitter
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and receiver channels and eye-diagrams at 10 Gbps. Also the crosstalk and
results of thermal simulations, performed by using COMSOL, are given.
Finally we draw conclusions.

4.1

Pluggable Optics and On-Board Optics

Pluggable optical transceiver modules such as SFP+, QSFP+ and 12-SFP
(CXP) for 10 Gbps are widely deployed in DCNs [113]. Recently, the
QSFP28 module and the emerging QSFP-DD have provided the 100 G and
200 G links [46], respectively. The switches in DCN have a standard
dimension of 19 inch width and 1.75 inch height (1 rack unit) and currently
such a single-rack unit is limited to a maximum of 32 QSPF+ (Edgecore
Networks AS6712-32X) [114] or 32 QSPF28 (Edgecore Networks
AS7712-32X) [115], which provides 1.28 Tbps and 3.2 Tbps total
bandwidth, respectively. Pluggable transceiver modules can only be placed
at the front panel of such rack switches.

Figure 4. 1 Ethernet bitrate, front panel bandwidth, and switch bandwidth [47].
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Increasing the total system bandwidth requires the bandwidth density on the
faceplate of a rack switch to increase. As a result, the area of the front panel of
the switch board eventually limits the total supported bandwidth of the
switching system. These issues are referred to as the front panel bottleneck. As
shown in Figure 4.1, the front panel bandwidth is expected to reach its limit at
7.2 Tbps using QSFP56 based on 50 Gb/s signaling [47]. Also, the long
electrical transmission lines, connecting optical transceiver modules from the
edge of the board to the switch ASIC, lead to an increase in both power
consumption and signal distortion. As the bit rates rise, increased power
consumption and electrical distortion become more apparent. In addition, retimers need to be placed on the PCB to guarantee sufficient signal integrity and
these require additional power.
Relative to the pluggable transceiver module, the On-Board optics (OBO)
transceiver module has smaller footprint and it allows more transceiver
modules in one switch unit. Also the OBO can dramatically shorten the
transmission lines between the switch ASIC and transceiver module by placing
interconnects on board and avoid the re-timers. [21] These factors ensure the
signal quality and reduce the power consumption. Moreover, moving the heat
sources from the front panel to the board is beneficial to the heat flux transfer
in rack switches. Therefore, OBO is proposed as an alternative to front panel
transceivers.

4.2

Design Concept

The schematic of the optical transmitter/receiver is shown in Figure 4.2.

Figure 4. 2 Schematic drawing of the suggested packaging concept of the
transmitter/receiver on a FPC.

A low loss polyimide material has been used as the base material, which has a
dielectric constant of 3.2 and a dissipation factor of 0.004 at 1 MHz. Both FPC
for transmitter and receiver have dimensions of 3.15 cm × 3.15 cm × 90- µm
(W × L × D), with 2 copper layers sandwiching a thin insulating polymer film.
Copper circuit patterns are affixed on both sides of the polymer layer to allow
interconnections between chips and connection to the commercial ISI HoLi 556
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PGA connector. Solder mask layers on both sides are typically supplied to
protect the metal tracks. There are several reasons for choosing this PGA
connector. Firstly, the pitch of this PGA connector is 1 mm, which is the
standard pitch of most packaged FPGA and switching ASIC chips. Secondly,
the size of a commercially available optical lens interface (2.6 mm × 6.4 mm)
sets the eventual minimum size limit of the module and this PGA connector
can provide enough space in the center to allow the placement of the 4 × 12channel optical straight lens connectors and their fan-out fiber ribbons.
Moreover, the ground plane between differential pairs reduces the crosstalk
between channels, but increases the module size (see Figure 4.3).
Although the polyimide is an excellent material for high-speed applications,
its shape will change during the high temperature reflow process and this
might lead to misalignment during the flip-chip bonding process. To solve this
problem, a plastic stiffener is attached on the FPC to give the required
mechanical support, which will help to avoid the deflection of the FPC and
make the assembly process easier.

Figure 4. 3 Layout for differential pairs and PGA connector.

In the center of the FPC, 50 µm wide coplanar differential pairs for 4
separate 12-channel transmitters (Figure 4.4a) or receivers are routed
compactly. Along the edge of the FPC, 1 mm standard pitch round pads for a
PGA connector are located. The PGA connector is machined to have a hole in
the middle to leave space for the electrical and optical components, and it is
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shown in Figure 4.4b. This PGA connector has been shown to support up to 20
Gbps signaling [116].

(a)

(b)
Figure 4. 4 (a) FPC routing for 4 separate 12-channel transmitters; (b) PGA connector.
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Digital signal transmission

The differential transmission lines, which are based on a coplanar waveguide
design, are used for sending digital high-speed signals within the FPC from the
PGA pads to the electrical chips. The differential impedance for these lines is
calculated and optimized to be 100 Ω by Polar SI9000 and is further simulated
by CST. As shown in Fig. 4.5, the differential pairs are fanned-out from the
pads with 125 µm pitch in the chip to 1 mm pitch pad for the PGA connector
and each chip is routed with 12 differential pairs. Due to the locations of the
pads, the length of the differential pairs varies from 13.1 mm to 4.8 mm. Also,
the impedance-matched differential pairs are designed to have 70 µm width and
125 µm pitch (between two differential pairs) and 150 µm gap from the ground
plane. The drawing of the FPC layer stack for a differential pair is shown in
Figure 4.5.

Figure 4. 5 Drawing of the layer stack of the FPC for supporting 100 Ω differential
transmission lines.

The S parameters of the designed differential pair on FPC are then simulated
using the 3-D full-wave electromagnetic simulation tool of CST. We simulate
the same differential transmission line with and without the PGA pads. It is
clear that the diameter D of the round pad (with 1 mm pitch) also influences the
signal transmission performance especially at high frequencies. The
transmission parameter and reflection parameter of channel 9 with 10.1 mm
length are shown in Figure 4.6.
Based on the simulation results, the transmission line itself has a reflection
parameter (S11) below -20 dB and its transmission loss (S21) is better than -1.2
dB up to 30 GHz. It is obvious that the large pads for the PGA connector will
introduce some unwanted reflections and propagation losses at high
frequencies. However, the commercially available high-speed PGA connector,
which has 0.34 diameter round pads, can easily support signals up to 30 GHz
and provide only -2 dB transmission loss (S21) and below -10 dB reflection
(S11). The loss coefficient of the differential pair on FPC is about 0.6 dB/cm at
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30 GHz. For a maximum transmission loss of 3 dB, the maximum length
should not exceed 5 cm.

(a) S21

(b) S11
Figure 4. 6 S parameters simulation of differential pair, TL: transmission line.

Figure 4. 7 28 Gbaud PAM4 eye-diagram for BTB (left) and channel 11 (right).

In order to analyze the high-speed performance of this differential pair, the
28 Gbaud PAM4 signal is injected at the longest differential pair - Channel 11,
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which is 13.2 mm, and picked up at the other end. This channel suffers from the
largest propagation loss and reflections because of its length. The PAM4 eyediagram and the BTB performance are shown in Figure 4.7. Due to the
insertion loss of the probe and propagation loss of the transmission line, the
amplitude swing is reduced from 600 mV to 400 mV. Also, the jitter is
increased due to the small length difference of the differential pair. However,
the eye is still clearly open.

Analog signal transmission

Based on the pad layout of the chips, the trace needs to be designed as a 125
µm pitch ground signal line to connect the anode and cathode pads of the 250
µm pitch optical arrayed devices. Although for many high-speed transmission
lines a 50 Ω impedance is often desired, the impedance of optics (VCSEL and
Photo-detector) may be quite different. Therefore, the eventual performance of
the device including both electricals and optics is highly dependent on this
transmission line.
There are several issues that need to be considered in the design. Since
VCSEL parameters vary with bias current, the connection should be designed
as short as possible since a long trace can lead to signal degradation. Shorter
connections allow for tight coupling between the anode and cathode which can
reduce lane-to-lane cross-talk [117]. As the length of the connection grows,
attention should also be paid to impedance matching to reduce the unwanted
reflections [118].
The VCSELs used in this transmitter support up to 14 Gbps with 65 Ω
series resistance. Based on this resistance, the transmission line is designed as a
50 µm wide signal trace and 50 µm wide ground trace with 75 µm gap. The
characteristic impedance of this trace is calculated to be 65 Ω to match the
VCSELs by Polar SI9000. However, not all high-speed 850 nm VCSELs have
65 Ω differential series resistance and their impedances depend not only on the
design structure corresponding to the speed but also on the bias current [119].
For example, the 10 Gbps, 14 Gbps and 25 Gbps VCSEL have a differential
series impedance of 50 Ω [108], 65 Ω [109], and 80 Ω [110], respectively at 6
mA bias current.
CST has been also used to simulate the S parameters for this signal ground
transmission line. In the simulation, the impedance of the driver source was set
to 50 Ω and the length of the transmission line to 500 µm. The impedance of
the load is set as 50 Ω, 65 Ω, and 80 Ω, respectively. The simulation results are
shown in Figure 4.8.
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(a) S21

(b) S11
Figure 4. 8 Simulation S parameters of connection between driver chip (50 Ω) and
different loads.

Based on the S-Parameter simulation results, due to the small length and low
material loss, even though the impedance is not matched, there is little
difference in the propagation parameter and for all three impedances, the
propagation losses are less than -0.25 dB up to 30 GHz. The reflection factors
for different loads are changing a lot because of the impedance mismatch. The
transmission line is designed for 65 Ω to match the 14 Gbps VCSELs. When
the source with 50 Ω drives a 10 Gbps VCSEL with same impedance through
this transmission line, the reflection factor rises from -38 dB at 2 GHz to -16dB
at 30 GHz. This shows that matching the impedance for both source and load
without considering the impedance of a short transmission line is possible,
especially for the low-frequencies. Also, the result shows that matching the
impedance for a short transmission line and a load of 65 Ω and leaving the
driver source with 50 Ω gives a good solution. Relative to the 50 Ω solution,
when the frequency is beyond 26 GHz, the performance of the 65 Ω solution
becomes better. The reflection factor (S11) of this solution is very flat and
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always below -17 dB from 2 to 30 GHz. If the load with 80 Ω series resistance
is applied with 50 Ω driver source and 65 Ω transmission line, due to the short
length of trace, the simulation result shows that even though the reflection
performance is not as good as the other solutions, it is still below -13 dB.
Overall, we believe the designed transmission line between driver chip and
VCSELs can support up to 28 Gbps signaling speeds in our FPC platform.
Different types of driver designs might also affect the performance based on
their output impedance. For example, in order to reduce the power
consumption, the output resistance of the driver chip is designed to be
relatively large compared with the VCSEL junction resistance [119].
Besides the factors discussed above, the length of the trace can also make a
large difference on the high-speed performance. In order to validate this
influence, 500 µm length traces and 1000 µm length traces have been designed
in the four 12 channel transmitters.
Because of the low-cost process, the fabrication resolution is coarse and hard
to control. In order to avoid potential short-circuits, over-etching is applied
during the fabrication process. This results in traces on the FPC which are 30
µm wide (nominal size was 50 µm) with 125 µm pitch GSG transmission line
and the drawing of GSG trace is shown in Figure 4.9.

Figure 4. 9 Drawing of ground-signal-ground (GSG) trace in design.

CST software is used to re-simulate this fabricated transmission line and the
Vector Network Analyzer (VNA) is used to measure its S parameters. In both
the simulation and test, the output resistance of driver chip is 50 Ω and the
impedance of the VCSEL is set to 50 Ω to verify the performance at 10 GHz.
The results of these measurements and simulations are further discussed in
Section 4.5.
Compared to the transmitter, the link performance between the photo diode
and TIA chip cannot be optimized by changing the current. Therefore, highspeed signal degradation is clearly observed [120]. To overcome these
potential problems, the photo-detectors are placed close to the TIA chips using
a trace of only 300 µm long, which is the shortest possible transmission line
between these two components.

Assembly

4.4
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The FPC is fabricated with analog and digital traces as designed above. The
metal traces are made of copper and the FPC base material is polyimide film,
which is flexible with a tensile strength of 345 MPa. As a result, the direct flipchip bonding on such a thin film becomes a challenge. In order to overcome the
deflection during bonding, plastic stiffeners are glued on the FPC to enhance
the stiffness of the FPC. The thermal expansion coefficient of the stiffener is
close to the thermal expansion coefficient of the FPC to avoid possible CTE
mismatch related issues during the high-temperature reflow processes. Four
cavities have been designed in this additional plastic layer to allow for the
insertion of optical straight lens connectors. The top view of the fabricated
FPC is shown in Figure 4.10.

Figure 4. 10 Top view of the fabricated FPC.

The FINEPLACER® Femto is used to flip-chip bond both the BiCMOS
driver integrated circuits (ICs) and 850 nm MM VCSEL arrays through a
SnAg solder bumps reflow process. To improve the reflow process, formic acid
vapor is introduced during the process to reduce surface oxidation of the solder
bumps. To further improve the stiffness of the FPC substrate during the die
reflow, a special attachment for the hotplate has been machined with a relief for
contacting the FPC in the cavity during the bonding (Figure 4.11a). When
using a standard flat hotplate, the air inside the cavity has a much lower
thermal conductivity, reducing the heat transfer from the hotplate to the pads
on FPC and solder bumps on chips. The specially designed hotplate attachment
is made of aluminum, which has a high thermal conductivity that greatly
improves the heat transfer between the hotplate and the pads on the FPC. After
visual alignment, both the chip pick-up holder (330 °C) and hotplate (300 °C)
are warmed up for 60 seconds to complete the solder reflow process between
the VCSEL array and FPC (Figure 4.11b). Then for the attachment of the
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CMOS dies heat is only applied to the hotplate and FPC. The reflow process
takes place at 300 °C and lasts 60 seconds (Figure 4.11c) to complete the
assembly process. The FPC is flipped up-side down and the optical straight
lens connectors with dimensions of 2.6 mm × 6.4 mm are assembled through
the cavities with epoxy (Figure 4.11d). Each connector contains 12 optical
lenses in parallel with a pitch of 250 µm matching that of the VCSEL array.
The FINEPLACER® Lambda is used to align between the lenses and
VCSELs.

(a)

(b)

(c)

(d)

Figure 4. 11 (a) Specially designed hotplate for FPC; (b) Flip-chip bonding of VCSELs
on FPC with solder reflow process. (c) Flip-chip bonding of CMOS Driver ICs on FPC
with solder reflow process; (d) Assembly of the optical straight lens connectors to the
module.

The assembly processes for the receiver module require some modifications.
As no PD arrays were available with solder bumps, ultrasonic bonding process
is used to make the connection between the photo-detector array and FPC. The
VCSELs and Photo-detectors are usually commercially available as dies with
gold pads. Ultrasonic bonding process is a good solution for these relatively
robust optical chips based on GaAs materials. For soft chips such as InP, a
solder paste transfer process can be applied on their pads, which may prove to
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be compatible with reflow processes in industrial production lines. It means
that both packaging approaches can be easily used for most III-V
semiconductor based optical chips.
The fully assembled device with fiber ribbons attached is shown in Figure
4.12. Both the front (a) and the back (b) sides of the 48-channel on-board
transmitter are shown.

(a)

(b)

Figure 4. 12 4 × 12-channel MT fiber array ribbons connected to the on-board
transmitter, front (a) and back (b) side.

After that, the solder reflow process is applied to bond the ISI connector at
250 °C for 60 seconds. The fully assembled on-board optical receiver is shown
in Figure 4.13.

Figure 4. 13 The fully assembled on-board optical receiver.
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High-speed data transmission and detection is used to evaluate the highspeed performance of the transmitter and receiver modules. The experimental
setup is shown in Figure 4.14. A 1 mm pitch differential RF probe is used to
inject signals to a differential pair of PGA pads. A microcontroller is used to
control the driver and TIA chips with a two wire communication interface and
to provide a 3.3 V power supply. The standard MPO connector is connected to
the optical straight lens connectors through the MT ferrules. A commercial
SFP+ module functions as a high-speed light source or detector in the
experiment, depending on the module tested.

Figure 4. 14 Experimental setup.

Transmitter Testing

A 10 Gbps differential electrical signal, with a 231 –1 NRZ PRBS, is injected
into the driver chips and VCSEL array on the FPC through a 1 mm pitch RF
differential probe. All the VCSEL channels are turned on and the measured
output power ranges from -1.5 dBm to -0.5 dBm. The receiver, inside the SFP+
module is used to detect the optical signals from the VCSELs. The electrical
output signal from the SFP+ is then connected to the oscilloscope and error
detector. Based on the results, all 48 channels in this transmitter module show
error-free performance at 10 Gbps. The BER of 48 channels is tested one by
one and the results are shown in Figure 4.15.
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Figure 4. 15 BER curves for 48-channel transmitter.

Based on the BER test results, the transmitter design with 1000 µm long
transmission lines between driver output and VCSEL array (from Channel 37
to Channel 48) shows the worst performance and its average sensitivity at 1e-9
is -11.53 dBm. The average sensitivity for other channels with 500 µm length
transmission line (from Channel 1 to Channel 36) is -12.02 dBm for a BER of
1e-9. All the 48 channels in the transmitter module perform better than the
SFP+ module whose sensitivity is -11.1 dBm. In addition, the receiver
sensitivity spread is within 1 dB for a BER of 1e-9.
One possible reason for the reduced performance of the transmitter chip
based on the longer traces could be the difference in RF performance. In order
to investigate this issue, CST software is used to simulate the expected
performance and a VNA is used to measure the S parameter of both 500 µm and
1000 µm length transmission lines. The reflection and transmission coefficients
of the long and short traces are shown in Figure 4.16. In both the simulation
and measurement, the driver source and load are set to 50 Ω. We see that the
long transmission lines cause increased signal loss, about 0.5 dB, and higher
reflections, around 5 dB. Based on this, the signal degradation will lead to a
drop in the current amplitude swing leading to a reduced ER and finally poorer
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receiver sensitivity. Also, the parasitic capacitance of the bond pads [121]
might impact the BER performance.
Based on the S-parameter simulation results (Figure 4.16), all channels in the
transmitter module have less than -0.3 dB propagation loss and lower than -12
dB reflection at 10 GHz. The measurement results are clearly underperforming
when compared with the simulation. This can be attributed to the loss factor of
the material, which increases at high frequencies, as well as additional
impedance mismatch of the real devices. Compared with the simulation results
in Section 4.3, the fabricated trace suffers from an additional 0.3 dB loss and 5
dB reflection relative to the theoretically designed trace.

(a) S21

(b) S11
Figure 4. 16 S Parameter measurement results.
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The eye diagrams for all 48 channels are visibly open at 10 Gbps and shown
in Figure 4.17. Similar to the BER test result, the long connection between the
driver chip and VCSELs also leads to increased jitter in the eye pattern
(Channel 37 to Channel 48). Based on the modulated current, the ER of this
transmitter is 5.5 dB.

Figure 4. 17 Eye-diagrams for 48-channel transmitter, eye opening = 180 mV.

Receiver Testing

The same experimental setup is used to verify the high-speed performance of
the receiver. The transmitter of an SFP+ module is used to generate optical
signals with 10 Gbps NRZ PRBS 231 –1 sequence. Then, the optical signals are
detected by the photo-detector and amplified by the TIA chip. The converted
differential output electrical signals are visualized on the oscilloscope, with one
port terminated with 50 Ω and are further connected to an error detector for
BER measurements. The BER testing is also performed on the receiver module
and the measured results are shown in Figure 4.18. The actual receiver
sensitivity value should be compensated with an additional 0.6 dB, which is the
minimum insertion loss of the optical straight lens connectors. After the
compensation, all 48 channels in this receiver outperform, in terms of BER, the
SFP+ module. All 48 channels show a receiver sensitivity distribution of
around 1.2 dB. This is caused by misalignment of the optical connector in both
the vertical and horizontal directions and deflections of the surface of the FPC.
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Figure 4. 18 BER curves for 48-channel receiver.

The eye diagrams for all 48-channels are clearly open as shown in Figure
4.19.

Figure 4. 19 Eye-diagrams for 48-channel receiver, eye Opening = 200 mV.
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In this receiver design, 10 µF and 0.1 µF decoupling capacitors are soldered
next to the electrical TIA chips to prevent resonances in the power rail. The
eye-diagrams before and after the de-coupling capacitors assembly are shown
in Figure 4.20. It is clear that the eye-opening after assembling these
decoupling capacitors greatly improves from 120 mV to 180 mV.

(a)

(b)

Figure 4. 20 Eye diagram (a) without and (b) with decoupling capacitors.

Crosstalk Testing

As mentioned in Section 4.3, compared to the transmitter, the receiver is
more prone to signal degradation and it is more sensitive to crosstalk created
by adjacent channels. Therefore, crosstalk is measured on the receiver module.
Two optical signals, with 10 Gb/s PRBS 231 - 1 sequence are generated by a
QSFP28 module and fed to the inputs of Channel 4 and Channel 6, while
testing the performance of channel 5 using an error detector module with
differential inputs. The BER curves of Channel 5 are drawn in Figure 4.21,
compared with one channel, two channels and three channels in operation. The
results show that the impact on the performance of Channel 5 is less than 0.4
dB reduction in receiver sensitivity. Feeding more optical signals into other
non-adjacent channels has not resulted in any further measureable degradation.
We can conclude that the crosstalk induced receiver sensitivity penalty for each
adjacent channel is less than 0.25 dB. This low level of crosstalk is mostly due
to the good electrical isolation between the signal traces made possible by the
FPC platform and possibly also for a part due to the good optical isolation
inherent to the large distance between PDs in the array (250 µm).
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Figure 4. 21 BER curves of Channel 5 of receiver module, when Channel 5 alone,
Channel 5 and Channel 4, Channel 5 and Channel 6, and three channels are fed with
optical signals.

4.6

Thermal Simulation

One of the biggest concerns in compact designs is heat dissipation and the
eventual thermal conditions to which optical devices are exposed. Based on the
datasheet, a typical IC used in our packaging demonstration, will dissipate 1.02
W for each 12-channel module when all channels are operating at 10 Gbps
simultaneously. COMSOL is used to simulate the thermal dissipation of this
compact design.
The electrical chip is predominantly composed of silicon with a metal stack
layer (copper), and SiO2 passivation layer on the top. Its physical dimensions
are 3870 µm × 2245 µm × 430 µm (W × L × H) and the dimensions of the
optical chip are 3250 µm × 500 µm × 200 µm. As shown in Figure 4.22, four
12-channel modules are placed on the FPC following the design concept in
Section 4.2.
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Figure 4. 22 FPC based module modeling in COMSOL.

In the simulation, the ambient temperature is set to 20 °C. The heatsink is
directly attached to the top of the 4 electrical chips and these 4 heat sources 12-channel modules - are assumed to be operating at maximum power
dissipation. A possible heatsink design is simulated. The suggested heatsink is
made of copper and measures 20 mm × 20 mm× 2 mm (W × L × D) with fins
on the top side measuring 20 mm in height and having an aspect ratio of 20 and
the gap between the fins is 3.8 mm, which is shown in Figure 4.23 .The average
speed of the air flow is 1 m/s.

Figure 4. 23 The geometry of a copper heatsink in the simulation.
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The result of the thermal simulation is shown in Figure 4.24. After using a
heatsink, the maximum temperature is 34 °C, which is 14 °C higher than
ambient. Based on [19], we expect the output power of a VCSEL to drop by
only 0.2 mW at a bias current of 6 mA due to this elevated temperature.

Figure 4. 24 Thermal distribution.

4.7

Conclusion

Cost-effective on-board optical transmitter and receiver modules have been
packaged by assembling electrical and optical chips on a FPC. A compact
assembly concept was used to package both a 48-channel transmitter and
receiver. They offer a larger bandwidth density than most commercially
available OBO modules. The impedance matched connections are designed in
Polar SI9000 and simulated in CST. The electrical traces have been simulated
up to 30 GHz and show excellent performance. Therefore, this design of
electrical and optical connections can be used for next generation optical
transceivers working at higher speed.
All 96 channels in both transmitter and receiver are tested at 10 Gbps. The
eye-diagrams are clearly open for all channels at 10 Gbps. The BER results
show that both on-board transmitter and receiver have better performance
than a commercial SFP+ module. The FPC based OBO modules show a
promising solution to the low-cost high-speed optical interconnects with a
large bandwidth density. Stiffeners and low-temperature packaging processes
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are highly recommended for facilitating the assembly of these OBO modules to
avoid the deflection of the surface of the FPC.
To improve the performance and realize higher bit-rate, short
interconnections are highly recommended. In the following chapter, we will
aim to build a large scale low-cost transceiver module using standard 1 mm
pitch BGA layout, which is compatible with FPGAs and switching ASICs.
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5
Ceramics-based Optical Engine and
Concept Design of Transceiver Board
for FPGA

A

S a conventional material for electronics, ceramics has a long history of
being an excellent substrate for electronic applications. For example, the
ceramics substrates for military electronics and radio devices could be traced
back more than a hundred years [121]. There are several advantages of using
ceramics-based electronic sub-systems. Ceramic material has a comparably low
and stable coefficient of thermal expansion (close to silicon and far below that
of most common metals) and this improves the long-term reliability. It also
offers good thermal conductivity, chemical stability, mechanical stiffness,
thermal resistance, and high process temperature. These properties are
compatible with most packaging and assembly processes. In addition, ceramic
substrates have stable dielectric permittivity and low loss factor at radio
frequencies [121]. As a result, besides ceramics-based microelectronics
packaging, the research of ceramics-based opto-electronic packaging was
dramatically increased over the last decade [74, 82, 122].
This chapter starts with reviewing the patterned fabrication processes on
ceramics with multilayer thick film (MLTF) and PITF technology [73].
Afterward, a 100 G ceramics-based optical engine is presented in detail and its
characterization results are discussed. A concept design of a transceiver board
for an FPGA is then discussed and evaluated. Finally, a section is devoted to
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summarize a ceramics-based opto-electronic packaging technology and concept
design of a transceiver board directly attached on the back of an FPGA demo
board.

5.1

Requirements for High-Level Integration

In 1965, Gordon E Moore suggested that the complexity for minimum
component costs would double every 12 months, which is famously referred to
as Moore’s Law [123]. This law is now used to guide long-term planning and
to set targets for research and development. As the size of devices become
much smaller, systems become more compact and denser. Therefore, the desire
for highly integrated systems leads to the strong development of both
substrate fabrication and packaging technology.

5.1.1

Fine Line Photoimageable and Multi-Step Thick Film

The conventional MLTF technology has driven the development to improve
the line/spacing width and patterning resolution for many years. However, the
screen-printing step becomes the bottleneck for the patterning resolution.
PITF technology was reported from the 1990s by DuPont [124, 125] and
Hibridas [126]. The fabrication principle can be briefly explained as follows.
As regular thick film materials, photoimageable pastes contain ultraviolet (UV)
photo-initiators and reactive polymeric compounds. UV exposure initiates a
polymerization reaction in the paste. Then, high pressure sprayed developer
solution is used to develop non-exposed materials with a mechanical abrasive
process.
Although PITF technology is capable of realizing finer pitch patterns,
multilayer structures cannot be achieved by using PITF technology. In 2017,
an emerging fabrication technology combining PITF technology and MLTF
technology has been demonstrated to successfully develop 30 µm line width/
spacing width and multilayer structures on ceramics [73].

5.2

100 G Ceramics-based Optical Engine

5.2.1

Design and Fabrication

As presented in Figure 5.1, we also used the 2.5 D packaging concept in a
ceramics-based optical engine.
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Figure 5. 1 The scheme of 100 G ceramics-based optical engine.

A low-loss ceramic interposer used in the optical engine was 200 µm thick
and made of 96% Alumina (Al2O3), which has a dielectric constant of 9.4 and a
dissipation factor of 0.0004 at 1 MHz. An 8 mm × 7.5 mm patterned ceramic
interposer is designed for a QSFP28 module. In the design, edge coupled
differential pairs are used and the differential impedance of these pairs is
simulated and optimized to be 100 Ω by Polar SI9000. The drawing of a 100 Ω
differential pair is shown in Figure 5.2. These differential pairs are fanned-out
from the pads with 130 µm pitch in the chip to 250 µm pitch for connection to a
differential probe and each electrical chip is routed with 4 differential pairs. To
maintain the signal integrity, traces between optical dies and electrical chips
are only 350 µm long.

Figure 5. 2 Drawing of a 100 Ω differential pair structure on ceramics.

The fabrication processes of traces on the ceramics are based on PITF and
MLTF technology and carried out at Neways Technologies and the schematic
process flow of PITF technology is shown in Figure 5.3a. As shown in Figure
5.3b, photoimageable paste is screen-printed on ceramics and is dried using an
oven. After aligning with a mask, a collimated scanning UV light emitting
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diode (LED) array is used to expose the photoimageable paste and the traces
are created during the development process. The firing process is used
afterward at 850 0C for 1 hour. To build up an additional layer, MLTF
processes can be used on the other side of ceramics.

(a)

(b)
Figure 5. 3 (a) Schematic process flow of PITF technology; (b) The fabrication
processes flow of traces on ceramics.

Relative to microelectronic interposers, opto-electronic interposers require
optical vias. Therefore, in between the fabrication process of the two layers,
optical vias are opened by using a laser drilling process.
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5.2.2

Assembly

After dicing, the fabricated ceramic interposer is used for 100 G optical
engine assembly. Both optical dies (850 nm MM VCSELs and PDs) and
electrical chips (BiCMOS driver and TIA chips) are flip-chip bonded by a die
bonder. The connections between optical dies and ceramic interposer are
achieved by using thermosonic bonding. After that, solder reflow process is
applied to bond the electrical chips at 244 0C for 20s.

Figure 5. 4 Top view of the 100 G ceramics-based optical engine and assembled
VCSELs and PDs (taken from bottom side of ceramics interposer).

As illustrated in Figure 5.4, the distance between apertures of VCSELs and
PDs is 250 µm and the closest distance between apertures of VCSELs and PDs
is 1250 µm. This arrangement is in common with that of a commercial QSFP28
module. With the accuracy of 0.5 µm, the alignment is performed between the
lens of an optical straight lens connector and the apertures of VCSELs and
PDs. The optical straight lens connector is then glued on the back side of the
ceramic interposer. The fully assembled ceramics-based optical engine is shown
in Figure 5.5.
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Figure 5. 5 The fully assembled 100 G ceramics-based optical engine.

5.2.3

Experimental Results

As shown in Figure 5.6, the commercial 12-channel MT ferrule with fiber
ribbon provides light access to the module. Flip-chip bonded electrical chips
and optical dies can also be seen in the photo. An MPO cable is used to connect
the fiber ribbon and a commercial QSFP28 module, which is deployed to
characterize the 100 G ceramics-based optical engines.

Figure 5. 6 Side view of the fully assembled 100 G ceramics-based optical engine.
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Figure 5.7 shows the experimental setup. A 250 µm differential RF probe is
used to transmit the high-speed electrical signal and the power, ground, and
I2C bus lines are connected to a 3.3 V power supply and a microcontroller with
125 µm probes.

Figure 5. 7. Experimental setup.

Transmitter Test

The 4-channel transmitter is tested with a 231 –1 NRZ PRBS at 25.78 Gbps.
A commercial QSFP28 module is used to receive and convert the optical
signals from the assembled transmitter module. Then, the electrical signals are
passed to an oscilloscope and an error detector. All the VCSEL channels are
turned on and the measured output power ranges from -1.8 dBm to -2.4 dBm.
The coupling loss of the straight lens optical connector should be at least -0.6
dB. As shown in Figure 5.8, the eye-diagrams are clearly open. Also, the BER
of 4 channels is tested one by one and the results are shown in Figure 5.9.

Figure 5. 8 The eye-diagrams of the transmitter at 25.78 Gbps.
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Figure 5. 9 The BER curves of all transmitter channels.

Based on the results, all channels are working uniformly and the spread of
the BER curves is within 0.5 dB for a BER of 1e-9 and have better performance
than a commercial QSFP28 module. The modulated currents have also be been
used to calculate the ER of this transmitter, which is 4.1 dB.

Receiver Test

The 4-channel receiver is also tested with a 231 –1 NRZ PRBS at 25.78 Gbps.
The commercial QSFP28 module is working as a transmitter to provide the
high-speed optical signals to characterize the performance of the assembled
receiver. The oscilloscope and the error detector are used to measure the eyediagrams and BER as well. The pre-emphasis function is enabled during the
whole test. As shown in Figure 5.10, the eye-diagrams at 25.78 Gbps for all 4
channels are visibly open and their BER curves are shown in Figure 5.11.

Figure 5. 10 The eye-diagrams of receiver at 25.78 Gbps.
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Figure 5. 11 The BER curves of all receiver channels.

The results show that all channels in the assembled receiver can run errorfree performance at 25.78 Gbps with a 0.4 dB variation of receiver sensitivity at
BER level 1e-12. Also, the performance of the receiver is still better than a
commercial QSFP28 module. The same components are also used for a silicon
interposer based receiver module [38]. Both demonstrations have resulted in
similar BER performance indicating that the ceramic based solution is a good
low-cost alternative to the clean-room based silicon interposer technology.

Crosstalk Test

To characterize the crosstalk performance of the assembled optical engine,
optical crosstalk to an adjacent channel is measured to below -40 dBm. Then
the electrical crosstalk performance of the receiver is tested. Because relative to
the transmitter, the receiver is more prone to signal degradation and it is more
sensitive to crosstalk created by adjacent channels, two optical signals at 25.78
Gbps are generated by the commercial QSFP28 module and fed to adjacent
channels (1 and 3) while testing the performance of Channel 2 using an error
detector module with differential inputs. As shown in Figure 5.12, the
comparison in the BER curves of Channel 2 is shown with a single channel, one
adjacent channel (Channel 1), and two adjacent channels (Channel 1 and 3).
Based on the results, the crosstalk induced receiver sensitivity penalty for each
adjacent channel is less than 0.2 dB. The crosstalk caused by other channels is
not found during the test.
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Figure 5. 12 BER curves of Channel 2 of receiver, when Channel 2 alone, Channel 2
and Channel 1, and three channels are fed with optical signals.

5.3

Concept Design of Transceiver Board for an FPGA

To increase bandwidth density, several compact proposals are suggested in
the design of a single optical transceiver module [72, 113, and 127]. However,
relative to a single optical transceiver module, the compact design of a whole
transceiver board for a switching system could provide more bandwidth
density by removing discrete electrical connectors for each single transceiver
module. In this section, we propose a concept design for a compact transceiver
board, which can be directly connected on the back side of an FPGA demo
board. Because most FPGAs and switching ASICs are packaged with 1 mm
flip-chip BGA, a specially designed 1 mm pitch high-speed connector is
demonstrated firstly. After that, the architecture of the switching system is
detailed. Finally, we briefly present the layout of the transceiver board in the
switching system.
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Concept Design of Transceiver Board for an FPGA

FPGA Demo Board with Low Profile Array Connector

In Chapter 4, it was shown that 1 mm pitch pads have excellent high-speed
performance up to 30 Gbps. The pad layout of a Xilinx FPGA XCVU095 FFVC2104 (shown in Figure 5.13) is also arranged on a 1 mm pitch grid and
its high-speed differential signals are placed in the outside rows (to ease
routing and reduce electronic crosstalk), and the direct current signals are
concentrated in the central area. The FPGA board supports 32-channel GTH
transceivers (up to 16.375 Gbps) and 32-channel GTY transceivers (up to
32.75 Gbps). An FPGA demo board is designed fabricated and assembled by
AcQ International BV, which is shown in Figure 5.14. Mounting holes in the
demo board for the screws can also be seen in the same photo.
The plated vias are designed under the FPGA board for a high-speed low
profile array connector (shown in Figure 5.15). This low profile array
connector is specially designed and fabricated by Samtec. Based on our
requirements, this low profile array connector contains solder balls on one side
and springs on the other side and supports high-speed transmission up to 28
Gbps [128]. The deflection simulation of the packaged FPGA demo board and
transceiver board after fixing this low profile array connector has also been
optimized by Samtec.

Figure 5. 13 The pin layout of FPGA [129].

Concept Design of Transceiver Board for an FPGA

93

Figure 5. 14 Xillinx FPGA demo board.

Figure 5. 15 A specially designed low profile array connector. Left: spring side. Right:
solder ball side.

5.3.2

Concept Design of Transceiver Board for an FPGA

Based on this pads layout, we proposed a compact design concept of a
transceiver board, which can be directly attached to the Xilinx FPGA board.
Based on the 3D drawing for the transceiver board directly attached to FPGA
demo board (shown in Figure 5.16), this architecture can provide relatively
short transmission lines between the FPGA (or a switch ASIC etc.) and
transceivers. The advantages of shortening the transmission are significant. It
can avoid repeaters/retimers and efficiently reduce the power consumption. At
the same time, the high-speed signal quality is improved by shorting the
transmission distance as well [21]. Because of the compact design, this
switching system (an FPGA demo board and a transceiver board) can offer 1.5
Tbps bandwidth relative to “1 rack unit standard” switches [111, 112] and
current FPGA development board [130].
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Figure 5. 16 3D drawing of the concept design of the transceiver board for FPGA.

As shown in Figure 5.17, the optical engines are located in both the central
and side areas of the transceiver board. Straight and light turning connectors
can be used to couple the light from the optical engines.

Figure 5. 17 Schematic drawing of cross section view for the concept design.

The layout of the transceiver board has been fully designed, which is shown
in Figure 5.18a. The area in the dashed line is zoomed in Figure 5.18b. The
ground plane is designed between the differential pairs to reduce the crosstalk
and decoupling capacitors are placed between the FPGA and optical engines to
protect the devices. Mounting holes are open for the screws and alignment
pins.

Concept Design of Transceiver Board for an FPGA

(a)

(b)
Figure 5. 18 (a) The layout of transceiver board; (b) Zoomed-in view of area in the
dashed line.
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5.3.3

Concept Design of Transceiver Board for an FPGA

Thermal Simulation of Transceiver Board for an FPGA

COMSOL is used to simulate the thermal dissipation of this transceiver
board. As shown in Figure 5.19, four 12-channel 10 Gbps optical engines are
placed on the left part of FPC (GTH area) and the maximum power dissipation
of each 12-channel 10 Gbps chip is 1.02 W. Also, six 4-channel 25 Gbps optical
engines (six 4-channel transceivers and six 4-channel receivers) are placed on
the right part of FPC (GTY area) and the maximum power dissipation of each
4-channel 25 Gbps driver and receiver chip are 940 mW and 845 mW,
respectively.

Figure 5. 19 FPC based transceiver board module modeling in COMSOL.

In the simulation, the ambient temperature is set to 20 °C and the power
dissipation of FPGA is assumed to be 50 W, acting as the highest heat
generation source in the assembly. As a result, a large heatsink design is
suggested on the top of FPGA. This heatsink is made of copper and measures
90 mm × 90 mm × 3.5 mm (W × L × D) with fins on the top side measuring 60
mm in height and having an aspect ratio of 20 and the gap between the fins is
3.3 mm, which is shown in Figure 5.20 .The average speed of the air flow is 2
m/s.

Figure 5. 20 The geometry of a copper heatsink for FPGA.
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(a)

(b)
Figure 5. 21 Simulated thermal distribution (a) front view; (b) cross section view.

A copper heat sink is also applied for the FPC based transceiver board on the
bottom (shown in Figure 5.21a) and its physical dimensions are 90 mm × 90
mm × 5 mm (W × L × D) with fins on the bottom side measuring 20 mm in
height and having an aspect ratio of 6.7 and the gap between the fins is 3.3 mm.
The result of the thermal simulation is shown in Figure 5.21. As shown in
Figure 5.21b, the maximum temperature is 42 °C on the top of FPGA after
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using two heatsinks. The output power of VCSELs will only drop 0.3 mW at a
bias current of 6 mA due to this elevated temperature [19].
To reduce the physical dimension of the copper heat sinks, ceramics can be
used to replace the FPC due to its excellent heat conductivity.

5.4

Summary

In this chapter, a ceramics-based optical engine is demonstrated in QSFP28
configuration for 100 G data transmission and a concept design of a transceiver
board is proposed to an FPGA demo board.
To assemble the optical engine, optical dies (an 850 nm MM 4-channel
VCSELs and PDs) and electrical chips (a 4-channel driver IC and TIA/LA
chips) are flip-chip bonded on an 8 mm × 7.5 mm ceramic interposer with a die
bonder. The performance of the assembled optical engine is fully characterized
afterward. All channels of the optical engine show error-free performance at
25.78 Gbps. The spread of BER curves of the transmitter is within 0.5 dB for a
BER of 1e-9 and the variation of receiver sensitivity at a BER of 1e-12 is within
0.4 dB. Further, the crosstalk impact from adjacent channels is measured as
well and the result is below 0.4 dB.
In collaboration with industrial partners an FPGA demo board has been
designed, fabricated, and assembled. In addition a specially designed high-speed
(28 Gbps) low profile array connector has also been fabricated by Samtec. This
connector is proposed to connect the FPGA demo board and a transceiver
board. In a concept design, the transceiver board is suggested to be directly
attached to the back side of the FPGA demo board.
This architecture can efficiently reduce power consumption and improve
signal integrity by removing repeaters/re-timers and shortening transmission
lines. Furthermore, relative to commercial switches and FPGA development
boards, the bandwidth density is dramatically enhanced by using this compact
packaging design.
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6
Advanced Packaging Concepts for
Transmitter modules

A

S described in the previous chapters, the optical interconnects are able to
offer high bit rate and large bandwidth density relative to conventional
electrical communication in DCN [18, 19]. The direct modulated VCSEL
based optical transmitter offers low-power dissipation, low driver current and
high-speed modulation. However, some drawbacks still exist in the current
VCSEL based transceiver module. One problem is that under harsh
environmental conditions, the reliability of VCSELs tends to degrade [131].
Another problem is that the current optical interfaces limit the bandwidth
density of transceiver modules [47]. In this chapter, we first introduce
redundancy in the VCSEL-based transmitter and practically build a redundant
VCSEL based transmitter module to improve the reliability. Based on this, an
automatic recovery system from VCSEL failure is suggested. Finally, we focus
on the SDM and the MCF technology and a low-cost 100 Gbps MCF VCSEL
based transmitter module platform is demonstrated to improve the bandwidth
density and can be one solution for future transmitter modules.
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6.1

Enhancing the Reliability of Optical Interconnects
with Redundant VCSELs

6.1.1

Redundant VCSELs

In a commercially available VCSEL-based transceiver module, if an
individual VCSEL breaks down, the entire transceiver module needs to be
replaced. It consequently leads to additional down time and cost. In [132, 133],
the reliability of VCSEL-based interconnects is discussed and a method for
improving it is suggested through the introduction of redundant VCSELs in
the parallel interconnects modules. However operation of such a redundant
transmitter at high bit rates (10 Gbps) has never been demonstrated and the
exact nature of the control circuitry required for its implementation is not
clear.

Figure 6. 1 Left: Image of assembled redundant VCSELs based transmitter; Right:
Schematic diagram of chip connections and optical fibers.

A PCB is used as the carrier in this demonstration being a low-cost industrial
standard technology and having short fabrication time. A BiCMOS driver chip,
two 850nm MM VCSEL array and one dual inverter gate are glued on the
PCB. The PCB is meant to provide the metal traces between the electrical
contacts and a CXP edge connector. The wedge bonding process is used to
electrically connect the PCB and the components. A VCSEL is usually
connected to a single output channel of a BiCMOS driver in the transmitter
module. Relative to the common structure, two VCSELs are linked in parallel
to the same output channel of the BiCMOS driver in this method. Their
operation states are controlled by controlling the path from the cathode to the
ground or Vcc potential. The assembly picture and the schematic diagram of
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the connections between the components and the optical fibers are shown in
Figure 6.1 (a) and (b), respectively.
As depicted in Figure 6.2, the flowchart of the redundant VCSELs system
shows that in case one VCSEL breaks down, the auxiliary VCSEL can be
switched on.

Figure 6. 2 Flowchart of the redundant VCSELs system.

6.1.2

Experimental Setup

Figure 6.3 presents the experimental setup. The differential signals from the
data generator are fed into the BiCMOS driver on 100 Ω differential
transmission line through the CXP evaluation board. The optical signals
emitted from both VCSELs are coupled into a 50: 50 2 × 1 multimode optical
fiber coupler. In this way, the optical signal from both VCSELs can be detected
by a single optical receiver. The digital delay/pulse generator is utilized to
change the voltage of the inverters in order to control the current return path
of the two VCSELs independently. To characterize the performance of this
redundant VCSELs system, 10 Gpbs differential electronic signal with 231 –1
NRZ PRBS is used and the control voltage from the inverter is 3.3 V.
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Figure 6. 3 Experimental setup.

6.1.3

Results

The inverters are used to enable two VCSELs in the transmitter with a 5.2
mA bias current and a 1.4 mA modulation current amplitude. The oscilloscope
and the error detector are used to measure the eye diagrams and the BER
performance for both VCSELs at 10Gbps respectively. For the comparison, the
performance of both an SFP+ module and a single VCSEL-based transmitter
with same bias current and modulation current amplitude at 10 Gbps are
characterized as well. All results are shown in Figure 6.4. Based on the
experimental results, both VCSELs of the transmitter in the redundant VCSEL
system show error-free performance at 10 Gbps. Furthermore, results for the
single VCSEL and SFP+ module are practically identical with a ±0.2dB
difference in the sensitivity because of the misalignment in fiber probing.
The digital delay/pulse generator is used to generate the digital 3.3V signal
to alternatively switch between the two VCSELs with a duration of 4 ms.
Figure 6.5 shows the 10 Gbps data pattern coming alternatively from the two
VCSELs, as scheduled by the inverters, and a guard band between the two
VCSELs of 1 ms is used to better visualize the time traces. Based on the
electrical characteristics of the CMOS inverter, the actual switching speed can
be below 1 nanosecond. However with the implementation of a closed loop
control scheme as suggested below, we expected the eventual time to recover
from a VCSEL failure to be several microseconds.
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Figure 6. 4 Eye diagram at 10Gbps and BER curves.

Figure 6. 5 Selected output of two VCSELs (2ms/div).

6.1.4

Suggested Implementation and Potential Benefits

In order to simplify the system structure, the microcontroller and inverters
can be directly integrated inside the BiCMOS driver. Most BiCMOS drivers
have integrated fault detection circuits to sense the short/ open circuit
conditions. The failure of a VCSEL can cause the driver chip to create an
interrupt signal to the microcontroller. After that, the microcontroller can poll
the BiCMOS driver to diagnose which channel has failed and further create the
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required enable and disable signals to the gates of the inverter. The potential
states of the gates can finally control the current return path from the primary
and auxiliary VCSELs. In this way, an automated recovery mechanism from
VCSEL failure in an optical transmitter can be created as shown in Figure 6.6.
In addition, a special small-pitch mesa-isolated VCSEL array with a 9 µm pitch
of the two active regions can be used as an alternative light source to the two
separate VCSEL arrays [134, 135]. By using such a light source, the 50: 50 2 ×
1 multimode optical fiber coupler can be avoided as the light from both
VCSELs can be launched into a single MMF to reduce the cost.

Figure 6. 6 Automated recovery system from VCSEL failure.

6.2

100 Gbps Multicore VCSEL Based Transmitter
Module Platform

Space Division
Transmitter

Multiplexing

Technology

on

VCSEL-based

The demand for the interconnect bandwidth in DCs is growing rapidly
[136]. In Chapter 1, OBO has been proposed as the next generation
transceiver module because of the large bandwidth density. However, some
new technologies can be used to reduce the footprint of the module and further
increase the bandwidth density. For example, many of the tier one datacenter
operators are looking to move to SM based optical interconnects. Increasing
capacity for SM based transmission systems has long been achieved using
dense wavelength division multiplexing (DWDM) technology. Most DWDM
solutions rely on edge emitters and planar integrated circuits, which require
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very tightly controlled coupling schemes. Also, most of the DFB based
solutions require a relatively high biasing current to allow direct current
modulation at speeds above 10 Gbps. This factor makes these solutions
expensive, power hungry, and technically challenging to package.
As an emerging concept to increase the capacity of an optical fiber, space
division multiplexing (SDM) technology can be traced back to 50 years ago
[137] and is still being developed recently [138]. Since new data centers are
“green field” installation, in many cases it could be interesting to consider SDM
as an alternative solution to DWDM.
In this section, we combine several techniques to demonstrate for the first
time a C-band SM, SDM VCSEL based transmitter module, which is capable of
supporting 100 Gbps (4 × 25 Gbps) data transmission directly attached to a
MCF.

Multicore Fiber Technology for Capacity Scaling in DCN

Innovation in fiber research has dominated recent SDM developments.
MCFs have been demonstrated to offer a large data capacity and a long
transmission distance in SDM systems [138]. In MCFs, the array of the
physically SM cores in a single fiber supplies the transmission paths and these
separated fiber cores are used to reduce the crosstalk. In 2012, a single fiber
with 19 cores has been reported for a long-haul transmission [139] and more
cores counts are possible to enhance the integration level. Relative to the fiber
array and optical interfaces in transceiver modules, MCFs offer smaller size
and occupy less space.
Based on this, the optical transceiver with a MCF cannot only increase the
bandwidth density but also improve the fiber management.

Ultrafast Laser Inscription Technology for Chip to MCF Coupling
Interface

The ultrafast laser inscription (ULI) technology is used as one of the most
efficient techniques to fabricate 3D structures in crystalline dielectric materials
[140]. By using the direct writing method of ultrafast laser pulses, optical
waveguides can be produced inside a glass interposer. Owing to the flexible
laser-printed structures, this approach can be easily used to provide a chip-toMCF “fan in/out” solution for optical transceiver modules. In the current
coupling scheme, the light from VCSELs can be directly coupled into a fiber
ribbon using an optical connector such as a ferrule or a light-turning
connector. Micro lenses and a mirror are often deployed to improve the
coupling efficiency of the laser. However, the commercial optical interfaces
have a large footprint which limits the scaling of the bandwidth density of
transceiver modules. Relative to the commercially available optical connectors,
a 3D glass interface is more flexible and compatible with MCFs.
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At 1.55 µm telecom wavelength, the difference of the refractive index
between core and cladding in SMFs is quite small [141]. The apparent
maximum index contrast achieved by ULI technology is approximately 0.5%,
which is similar to the difference of the refractive indexes of the telecom SM
fibers. However, the small refractive index contrast achievable using ULI
cannot support the creation of multimode waveguides with their minimum
radius of curvature, and will therefore suffer from very high bend losses.

6.2.1

Design Concept

The schematic of the optical transmitter is shown in Figure 6.7. The FPC is
chosen as the carrier for this transmitter module. For the electrical
connections, the high-speed input traces are designed as 100 Ω differential
transmission lines. The connections between the BiCMOS driver chip and 1.5
µm VCSEL array are single-ended traces. A stiffener glued on the back of the
FPC is also used to give the mechanical support. In the stiffener, a cavity is
reserved for the glass interposer.

Figure 6. 7 Schematic of the 1.5 µm VCSEL based transmitter.

6.2.2

FPC Assembly Processes

A 100 µm thickness low-loss polyimide material has been used as the base
material and it has a dielectric constant of 3.2 and a dissipation factor of 0.002
at 1 MHz. The frequency response of the differential transmission lines on FPC
is obtained using Polar SI9000, and their characteristic impedance is calculated
and optimized to be 100 Ω. A 440 µm thickness FR-4 stiffener is used to
enhance the stiffness of FPC and a cavity is designed for inserting the 3D glass
interposer.

100 Gbps Multicore VCSEL Based Transmitter
Module Platform

107

Figure 6. 8 Fully assembled transmitter module.

To flip-chip bond the components, gold stud bumps are ultrasonically formed
on both the pads of a BiCMOS driver chip and the pads of the FPC for a
VCSEL array. The ICA - epoxy H20E is dispensed on the pads of the FPC for
the BiCMOS drive chip and the gold stud bumps on the VCSEL array. Then
the flip-chip bonding process with the FINEPLACER Die Bonder is used to
align the components and the FPC. The connections between them are formed
by curing the ICA- epoxy H20E at 150 °C for 1 hour. The fully assembled
transmitter module is shown in Figure 6.8. The VCSEL array used in this
demonstration was designed for wire-bonding purposes and has therefore very
small (40 µm square) pads. Moreover, a plated metal perimeter is on the edge of
the VCSEL array. Consequently, the flip-chip assembly becomes quite
challenging and only three of the four channels function well in this
transmitter. However, by removing the gold plating on the die edges and
designing larger bonding pads, assembly and yield can be greatly improved.
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6.2.3

Experimental Setup

(a)

(b)
Figure 6. 9 Experimental setup.

The transmitter module is then tested to verify its performance. As shown in
Figure 6.9, a bit pattern generator is used to generate a 25 Gpbs differential
signal with NRZ PRBS 211-1 format. Then, the signals are sent to the
transmitter module with an RF multi-channel probe to characterize its highspeed performance. One 6-axis stage is used to control the position of the 3D
glass interposer (designed and manufactured by Optoscribe in Figure 6.10) and
align the waveguides inside the glass to the apertures of the VCSELs. Another
two 3-axis stages are utilized to couple the light from the 4-core fiber to a
SMF. This SMF is connected to the Erbium Doped Fiber Amplifier (EDFA)
and a filter to amplify the signal and reduce the noise, respectively. After that,
the optical signal is introduced to the optical spectrum analyzer, the
oscilloscope, and the error detector to verify the performance.
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Figure 6. 10 3D glass interposer mounted on a 3-axes stage. The MCF is depicted at
the left hand side and the interposer input cross-section at the right hand side. The
white inset shows the fan-out design in the interposer.

6.2.4

Results

In the experiment, a 2.5 V low-power SiGe VCSEL driver is used in the
transmitter module and the VCSELs are biased at an average current of 13 mA.
The output powers after the SMF are between -20.3 dBm and -22.4 dBm and
the signal-to-noise ratios (SNR) of the 3 channels are above 32VdB. The optical
spectrums are shown in Figure 6.11.
Based on the datasheet, the VCSELs emits around 3 dBm of optical power
but has a numerical aperture that does not match well with that of the SM
waveguides in the glass interposer. This, in combination with the additional
distance and misalignment between the VSCEL aperture and the glass
interposer of 150 µm due to the thickness of the FPC and the height of the stud
bumps creates around 25 dB of optical loss. An EDFA and a filter are
connected after the SMF to amplify the optical signal. After obtaining around 4.5 dBm optical power, the visible open eye-diagrams and the error-free
performance for this transmitter module are measured at 25 Gbps, as shown in
Figure 6.12. To simplify the system, lenses on the glass interposer or directly
on the VCSELs can be used to greatly improve the coupling efficiency.
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Figure 6. 11 Optical spectra measured at the SMF.

Figure 6. 12 Eye-diagrams and BER curves of three of the channels.

6.2.5

Discussion

As VCSEL-based transmitters are widely deployed in switches, the failure of
VCSELs becomes a critical problem. Pluggable transceivers are popular in the
market and benefit from the flexibility derived from pluggability because they
are simple and low-cost to remove and replace in case of a break down. In order
to fulfill future bandwidth requirements, OBO, MCM optics, and TSV optics
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are better solutions relative to pluggable optics, because they cannot only
improve the form factor of optical modules but also reduce their power
consumption. Nevertheless, the reliability of VCSELs becomes more critical in
the MCM optics and TSV optics concepts. The reason is that the expensive
switching system including a switch ASIC and all transceiver modules need to
be replaced rather than a single transceiver module if a VCSEL breaks down.
As a solution, the redundancy design in VCSELs has the potential to make the
MCM or TSV optics design of a switching board low-cost.
Next to the reliability of VCSELs, the bandwidth density of the transceiver
also needs to grow to follow the roadmap of the photonics development. In the
MCM and TSV optics design concepts, the bottleneck of the bandwidth density
refers to the optical interface due to the absence of electrical interface between
the switching board and transceiver board. SDM technology is a good solution
to overcome this bottleneck and has already been researched for many years. In
order to deploy these techniques in a VCSEL based transmitter, ultrafast laser
inscription technology can be used to create waveguides inside a glass
interposer to supply a “fan in/out” interface between the linear VCSEL arrays
and the alternative core geometry of a MCF. This high-density light coupling
scheme not only shows great potential to support the optical interface design
for both MCM optics and TSV optics but also offers improved fiber
management in DCs.

6.3

Summary

In this Chapter, a low-cost redundant VCSELs based transmitter has been
demonstrated and it can overcome a single light source failure. This system
comprises two VCSELs connected in parallel to a single output channel of the
BiCMOS driver chip. The common connections of both VCSELs are not
directly connected to the ground but controlled with an inverter. The inverter
enables alternately between the two VCSELs so as to improve the reliability of
the VCSEL. The BER performance of both VCSELs has been measured at 10
Gbps with no performance difference between the two VCSELs, a single
VCSEL transmitter or a commercial SFP+ module, showing the robustness of
the former.
Additionally, a 100 Gbps MCF VCSEL based transmitter module platform is
presented. We use a 1 × 4 array of 1.5 µm InP VCSELs and each of them is
capable of supporting 25 Gbps transmission speed. The transmitter is based on
an FPC substrate. Gold stud bumping and conductive epoxy transfer processes
are used to flip-chip bond the SiGe driver chip and the 1.5 µm SM VCSEL
array on this substrate. The ultrafast laser inscription process is used to
fabricate 4 waveguides in a 3D glass interposer. This glass interposer is used to
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fan out the laser from the VCSEL array to a 4-core fiber in order to increase
the bandwidth density of the transceiver module. This transmitter module can
achieve 25 Gbps error-free performance per channel and eye diagrams are
clearly open.
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7
Summary and Outlooks
7.1

Summary

The exponential expansion of data traffic in DCs is unstoppable and is
accompanied by the fast development of the IoT and cloud services. Therefore,
high-speed parallel optical interconnects must become more reliable,
accommodate increases in bandwidth density and ensure power efficiency. In
addition, the costs of optical interconnects need to be reduced to fulfill the
market requirements.
Throughout this dissertation, several aspects concerning the development of
cost-effective optical interconnects, ranging from different interposer base
materials and advanced assembling technologies to state-of-the-art optical
transceiver system and cutting-edge packaging strategies, are covered and can
be integrated in the design and manufacture of the optical interconnects.
Promising results have been achieved, and the achievements made in this work
are summarized as follows.
First, a PCB is deployed to build the high-speed optical transmitter. The
PCB can be easily and routinely fabricated with a multilayer structure by PCB
manufacturing. These industry-standard technologies are low-cost. The
challenge to use FR4 as the base material is that standard fabrication processes
cannot support the narrow pitch between traces needed for an edge-coupled
differential pair. To solve this problem, broadside-coupled differential pairs on
a PCB have been designed to match the metal pad layout on the dies. Two
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versions of transmitter modules have been demonstrated. The assembly
process of BiCMOS driver chips used in this demonstration is the solder reflow
process. The 850 nm MM VCSEL arrays are wire bonded or flip-chip bonded
with a conductive epoxy transfer process in two different versions. Both optical
transmitters can provide error-free performance at 10 Gbps.
Relative to the rigid PCB, the FPC can provide higher fabrication resolution,
which supports the edge-coupled differential pair designed for electrical
components. This differential pair can offer better signal integrity due to the
absence of vias or an outer-layer electrical interface. In addition, the base
material of FPC (polyamide) has shown satisfactory high-speed performance up
to 40 Gbps. Based on these factors, 48 × 10 Gbps FPC-based on-board
transmitter and receiver module have been built on a standard 3.15 cm × 3.15
cm FPGA PGA connector with a bandwidth density of 0.483 Gbps/mm2. The
OBO design is applied using a smaller optical interface to replace the large
electrical interface in the front panel and surpass the front-panel bandwidth
limitation. The experimental results show that all 48 channels (on transmitter
and receiver modules) show error-free performance at 10 Gbps. Industrystandard solder reflow and ultrasonic bonding processes are used to assemble
this optical transceiver module.
Ceramics is also a good carrier for the optical transceiver modules. It can not
only support the 30 µm line width and multilayer structure by using PITF and
MLTF technologies but also provide the excellent CTE and thermal
conductivity. Based on the ceramics carrier, a 100 Gbps optical engine is
demonstrated with error-free performance at 25 Gbps per channel. In addition,
a concept design of transceiver board is suggested to directly connect on the
back of the FPGA with the high-speed low profile array connector from
Samtec. In this method, the transceiver board could supply the shortest
electrical paths between the FPGA and BiCMOS chips and 1.5 Tbps bandwidth
could be achieved in a 9 cm × 9 cm area.
The reliability of VCSELs is another critical issue addressed in the
dissertation, as VCSEL failure leads to additional cost and long recovery time.
To improve the reliability, low-cost optical interconnects with redundant
VCSELs have been proposed to solve this problem, and error-free operation at
10 Gbps was achieved independently for both 850 nm MM VCSELs in the
redundant system with no performance penalty relative to a single device or
commercial module. In the development of the DCN, pluggable optics is
replaced by OBO to enlarge the bandwidth density according to the trend.
However, the current optical interface is not a satisfactory solution for largedensity optical accesses, and its size still constrains the system bandwidth
density. 3D ultrafast-laser-printed waveguides inside glass support flexible
light routes, and MCFs can offer large data bandwidth with a small footprint.
Such cutting-edge techniques are deployed in a SM 1.5 µm VCSEL-based
transmitter platform, and a 3D glass interposer, which contains 4 waveguides
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made using an ultrafast laser inscription process, is used to couple the light
from a 1 × 4 VCSEL array to a 4-core fiber. This transmitter is capable of
supporting 100 Gbps error-free data transmission directly attached to an MCF
using SDM technology.
The main contributions of this dissertation briefly include:
• Several low-cost base materials such as PCBs, FPCs and ceramics
with sufficient packaging techniques such as wire bonding, flip-chip
bonding, conductive epoxy transfer, stud bumping, and ultrasonic
bonding have been used in the optical transceiver design.
• Board side coupling concept for optical interconnects is applied for
the large bandwidth density modules.
• Advanced concepts such as OBO and ultracompact design have been
realized to increase the bandwidth density and solve the current
bandwidth bottleneck and a board level transceiver design have been
proposed for the future optical interconnects. A compact 48-channel
transmitter and receiver are presented with two 48-channel MPO
connectors. Following this, a state-of-the-art concept design for
ultra-high bandwidth transceiver board is suggested to directly
attach on the back side of a FPGA board and this design provides the
largest bandwidth density for such a system.
• Redundant VCSELs based transmitter is practically realized and
cutting-edge technologies such as SDM, MCFs, and 3D glass have
been combined to demonstrate the first time a C-band SM, SDM
VCSEL based transmitter module.

7.2

Outlook

The dissertation has demonstrated several advanced packaging approaches
for VCSEL-based optical transceiver modules. The integration technologies
involved have significant potential for ultrahigh bandwidth density modules in
both SR and LR data communications. To realize this module, future
improvements and developments are needed. Possible research directions for
further optical interconnects are summarized as follows.
BiCMOS Chip and Optical Die Combination Design – The bandwidth of
the optical interconnects is mainly determined by the high-speed performance
of the dies. The high-speed BiCMOS chips and optical dies are separately
designed by different companies. The separate design processes cannot release
their complete high-speed potential because the matching between the
components is not optimized. For example, the impedance of electrical
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BiCMOS chips is sometimes not matched with the impedance of optical dies,
which leads to unwanted reflection and signal degradation. A combined design,
considering the internal structures for both components, is still unrealized
under current research. Such an advance would allow fundamentally
broadening the bandwidth and saving more energy.
High-density Electrical Interface – The module size of the optical
transceiver is critically controlled by the footprint and pad layout of the
electrical interface. This interface should support high-speed signaling for
further high-bit-rate modules. BGA and PGA have been used as the most
efficient method for the signals to fan in/out. However, there is still no
standard pad layout for this electrical interface if an ultracompact design is
desired. Progress needs to be made in determining the best solution for
designing this electrical interface to achieve an ultrahigh bandwidth density
module with a small form factor.
High-density Optical Interface – A high-density optical interface is also a
key component to realize a module with ultrahigh bandwidth density.
Commercial 12-channel, 2 × 12 -channel, and even 4 × 12 -channel components
are relatively large and cannot fulfill the bandwidth increase in the future.
Optical interfaces with more channels and smaller footprints are highly
required in next-generation optical transceiver modules.
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Acronyms

Acronyms
AC
ADS
ASIC
BER
BGA
BiCMOS
BTB
COBO
CDR
CPU
CST
CTE
DC
DCI
DCN
DFB
DWDM
EDFA
EMI
ER
FFE
FPC
FPGA
FR4
GbE
GPS
GSG
HAVC
HDI
IaaS
IC
ICA
IoT
IP
I/O
LED
LR
MCF
MCM

alternating current
advance design system
application-specific integrated circuit
bit error rate
ball grid array
the bipolar and complementary metal oxide semiconductor
back to back
Consortium for On-Board Optics
clock and data recovery
central processing unit
Computer Simulation Technology
Coefficient of Thermal Expansion
datacenter
data center interconnect
data center network
distributed feedback
dense wavelength division multiplexing
Erbium Doped Fiber Amplifier
electromagnetic interference
extinction ratio
feed forward equalization
flexible printed circuit
field programmable gate array
Flame Retardant 4
Gigabit Ethernet
global positioning system
ground-signal-ground
hybrid automatic voltage control
high-density interconnects
infrastructure as a service
integrated circuit
isotropic conductive adhesive
Internet of Things
Internet protocol
input/output
light emitting diode
long-reach
multicore fiber
Multichip module

Acronyms
MLTF
MM
MMF
MOI
MPO
MT
NRZ
OBO
OM
PaaS
PCB
PD
PGA
PRBS
PSM
PITF
QSFP-DD
QSFP+
RDL
SaaS
SDM
SerDes
SFP+
SM
SMF
SNR
TIA
TL
ToR
TGV
TSV
ULI
UPS
UV
VCSEL
VNA
WAN
WDM
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multilayer thick film
multimode
multimode fiber
mechanical optical interface
Multi-fiber Push On
mechanical transfer
non-return-to-zero
On-board optics
optical multi-mode
platform as a service
printed circuit board
photodiode
pin grid array
pseudo random binary sequences
parallel single-mode fiber
photoimageable thick film technology
quad small form-factor pluggable double density
quad small form-factor pluggable+
redistribution layer
software as a service
space division multiplexing
Serializer/Deserializer
Small Form-factor Pluggable+
single-mode
single-mode fiber
signal-to-noise ratios
transimpedance amplifier
transmission line
top-of-the-rack
through-glass vias
through-silicon via
ultrafast laser inscription
uninterruptible power source
ultraviolet
Vertical Cavity Surface Emitting Lasers
Vector Network Analyzer
wide area network
wavelength division multiplexing
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