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Chapter 1

Introduction

The subject of this thesis is the realization of InP-based integrated-optical beamformers. Beam-
formers are circuits that control the direction of a signal transmitted by a phased-array an-
tenna. In this work, we have focussed on beamformers for broadband phased-array antennas
operating at the millimeter-wave (mm-wave) frequency band (f > 30GHz). This chapter gives
an introduction to phased-array antennas and beamformers.

1.1 Introduction

Phased-array antennas (PAAs), which are also called smart antennas, have the potential to in-
crease the system capacity of modern wireless networks [1–4]. Up until a few decades ago,
antennas were almost exclusively used in unidirectional broadcasting services, such as TV
and radio, where the goal was to transmit information in all directions (i.e. omnidirection-
ally) to as many users as possible (see figure1.1a). The introduction of cellular telephony has
caused a tremendous development and deployment of full-duplex wireless networks and ser-
vices (see figure1.1b). Now that cellular telephony has matured, mobile users are increasingly
demanding for interactive multimedia services, such as teleconferencing, video transmission,
and high-bitrate data streams that require high bandwidths.

As the number of users increases and the requested services become increasingly broad-
band, the capacity of today’s wireless networks will soon fall short. One of the solutions
to increase the capacity of future wireless networks is to deploy wireless networks based on
phased-array antennas (PAAs) instead of regular omnidirectional antennas. Unlike regular
antennas, PAAs can transmit information in a narrow dedicated beam towards users in one
particular location, and then rapidly switch the beam towards users at a different location (see
figure 1.2a and b). The advantages of a PAA over regular single-element antennas are the
following:

1



2 1. Introduction

(a) (b)

Figure 1.1: A unidirectional broadcasting wireless network a), in comparison to a full-duplex wireless
network b).

• electronic steering of the transmission direction without physically changing the orien-
tation of the PAA, which means that it can change the transmission direction much faster
than mechanically-steered antennas

• control and/or optimization of the transmission pattern and other transmission parame-
ters, such as side-lobe levels, beamwidth, directivity, and beam efficiency

• increased transmission range, as the PAA input power is focussed in the direction of the
user instead of being distributed over a broad region

• simultaneous transmission of multiple independent beams (at different frequencies) to-
wards different directions

• introduction of new services that require tracking of the user’s location

• increased security, as potential hackers must be in the same location as the user to pick
up the transmitted signal

Using PAAs, the standard coverage area of a regular antenna can be divided into several
smaller angular sections, as illustrated in figure1.3b. The PAA then switches between these
different sections based to address the different users. This particular diversity scheme is called
space-division multiple access (SDMA). Currently, there are three different multiple-access
schemes to differentiate between different users using the same frequency spectrum. They
are: frequency-division multiple access (FDMA) where each user is allocated to a certain
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PAA

(a) (b)

Figure 1.2: Illustration of a regular omnidirectional antenna a), and a phased-array antenna b).

(a) (b)

Figure 1.3: Division of the coverage area of a regular antenna a) into different angular sections of a PAA
b).
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frequency sub-band within the available bandwidth, time-division multiple access (TDMA)
where each user is assigned to a specific time slot in which they are allowed to transmit and
receive information, and code-division multiple access (CDMA) where the signal transmitted
by the antenna is encrypted with a specific code and only the user who has the same code
(i.e. the key) can retrieve the transmitted information. SDMA can be implemented together
with FDMA-, CDMA-, and/or TDMA diversity schemes to increase the capacity of wireless
networks, in the following manner:

• sectoring the coverage area in smaller sub-sections will allow for a more efficient fre-
quency reuse and spectral efficiency

• in densely-populated areas with many users, mobile systems are normally limited by
the interference from other users, and/or other base-station antennas in another cell. By
sectoring the coverage into smaller sub-sectors, the number of interferers is reduced
while increasing the signal-to-interference (SIR) level (and thus, decreasing the bit-error
rate).

• the smaller sub-sectors help to reduce multipath fading, and delay spread.

It is only recent that the research in PAAs for wireless-communication networks started. PAAs
have been studied for many decades in the field of RADAR, where the advantages of PAAs
over regular antennas (such as the target-tracking capability, the increased detection range, and
the reduced interference levels) were most apparent [5–7]. Over the past decade, the interest in
PAAs has spread to many other areas, such as satellite communications [4, 8–12], astronomy
[13], and even in automotive applications [14, 15], where PAAs can be used to avoid collision
between cars, and regulate cruise-control systems.

1.2 Phased-Array-Antenna Basics

A PAA consists of an array of multiple closely-spaced regular antennas, called the PAA ele-
ments (or simply, the elements). Figure1.4 shows a schematic diagram of a PAA consisting
of four elements at a pitch distanced from each other. The pitchd determines the width of
the beam, and is generally in the order of the wavelength of the signal to be transmitted. The
differential phase delay∆ϕ between the signals applied to adjacent elements controls the angle
θ of the transmitted signal.

An analytical expression for the transmission pattern can be calculated by solving Maxwell’s
equations [16]. However, figure1.4 illustrates a much simpler way to determine the relation
between the transmission directionθ and the adjacent-element phase delay∆ϕ. Each PAA
element transmits an electromagnetic field which becomes an individual plane wave in the far-
field region. If these plane-wave fronts are to interfere constructively in the desired direction
θ, the∆ϕ should correspond to the path-length differenced ·sinθ between adjacent elements,
as shown in figure1.4. The∆ϕ required to steer the beam to a certain directionθ is then equal
to:
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∆ϕ=(2π·d·f/c)·sinθ
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Figure 1.4: Illustration of the operating principle of a four-element PAA.

∆ϕ =
2π ·d · f

c
·sin(θ) (1.1)

whered is the pitch between the adjacent elements inm, f is the frequency of the transmitted
signal inHz, θ is the steering angle inrad, andc is the propagation velocity of light inm/s.
Equivalently, the phase delay∆ϕ can be achieved by delaying the adjacent-element signals in
time by∆τ, which results in the following equation:

∆τ =
d
c
·sin(θ) (1.2)

To give an example, consider a four-element PAA that operates at 40GHz, and consists of four
patch antennas at a pitch equal to half the operating wavelength (d = 3.75mm). To steer the
transmission towards an angleθ of 60◦, the required adjacent-element phase delay∆ϕ is equal
to 2.7rad (= 155.9◦), which corresponds to an adjacent-element time delay of 10.8ps.
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(a) (b) (c)

Figure 1.5: Example of a 4-element linear PAA a), a 4x3-element 2D PAA b), and a 2x4x3-element
3D-PAA c).

A φ
A
A
A

φ
φ
φ

beam-steering
section

beamforming network

electrical
power splitter

amplitude controller phase controller

electrical input signal
to be transmitted

beam-shaping
section

Figure 1.6: Simplified schematic diagram of an electrical beamformer of a four-element PAA.

The PAA elements do not necessarily have to be aligned in a linear configuration, but can
also be arranged in a 2D-, or a 3D-grid configuration as shown in figure1.5. In this work, we
have only studied the linear configuration, and therefore we will only be concerned with this
configuration from now on. The PAA elements may also be any type of regular antenna, such
as dipoles, patch antennas, aperture antennas, or horn antennas [16]. A major advantage of
mm-wave PAAs is that they can be relatively small due to the short wavelengths.

1.3 Beamforming in the Electrical Domain

Figure 1.6 shows a simplified schematic diagram of a typical four-element electrical PAA
system in the transmit mode. The electrical input signal to be transmitted is first divided by
the number of PAA elements with an electrical power splitter. Then, each of these signals
is connected to amplitude controllers, which regulate the amplitude levels of each signal and
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Figure 1.7: Illustration of beam steering with phase-delay-based phase shifters.

eventually determine the shape of the transmitted beam (i.e. the beam width of the main lobe,
and the power levels of the side lobes). This operation is called beam shaping. Afterwards,
each of the PAA-element signals is connected to a phase shifter, which regulates the phase
of each signal and sets the direction of the transmitted beam. This operation is called beam
steering. Finally, the individual PAA-element signals are applied to their respective element,
and transmitted out towards the end-user.

Beam shaping is achieved by controlling the amplitude of the signal applied to each PAA
element. In practice, this is done via electrical attenuators that attenuate the signal applied to
each antenna element (see figure1.6). Beam steering is achieved by introducing the differential
phase delay∆ϕ to the PAA-element signals with the phase shifters. The differential phase delay
determines the direction of the transmitted signal. Circuits that can perform beam steering as
well as beam shaping are called beamformers.

There are two different types of phase shifters, which can be used in a beamformer for
achieving beam steering. The first type is called the phase-delay-based phase shifter. In these
devices the phase shift is dependent on an externally-applied signal, which can be either elec-
trical, magnetic, or mechanical. The externally-applied control signal changes the waveguiding
properties of the device and alters the velocity of the propagating signal (see figure1.7). In
practice, phase-delay-based phase shifters are made of ferrite materials, or pin diodes [17].
The phase-delay method is the simplest method to realize a phase shifter, as it only requires
one component (a phase shifter). Furthermore, any required phase shift can be achieved since
the relation between the phase shift and the external control signal is continuous. However,
beamformers that use phase-delay-based phase shifters suffer from beam squint. Beam squint
is the phenomenon where the outer frequency components of a broadband signal are transmit-
ted towards different angles (see figure1.8). This phenomenon leads to signal distortion on the
receiver side. Equation1.1showed that there is a linear relation between the frequencyf of the
transmitted signal and the differential phase delay∆ϕ, which means that if the frequency of the
signal changes, the differential phase shift between the elements should also change. However,
phase shifters based on the phase-delay method introduce an equal amount of phase shift to all
frequencies across the spectrum, and this leads to beam squint. Therefore, beamformers using
phase-delay-based phase shifters can not be used for broadband applications.

The other type of phase shifters are called true-time-delay (TTD) phase shifters. In these
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1

2
∆Φ12≠0
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Figure 1.8: Illustration of beam squint in phase-delay-based beamformers.
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∆ϕ12=0
2
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1
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2

(b)

Figure 1.9: True-time-delay beamformer.

phase shifters, electrically-controlled switches are used to switch the propagating signal from
one path to another path with a different length (see figure1.9). Large phase differences can be
achieved with these phase shifters on a relatively short space [18–21]. The switching element
is the critical component of this type of phase shifter. Recently, beamformers employing this
type of phase shifters have been reported, where micro-electro-mechanical (MEMS) switches
are used as the switching element [18]. The disadvantage of this type of beam-steering cir-
cuit is that they can only introduce discrete phase-difference values. However, beamformers
employing this method have a broader operating bandwidth than beamformers employing the
phase-delay method. And therefore, for the work reported in this thesis, we have only studied
TTD-based phase shifters.
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Figure 1.10: Simplified schematic diagram of an optical beamformer for a four-element PAA.

1.4 Optical Beamforming

In order to be able to provide broadband wireless services to mobile users, operation in the
millimeter-wave band (f > 30GHz) is mandatory. At these elevated frequencies, we can have
access to higher bandwidths than for lower frequencies. However, electrical circuits operat-
ing at these higher frequencies (for instance, on the mm-wave range) tend to be bulky, lossy,
heavy, and very susceptable to electromagnetic interference. On the other hand, optical cir-
cuits are believed to aleviate most of the problems encountered with high-frequency electronic
circuits [22]. The high-frequency electrical signals can be modulated onto an optical carrier,
and subsequently the high-frequency operations can be performed in the optical domain. The
advantages of performing these operations in the optical domain are: low propagation losses,
small- size and weight, very high bandwidth, and immunity to electromagnetic interference.

Many different types of optical-domain beamformers for high-frequency PAAs have been
reported, so far. A very nice summary of various different beamformers reported before the
year 1997 has been given by N. Riza [23]. This reference shows the various fields of optics that
have been studied to realize beamformers, which are: fiber optics, fourier optics, fiber-optic RF
phase control, acousto optics, integrated optics, heterodyning, acousto-optics, liquid crystals,
and WDM. Examples of a few recent concepts are: dispersion-enhanced photonic-crystal fibers
[24], and higher-order mode dispersion in multi-mode fibers [25].

Figure1.10shows a simplified schematic diagram of a typical optical beamformer in the
transmit mode. The diagram shown in the figure illustrates two different commonly-employed
set-ups: the single optical-wavelength set-up, and the WDM-beamformer set-up. These two
set-ups are almost identical except that the WDM set-up employs an optical de-multiplexer,
instead of an optical power splitter, to demultiplex the various wavelengths, and that’s why
both can be shown in a single diagram. Considering the single optical-wavelength set-up,
the signal to be transmitted is first modulated onto a single optical wavelength generated by
a laser source. Afterwards, this optical wavelength is divided in power by the number of
antenna elements with an optical power splitter. Subsequently, each of the divided signals is
connected to a beam-shaping- and a beam-steering section that sets the direction- and shape of
the transmitted signal. Finally, each of the divided signals is detected by a photodetector (PD),
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Figure 1.11: Illustration of the concept of a 1-bits SDL circuit a), and a 3-bits SDL circuit b).

and applied to a fixed PAA element. The advantage of this set-up is that it only requires one
laser source, as opposed to the following set-up which requires multiple laser sources.

In the WDM-beamformer set-up, the signal to be transmitted is modulated onto four optical
wavelengths from a multiple-wavelength source. One of the advantages of electro-optical mod-
ulation is that a single mm-wave signal can be used to simultaneously modulate an arbitrary
number of optical wavelengths with only a single electro-optical modulator. Subsequently, the
four optical wavelengths are split by an optical demultiplexer. After that, each wavelength is
passed through a beam-shaping- and a beam-steering- section, and finally applied to a fixed
PAA element after detection. The advantage of this set-up is that the PAA with the PDs can be
placed far away from the beamformer, and linked together by a single fiber. The optical signals
can be multiplexed onto the connecting fiber after the beamformer, and then demultiplexed at
the PAA.

One of the most popular optical TTD circuits is the so-called switched-delay-line (SDL)
circuit [26, 27]. Figure1.11a illustrates this concept with a so-called 1-bits SDL circuit, which
consists of two optical switches cascaded by a bypass line on one branch, and a delay line
on the other branch. The first optical switch selects whether the input signal is guided to the
bypass line or the delay line. As the length difference between the bypass line and the delay
line is equal to∆L, two possible time delays can be realized with this circuit, namely 0 or
∆L/vgroup, wherevgroup is the group velocity of the signal which is equal toc/Ngroup.

Figure1.11b shows a 3-bits SDL circuit, with which eight different time delays can be
realized. The 3-bits SDL circuit consists of a set of four optical switches cascaded by a bypass
line on one output of each switch, and a delay line on the other one. The three delay lines have
a length ratio of 1:2:4. In this case, one of eight different optical paths ranging from 0 to 7∆L
can be selected. The name 3-bits SDL sections stands for the 23 possible settings of this circuit.



1.5 InP-Based Integrated-Optical TTD Beamformers 11

For simplicity, we will adopt a 3-bit notation to denote a particular optical path traversed by the
signal through the SDL section. The first-, second-, and third bit indicate whether or not the
signal passes through the delay line with length 4∆L, 2∆L, and∆L, respectively. For instance,
the notation 110 indicates that the switches in the SDL section are set in such a way that the
optical signal passes through the second- (2∆L) and third (4∆L) delay line. This corresponds
to a total optical path length of 6∆L.

Figure 1.10 showed a typical optical beamformer for a transmit PAA. The set-up for a
receive PAA is somewhat different than for the transmit mode. However, it turns out that the
same beamformer can be used for the receive PAA as well [28].

1.5 InP-Based Integrated-Optical TTD Beamformers

Integration of photonic devices onto a single chip offers the possibility of mass production
while reducing size and cost of the beamformer. So far, photonic-integrated beamformers have
been reported in almost all integration platforms, such as polymer technology [29–31], silica-
based technologies [32–35], LiNbO3 technology [36], GaAs technology, and InP technology
[37, 38]. Particularly, the InP technology offers the possibility of integration of the beamformer
with laser sources, high-speed modulators, and beamformers at the 1550-nm wavelength re-
gion. Furthermore, it combines small device dimensions with fast- and low-power electro-optic
switching capabilities.

PAAs operating at mm-wave frequencies require time delays which are in the order of
tens of picoseconds. Also, the wavelengths of mm-wave frequencies is in the order of size
of typical chip dimensions. For these cases, InP is very suitable to realize such a SDL cir-
cuit, because it allows us to realize high-speed electro-optic switches in combination with
short waveguide-based delay lines. However, the fiber-chip coupling losses to an InP chip
are rather high, and in order to realize a beamformer for, for instance, four PAA elements,
we would need to have four 3-bits SDL circuits and eight fiber-chip connections. This would
lead to rather high losses. A solution to this problem is to employ a WDM SDL scheme,
with which we can reduce the number of fiber-chip connections. In such a scheme, multi-
ple wavelengths are linked to one SDL circuit, and right before the input- and output fiber
connection, the wavelengths are (de)multiplexed onto a single waveguide by an integrated
arrayed-waveguide-grating (AWG) (de)multiplexer. In InP technology small-sized AWGs can
be easily integrated with fast electro-optic switches and short waveguide-based delay lines to
realize a fully-integrated- and very-compact beamformer.

The main disadvantage of a fully-integrated beamformer is the scalability of the beam-
former for an increasing number of PAA elements. Increasing the number of PAA elements
would mean adding additional 3-bits SDL circuits to the beamformer. At some point, the
beamformer would be too large to fit into the chip. The best scalable TTD beamformer is a
3-bits WDM SDL scheme with dispersive fibers as the delay lines. Due to the dispersive nature
of the fiber, multiple wavelengths that are propagated through a dispersive fiber will automati-
cally be dispersed in time. The addition of PAA elements would not change the system at all.
For such a system, we would need high-speed switches to rapidly switch between the differ-
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Figure 1.12: Schematic of the proposed optically-beamformed PAA system for the OBANET project.

ent PAA beams. Fast InP-based electro-optic switches can be used as the switching element.
However, such a system would have 14 fiber-chip connections (=4 fiber-chip connections per
switch), which would result in tremendous high losses. A solution to this problem would be to
integrate spot-size converters (SSCs), which are devices that reduce the fiber-chip coupling.

1.6 About This Thesis

The work reported in this thesis was funded by a European project, IST-OBANET 2000-25390,
and was performed in collaboration with several partners from different countries in Europe.
The goal of the project was to demonstrate a wireless-access network based on optically-
beamformed PAAs operating at 40-GHz that deliver bitrates of over 100 Mb/s to mobile users.
Figure1.12shows a schematic diagram of the optically-controlled PAA system proposed for
this project. In this work, the focus will be solely on the beam-steering capabilities of the
system. The figure shows only the transmit mode, as the beamformer is identical for the re-
ceive mode. The input to the system is the 40GHz mm-wave signal to be transmitted by the
PAA, which is simultaneously modulated by a modulator (MOD) onto four optical carriers at
four different wavelengths. These four wavelengths are generated by a multi-wavelength laser
(MWL), which is integrated with the modulator. The integration of these particular devices
in InP technology has been elaborately described in [28]. Then, the optical signals are cou-
pled into the beamformer, which introduces a progressive time delay between the four optical
signals. The time delays between the optical signals will translate into a phase delay of the
mm-wave signals modulated onto the optical carriers. Afterwards, the four optical signals are
demultiplexed by an arrayed-waveguide grating (AWG) followed by the detection of the mm-
wave signals by a photodetector. Finally, the mm-wave signals are amplified and fed to their
respective antenna elements. By changing the progressive time delay between the four optical
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signals in the beamformer e, the radiation pattern of the PAA is changed from one direction to
another. In the OBANET project, the consortium was commited to show optical beamforming
of the PAA between 8 different directions. This means, that the beamformer has to introduce
8 different progressive time delays between the four optical carriers. The design, fabrication,
and measurement of the beamformer will be the topic of this thesis.

Two types of InP-based optical TTD beamformers have been studied in this work. Chap-
ter 2 describes the design of the first beamformer studied in this work. This beamformer
is a compact- and fully-integrated beamformer based on switchable waveguide-based delay
lines. Chapter3 describes the realization aspects of this fully-integrated beamformer and the
characterization. Chapter4 describes the design, fabrication, and characterization of spot-size
converters which are essential components for reducing the losses when coupling an optical
signal from a fiber to an InP waveguide. Chapter5 describes the design, farication, and charac-
terization of the second beamformer studied in this work. This beamformer, which is based on
dispersive-fiber-based delay lines, is easily scalable for PAAs with a large number of elements,
but it relies heavily on the use of spot-size converters to reduce the overall losses. Finally,
some conclusions and future prospects are drawn in chapter6 based on the results of the two
beamformers described earlier.
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Chapter 2

Fully-Integrated True-Time-Delay
Beamformer Design

2.1 Introduction

This chapter describes the design and implementation of the first TTD-based integrated beam-
former reported in this thesis. This beamformer is a fully-integrated InP-based WDM beam-
former that contains three 3-bits switched-delay-line (SDL) sections with waveguide-based
delay lines, and an AWG (de)multiplexer. The optical switches are used to select the proper
delay lines, and the AWG is used to separate and combine the different wavelengths in order
to minimize the number of fiber-chip connections. All components are integrated in a single
chip, which is realised in InGaAsP/InP material on an InP substrate.

Section2.2describes the PAA configuration and the requirements for the time delays. Sec-
tion 2.3describes the electro-optic properties of the InGaAsP/InP material, which are relevant
for the design of the switches. The different optical components with which the beamformer
is constructed are described in section2.4. These components are: the optical waveguides
that are used for the delay lines and as the inter-connecting waveguides on the beamformer
circuit, the multi-mode interference (MMI) couplers and the phase shifters that are used in
the Mach-Zehnder-interferometer (MZI) electro-optical switches, and the AWG wavelength
(de)multiplexer that is used to split and combine the different optical wavelengths. Finally,
section2.5 describes the specific layout that has been chosen for the beamformer, including
the test circuits that have been included for enabling a detailed analysis of the beamformer
performance.

15
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Figure 2.1: Beam steering requirements of the PAA for which the beamformer will be designed.

2.2 Phased-Array Antenna and Time-Delay Requirements

The integrated beamformer that will be described in this chapter has been developed for a
four-element phased-array antenna. This PAA operates at 40GHz, which is equivalent to an
operating wavelength of 7.5mmvia the relationλ = c/ f , where c is the speed of light inm/s
and f is the frequency inHz. The pitch between the antenna elements is equal to half the
operating wavelength (=3.75mm) in order to minimize the side-lobe level of the transmission
pattern, which would cause small transmission side lobes and loss of power towards unwanted
directions [16]. The specified beam-steering range for the beamforming system is 120◦, which
is divided into 8 identical angular sectors (numbers 1 to 8 in figure2.1) that should be addressed
independently.

The adjacent-element time delays∆τ can be calculated from equation1.2 for all the eight
different angles shown in figure2.1. The relative time delay of a certain antenna element
with respect to time 0 will be referred to as the total delayτ. Figure2.2 shows a plot of the
calculated total time delaysτ for each antenna element. Antenna element 1 has been chosen as
the reference antenna element to which the time delays of all the other elements are calibrated.
The slope of the different plots is equal to the adjacent-element delay∆τ, which is obtained
from equation2.2. The value of the total time delay of the reference element 1 can be chosen
arbitrarily, just as long as the time-delay slope with the other elements obeys equation1.1.
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Here, this value has been chosen to be half of the maximum total time-delay value (29.8ps).
Table2.1 shows the calculated adjacent delays, and the total delays for each antenna element
for all the eight different directions of the PAA beam. This table shows that the maximum
absolute time delay required to achieve all transmission angles is 59.5ps. Short time delays
like these can be easily achieved in an InP-based integrated optical circuit by means of optical
path-length differences. An optical signal propagating through the InP waveguides discussed
in this thesis (with a group index of around 3.6), experiences a group velocity of 83.3µm/ps.
This means that a propagation delay equal to the maximum absolute time delay of 59.50ps
requires a path-length difference of 4955.0µm.
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Figure 2.2: The total time delay required for the different antenna elements to achieve all eight different
beam directions.

2.3 Indium Phosphide: Material Structure, Optical, and
Electro-Optical Properties

This section describes several structural- and material properties of the InP and InGaAsP crys-
tal. First, we explain the crystal structure of both crystals and the conditions under which
they are lattice-matched. Then, we will describe how to derive the most important mate-
rial constants (for optics) from their crystal structure. Finally, we will describe the different
electro-optical properties that are used to achieve phase shifting in a phase shifter.
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Table 2.1: Calculated adjacent-element time delays (in picoseconds) and the total time delays for each
of the four antenna elements required for the 8 different radiation angles.

beam no. ∆τ element 1 element 2 element 3 element 4

8: θ = 52.5◦ 9.9 29.8 39.7 49.6 59.5

7: θ = 34.5◦ 7.0 29.8 36.8 43.9 51.0

6: θ = 19.9◦ 4.2 29.8 34.0 38.3 42.5

5: θ = 6.5◦ 1.4 29.8 31.2 32.6 34.0

4: θ =−6.5◦ -1.4 29.8 28.3 26.9 25.5

3: θ =−19.9◦ -4.2 29.8 25.5 21.3 17.0

2: θ =−34.5◦ -7.0 29.8 22.7 15.6 8.5

1: θ =−52.5◦ -9.9 29.8 19.8 9.9 0

2.3.1 Material Structure

The structure of the indium-phosphide (InP) crystal does not differ much from the structure
of the intensively-studied silicon (Si) crystal, except that the InP crystal is composed of two
different atoms: indium (In) which is an element of group III of the periodic table of elements,
and phosphorus (P) which belongs to group V. For both the Si- and the InP crystal, each atom
is surrounded by four neighboring atoms which are oriented in the shape of a tetrahedron. This
tetrahedral arrangement can be envisaged as one atom situated in the center of a cube with four
surrounding atoms situated at four corner points of the cube, such that they are the farthest
apart from each other (see figure2.3a). Considering the InP crystal, if a group-III element (i.e.
In) is located at the center of the tetrahedron, then the four surrounding neighbors are elements
of the group V (i.e. P), and vice versa (see figure2.3b and c).

This tetrahedral unit cell is the basic building block of the Si- and InP crystal. The InP
crystal is formed by connecting these unit cells together, while obeying the rule that each atom
should be surrounded by four atoms belonging to a different group of the periodic table, and
that the surrounding atoms should be oriented in a tetrahedral arrangement. When constructing
the lattice starting from these unit cells, we can observe a repetition in the pattern. The smallest
pattern that is periodically repeated is called the primitive lattice cell. The InP crystal can be
constructed from one of two different primitive lattice cells. Figure2.3d shows one of the
primitive lattice cells of the InP lattice, which is basically a cubic structure containing four
tetrahedral unit cells (figure2.3c) that are positioned diagonally with respect to each other, as
illustrated in the figure. If we look at this primitive lattice cell, we can see that all the P atoms
(group-V element) are situated on the surface of the cube, while the four In atoms (group-
III element) are located inside. This particular primitive lattice cell will be refered to as the
group-V primitive lattice as the majority of atoms (P) belong to the group V. This particular
primitive-cell configuration of the P atoms, which consists of an atom in each corner and one
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(a) (b) (c)

(d) (e)

Figure 2.3: Tetrahedral structure of the Si crystal a), and the two possible InP tetraheders b) and c). Plus,
a primitive lattice cell of the InP crystal d) and an illustration of the zincblende configuration e).
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in the center of each face, is called a face-centered cubic (fcc) configuration [39]. And thus, it
can be said that this primitive lattice cell consists of an fcc structure containing only group-V
atoms, and four group-III elements inside the ffc structure. As we will explain shortly, the
In atoms inside this primitive lattice cell are part of another fcc structure containing only In
atoms.

Similarly, the primitive lattice cell can also be built from the tetrahedral building block with
the In atom in the center (figure2.3b), and then we would have obtained the other possible
primitive lattice cell, where all the In atoms are located on the surface in a face-centered cubic
configuration, and the four P atoms inside. This particular primitive lattice cell will be referred
to as the group-III primitive lattice. And thus, for the InP crystal, there are two possible
primitive lattice cells. The InP lattice can be built up starting from either the group-III- or the
group-V primitive lattice cell. Figure2.3e shows how these two different primitive cells are
oriented with respect to each other in the crystal. The figure illustrates that the InP lattice can
be regarded as a group-III- (In) and a group-V (P) fcc structure which are partially blended
into each other, and that is why the InP lattice is called a zincblende- or sphalerite lattice [39].

The interesting property of the binary InP semiconductor is that through epitaxy, a wide
range of InGaAsP alloys can be epitaxially grown on top of the InP substrate, all of which
have the same lattice constant as the InP lattice. A lattice-constant mismatch between the InP-
and the InGaAsP crystal would lead to elastic deformation (stressed- and strained layers) and
dislocations in the crystal, which would be detrimental to the electrical and optical properties
of the material. In the quaternary lattice, the basic tetrahedral building blocks are identical to
the ones shown in figure2.3b and c, except that some of the In atoms are replaced by Ga atoms,
and that some of the P atoms are replaced by As atoms. Following the construction of the InP
crystal as explained above, the primitive lattice cell then again becomes a blend of a group-III
fcc structure and a group-V fcc structure, as shown in figure2.3e, except that some of the In
atoms in the group-III fcc structure have been substituted by Ga atoms, and that some of the
P atoms in the group-V fcc structure have been substituted by As atoms. And thus, there are
many different variants of the InGaAsP primitive lattice that can be formed by interchanging
the two elements of the group III (In- and Ga atoms) and the group V (As- and P atoms).
The different InGaAsP compositions are denoted by the following notation:In1−xGaxAsyP1−y,
wherex is the average fraction of Ga atoms out of the group-III elements which are distributed
over the group-III fcc structures, andy is the average fraction of As atoms out of the group-V
elements which are distributed over the group-V fcc structures.

From all the various InGaAsP primitive lattices, only the ones with a certain Ga-atom
concentrationx and a certain As-atom concentrationy have the same lattice size as the InP
lattice. For integrated optics in InP-based materials, these are the InGaAsP materials that we
are concerned with. The lattice match condition to InP is obtained when the following relation
between the Ga-atom fractionx and the As-atom fractiony is satisfied:

x =
0.4527y

1−0.0311y
(2.1)

wherey varies from 0 to 1 [40]. The origin of this relation comes from the fact that the different
atoms have different atomic radii, and if one atom from a certain group is replaced by another
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Figure 2.4: Band diagram of an InP crystal.

atom from the same group, the concentration of the atoms from the opposite group has to be
adjusted accordingly, in order to maintain the same lattice constant.

2.3.2 Optical Properties

The different lattice-matched InGaAsP crystals all have different material properties depending
on theirx- andy concentration. In optics, the most important material parameters are: the
bandgap energyEg, the refractive indexn, and the optical absorptionα. Figure2.4 shows
the band diagram of an InP semiconductor. The shape of the band diagram is essentially
the same for allIn1−xGaxAsyP1−y compositions, which are lattice-matched to the InP lattice.
However, the bandgap energyEg (in eV) changes according to equation2.2 for the different
In1−xGaxAsyP1−y compositions [40].

Eg = 1.35−0.72y+0.12y2 (2.2)

TheIn1−xGaxAsyP1−y compositions are commonly abbreviated by a capital Q, which stands
for quaternary, followed by the bandgap absorption wavelengthλg (in µm) between brackets,
for instance Q(1.3). The bandgap absorption wavelengthλg can be calculated from the bandgap
energyEg through the simplified equationλg = 1.24/Eg, whereEg is expressed ineV.
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There are a number of empirical models that relate thex- or y value of the particular
In1−xGaxAsyP1−y composition to the refractive indexn. In this work, we employ the em-
pirical model derived by F. Fiedler and A. Schlachetzki [41]. This model is not valid for all
compositions, but gives a good approximation fory-values between 0 and 0.9. In this model,
the refractive indexn for a lattice-matchedIn1−xGaxAsyP1−y composition is given by [41]:

n =

√√√√1+
Ed

E0
+

Ed (h fopt)
2

E3
0

+
Ed (h fopt)

4

2E3
0(E2

0 −E2
g)

ln

{
2E2

0 −E2
g − (h fopt)

2

E2
g − (h fopt)

2

}
(2.3)

in which:

Ed = 28.91−9.278y+5.626y2 (2.4)

E0 = 3.391−1.652y+0.863y2−0.123y3 (2.5)

,whereEg is the bandgap energy ineV (see equation2.2), h is Planck’s constant, andfopt is the
free-space optical frequency inHz, which can be calculated from the free-space optical wave-
lengthλ0 via the relationfopt = c/λ0 . The expressionsEd andE0 are expressions introduced
to simplify an otherwise lengthy equation.

Figure2.5shows plots of the relation between the bandgap energyEg, the bandgap absorp-
tion wavelengthλg, the fraction of As atomsy, and the refractive indexn, for a wavelength
of 1.55µm. These plots show that a wide range of refractive indices and bandgap energies
can be obtained by changing theIn1−xGaxAsyP1−y composition, which makes InP an attractive
material to realize optical components.

The InP- and InGaAsP crystal can be doped by introducing atoms either from the group II-
or the group-VI of the periodic table of elements. The dopant atoms are commonly introduced
during the growth of the material in a metal-organic vapour-phase-epitaxy (MOVPE) reactor
in a process called in-situ doping. In an MOVPE reactor, the most common p-type dopant
from group II is zinc (Zn). This dopant occupies the group-III sites (substitutional) of the
InGaAsP crystal. Surprisingly, the typical n-type dopant is silicon (Si), which is an element
from the group IV. Dopants from the group IV of the periodical table (such as Si) can behave
as p- or n-type, depending on their location in the crystal. If they occupy a group-III site
on the crystal, they will become n-type dopants, and conversely, if they occupy a group-V
site, they will be p-type dopants. However, under the conditions present during growth in a
MOVPE reactor, Si has a preference for occupying the group-III sites of the InP- and InGaAsP
crystal. That is why, Si, which is an inexpensive material, is used as the n-type dopant. The
growth of InGaAsP epitaxial layers in a MOVPE reactor occurs at a relatively high pressure.
Therefore, during growth, the oxygen atoms present in the chamber are also incorporated into
the epitaxial layers. Oxygen is an atom from the group VI, and will then behave similarly to
an n-type dopant. This phenomenon is called non-intentional doping (n.i.d.), and the resulting
carrier concentration is around 5·1015cm−3.

The incorporation of dopant atoms into the InP- and the InGaAsP crystal, however, affects
the refractive index and the optical absorption. The change in the refractive index of InP-
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Figure 2.5: Plot of the optical material parameters as a function of the different InGaAsP compositions
y for a wavelength of 1.55µm.

and InGaAsP crystals which are doped with donor atoms (n-type) is given by the following
equation [42]:

∆nN−doped=−
Ne2λ2

0

8π2ε0c2nm∗
eme

(2.6)

whereN is the n-type dopant concentration incm−3, e is the elementary charge (=1.6902·
10−19C), ε0 is the permittivity (=8.8542· 10−12F/m, c is the velocity of light (=2.9980·
108m/s), n is the refractive index,m∗

e is the effective mass of an electron in the crystal, andme

is the electron mass (=9.11·10−31kg) . The refractive index is obtained from equation2.3, and
the effective mass of an electron in the crystal is given by [41]:

m∗
e = 0.07−0.0308y (2.7)

The refractive-index change for p-type doped material is given by [43]:

∆nP−doped=−
Pe2λ2

0

8π2ε0c2n

 √
m∗

hh ·mhh+
√

m∗
lh ·mlh√

(m∗
hh ·mhh)3 +

√
(m∗

lh ·mlh)3

 (2.8)

whereP is the p-type dopant concentrator inm−3, andmhh andmlh are the effective mass of the
heavy- and light holes, respectively. The heavy-hole- and light-hole effective mass are given
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by [41]:

mhh = 0.6−0.218y+0.07y2 (2.9)

mlh = 0.12−0.078y+0.002y2 (2.10)

Figure2.6 shows a plot of the refractive index of InP and Q(1.25) for different n- and p-type
dopant concentrations, which illustrates the effect of the doping of InP on the refractive index.
It is assumed that the other InGaAsP compositions show a similar behaviour as a function of
doping concentration. Figure2.6shows that the refractive-index change for p-doped InP is not
as strong as for n-doped InP, and that for n-doped InP the refractive-index change can be quite
considerable (∆n = 0.024) for high doping concentrations. In chapter4, this phenomenon is
used to induce an index contrast between a low-doped InP layer on top of a highly-doped InP
substrate for optical confinement.

The absorption in InP for different doping concentrations can be explained from the band
diagram, which is shown in figure2.4. As the doping concentrations increase, the number of
free carriers increase. For an n-type semiconductor, light passing through the crystal will be
absorbed by an atom and excite an electron at the bottom of the conduction band to a higher
energy level. The higher the number of free carriers, the higher the absorption. The absorption
coefficientα is related to the complex part of the refractive index of a material. The absorption
coefficientαn−doped(in m−1) for an n-doped InGaAsP crystal is given by [41]:

αn−doped=
Ne3λ2

4π2n(m∗
e)2c3µeε0

(2.11)

whereµe is the electron mobility inm2/(V · s). The electron mobility can be estimated from
the following equation [44]:

µe = (1−1.44y+2.67y2)(22850−1150log(N)) (2.12)

For a p-type InGaAsP crystal, the absorption is dominated by the intervalence-band absorp-
tion. In this process, the energy of the absorbed light can excite various transitions between
the heavy-hole- and the light-hole valence band (see figure2.4), such as light holes from the
light-hole band to the heavy-hole band, and so on. The absorption coefficientαp (in m−1) for
a p-doped material is given by [44]:

αp = 4.252·10−16e−
4.535

λ · p (2.13)

whereλ is the wavelength inµm, and p is expressed incm−3. Although, the absorption equa-
tions above have been empirically derived from experiments on InP, it is believed that the same
absorption values hold for the other InGaAsP compositions as well. Figure2.6shows a plot of
the absorption loss for n- and p-doped InP and Q(1.25). These plot shows that doping increases
the optical absorption, and that the absorption in p-doped InGaAsP materials is much larger
than for n-doped materials.
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Figure 2.6: Refractive index and absorption loss as a function of doping concentration for n- and p-doped
InP a) and Q(1.25) b).
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2.3.3 Electro-Optical Properties

In order to realize the electro-optic phase shifters, the different layers of our semiconductor
structure must be doped in such a way that the structure behaves electrically as a pin diode
from the top to the back side of the chip (see table on figure2.10). By applying a reversely-
biased electrical voltage, the free carriers around the optical guiding layer and the surrounding
InP layers are depleted, leaving behind the charged dopant atoms which are embedded into
the lattice of the crystal. This will create a depletion region with an electric field from the
positively charged dopant atoms of the n-doped layers to the negatively-charged dopants of the
p-doped layers (see figure2.21). The depletion region gives rise to a change in the refractive
index around the guiding layer, with which we can alter the propgation velocity of the optical
signal.

The refractive-index change is caused by several effects taking place inside the depletion
layer. These refractive-index-change effects are divided into two categories: the electric-field
induced effects (namely the Pockels, and the Kerr effect) caused by the electric field present
inside the depletion layer, and the carrier-induced effects (the band-filling-, the bandgap-
shrinkage-, and the plasma effect) caused by the depletion of the free carriers from the de-
pletion layer. In the following paragraphs, we will only give a qualitative illustration of these
refractive-index-change effects. The interested reader is refered to the PhD. dissertation of P.
Maat for a quantitative analysis [45].

Electric-Field Induced Effects

The first refractive-index-change effect is the Pockels effect, and it is a refractive-index change
of the material caused by the presence of an external electric field. This property is inherent to
all InP- and InGaAsP crystals, since they have a 43̄m symmetry. Normally, the refractive index
of an InP crystal is the same in all directions (optically isotropic). However, if an electric field
is applied to the InP crystal, it will cause a distortion of the electron clouds of the atoms (see
figure2.7a). Since the InP crystal is not symmetrical, this distortion causes a shift of the center
of polarity of the outer electrons with respect to the center of polarity of the fixed nucleus,
which results in a change in the refractive index for particular directions. Furthermore, this
distortion, due to the applied electric field, induces stress and strain in the InP crystal (piezo-
electric phenomenon). Figure2.7b shows the change in the refractive index in a 2-inch wafer
(European/Japanese convention), when applying an external electric field perpendicular to the
surface. This plot shows that by applying the electric field, the refractive index is increased in
the direction paralell to the small (secondary) flat and decreased in the direction parallel to the
large (primary) flat. The electric-field in a phase shifter is also oriented perpendicularly to the
surface, and therefore we have the same refractive-index change as a function of the orientation
of the phase shifter. On the other hand, the refractive index in the direction perpendicular to
the surface (parallel to the applied electric field) remains unchanged. Therefore, the Pockels
effect does not occur for a TM-polarized optical signal, because a TM-polarized optical signal
in a waveguide has its electric-field component directed perpendicular to the surface.

The second electric-field-induced refractive-index-change effect is the Kerr effect, which is
also a change in the refractive index of the InP due to an applied external electric field. How-
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Figure 2.7: Illustration of the change in refractive index due to the Pockels effect a), and the change
in refractive index for the different directions on an InP wafer due to an external electric field applied
perpendicularly to the wafer surface b).
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Figure 2.8: Band diagram of an InP pn-junction diode without any applied voltage a) and under a reverse
bias b), illustrating the origin of the refractive-index change due to the Kerr effect.

ever, this refractive-index-change effect has a quadratic dependence on the applied external
field, instead of the linear dependence of the Pockels effect. The nature of the Kerr effect can
be understood from the band diagram of the InP pn-junction diode, shown in figure2.8 for a
zero applied bias, and for an applied reverse bias. Consider a photon, with an energy lower than
the bandgap energy (and hence, a longer waveglength than the bandgap wavelength), travel-
ling through a depletion region at a zero-applied voltage, then this photon can not be absorbed
to excite an electron from the valence band to the conduction band, because it does not have
enough energy to cross the band gap (see figure2.8a). Now, if we consider the same photon
travelling through the depletion region of a reversely-biased diode, then this photon can be
absorbed in a two-step process (as illustrated in figure2.8b). First, the photon is absorbed to
excite an electron from the valence band to just below the conduction band (depending on the
energy of the photon). After that, the electron below the conduction band tunnels horizontally
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Figure 2.9: Illustration of the carrier-induced refractive-index-change effects.

to the conduction band. This effect is called the Franz-Keldysh effect [46]. The fact that the
photon is absorbed under a reverse bias and not at zero-applied bias, means that the original
absorption spectrumλg of the material has been shifted to a longer wavelength by applying
the external electric field. The Kramers-Krönig relation states that a shift in the absorption
spectrum of a certain semiconductor material leads to a change in the refractive-index spec-
trum [47]. It has been shown that when applying Kramers-Krönig relation to the change in the
absorption spectrum caused by the Franz-Keldysh effect, it leads to a quadratic dependence of
the refractive-index change on the externally-applied electric field [45]. This Kerr effect occurs
for both polarizations, and shows a slight polarization dependence.

Carrier Induced Effects

The first of the carrier-induced refractive-index-change effects is the band-filling effect. As
the doping of the semiconductor is increased, more and more of the lower energy states of the
conduction band (or the valence band in case of a p-doped semiconductor) become occupied.
This means that photons which have energies slightly above the bandgap energy can no longer
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be absorbed (see figure2.9). Similar to the case of the Kerr effect described above, this will
lead to a shift of the absorption spectrum towards shorter wavelengths. This shift in absorption
is called the Burnstein-Moss shift, and will also lead to a shift in the refractive-index spectrum
according to the Kramers-Krönig relation. This refractive-index-change effect is identical for
both polarization, as are all the subsequent carrier-induced effects.

The second carrier-induced refractive-index-change effect is the bandgap-shrinkage (or
bandgap-narrowing) effect. As the dopant concentration increases, the concentration of ion-
ized dopant atoms will also increase, and their fields will start to effect each other due to the
Coulomb interaction. This interaction results in a widening of the Fermi level from a discrete
and fixed value to a small band of values (see figure2.9). As a result, this effect will also cause
a shift in the absorption spectrum, and consequently a change in the refractive index.

The third carrier-induced effect is always present in any doped semiconductor, and is called
the plasma effect. Again, this refractive-index-change effect can be explained best via a change
in the absorption spectrum of the material. In contrast to the previous effects, the absorption
does not occur from the valence band to the conduction band, but within the valence- or con-
duction band. A photon passing through the material is absorbed by an electron at the bottom
of the conduction band, and is then excited to a higher energy level in the same conduction
band (see figure2.9). In the case of p-doped InP, the situation is somewhat different because in
p-doped InP the holes are distributed over two bands: the heavy-hole- and the light-hole band
(see figure2.4). And therefore, if a photon is absorbed by a hole, the hole can also be excited
from the heavy-hole band to the light-hole band.

2.4 Design of the Components

This section describes the operating principle of the integrated beamformer and the design of
the different sub-components, which are: the waveguides, the multi-mode-interference (MMI)
couplers, the arrayed-waveguide grating (AWG), the phase shifters, and the Mach-Zehnder-
Interferometer-based (MZI-based) electro-optical switches.

2.4.1 InP Waveguides

Two types of waveguide have been used in the realization of the integrated beamformer, namely
a shallowly-etched-, and a deeply-etched ridge waveguide. Figure2.10shows a cross-section
of both waveguides, which will be referred to as the shallow- and the deep waveguide, respec-
tively. These two waveguides have different benefits for the performance of the beamformer.
The 3µm-wide shallow waveguides experience lower propagation losses than the 1.7µm-wide
deep waveguides, and therefore they have been used in most parts of the circuit. However, the
deep waveguides have a higher effective-index contrast between the ridge and the adjacent ar-
eas, which means that, with these waveguides, we can realize shorter bends, resulting in more
compact structures. Furthermore, by choosing the width properly, these deep waveguides can
be made non-birefringent, which is something that can not be achieved with shallow wave-
guides. In section2.4.3, we will see how this property is employed to reduce the polarization
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dependence of the AWG [48]. By switching between a shallow- and a deep waveguide (and
vice versa) in a shallow-deep transition, the advantages of each waveguide type can be ex-
ploited to obtain a versatile circuit design. In the next paragraphs, we will describe several
issues regarding the design of both these waveguides.

Waveguides

The shallow waveguide consists of a 3-µm-wide ridge that reaches down 100nm into the guid-
ing layer (layer no. 6 in figure2.10b). The deep waveguide is also a ridge waveguide, but
it is 1.7µm wide and reaches down to 100nm below the guiding layer. Figure2.10c and d
show intensity plots of the zero-order optical mode in the shallow- and the deep waveguide,
respectively. The choice of the shallow-waveguide width is a trade-off between low propaga-
tion losses and the number of modes supported by the waveguide. On one hand, it is more
favorable to have a large waveguide width, because it will have lower propagation losses. On
the other hand, we must make sure that the second-order mode is not supported by the wave-
guide. The waveguide width of 3µm is the maximum width, at which only the zero- and the
first-order mode are supported. The different devices of the beamformer have been designed
for a zero-order-mode input, which means that, ideally, the shallow waveguide should also
carry only the zero-order mode. However, as we will explain later in chapter3, the first-order
mode will not be excited if the input fiber is aligned at the center of the shallow waveguide.
Even if, the first-order mode can be excited inside the circuit, it will eventually not be coupled
into the output fiber, if this output fiber is aligned to the center of the output waveguide. The
deep waveguide only supports the zero-order mode.

Bending Radius

Unlike with electrical waveguides, which can be re-directed abruptly toward a particular di-
rection, optical waveguides must be curved towards the particular direction desired. If the
radius of the curvature is chosen too small, optical power is radiated out of the waveguide.
Figure2.11a and b show the simulated zero-order mode profile for a curved shallow- and deep
waveguide with a radius of curvature of 300µmand 100µm, respectively. The contour plots
show that the mode in a curved waveguide is shifted towards the outer edge of the waveguide
(especially for the shallow waveguide). For larger bending radii, the mode is shifted less than
for small radii of curvature, which results in lower radiation losses. Figure2.12b shows a plot
of the losses for a 90◦ shallow bend and a 90◦ deep bend. This plot shows that the radius of
curvature for a shallow-waveguide bend should be larger than 350µm, in order to minimize
the radiation losses. The deep-waveguide bends can have a radius of curvature even smaller
than 120µm. However, it has been reported that for radii smaller than 100µm, polarization
conversion can occur in curved waveguides[48].

Since the mode in a curved waveguide is shifted with respect to the mode in a straight
waveguide, a lateral offset should be introduced when connecting a straight waveguide to a
curved waveguide in order to overlap the optical fields of both modes (see figure2.12a). How-
ever, for smaller bending radii, the mode is shifted more and more outwards, so that the mode
profile is no longer similar to that of a straight waveguide. For these cases, we can not obtain
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Figure 2.10: Table of the specifications of the layerstack of the waveguide a), a 3D schematic overview
(not to scale) of both waveguides b) and the intensity profiles of the zero-order mode c) d). The refractive
indices have been calculated with the Fiedler & Schlachetzki model [41].
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Figure 2.11: Intensity profile of a curved shallow waveguide with a bending radius of 300µma), and
a curved deep waveguide with a bending radius of 100µm b). The white dashed contour lines denote
the intensity profile for a straight waveguide, and the black contour lines denote the intensity profile of a
curved waveguide.

an exact mode match, even if the offset has been optimized. Figure2.12c shows a plot of the
simulated losses of a transition from a straight- to a curved shallow waveguide plus a 90◦ bend
as a function of the lateral offset for different radii of curvature. This plot shows even though
the 350-µmshallow-waveguide curve shows no bending losses, there is still a mode-mismatch
loss of 0.05dB at the straight-curve transition. Therefore, based on the plots in figure2.12,
we have chosen a bending radius of 500µm for the shallow waveguides. The corresponding
straight-curve offset is 0.36µm. The bending radius of the deep waveguides has been chosen at
180µm, and no curved-straight offset is required due to the very small change in mode profile
between a straight- and a curved deep waveguide.

Shallow-Deep Transition

Figure 2.13a shows a schematic of the transition from a shallow waveguide to a deep wa-
veguide [49]. In order to get an optimal mode match between the deep waveguide and the
3µm-wide shallow waveguide, the deep waveguide has to be 3.5µmwide at the transition. To
avoid the possibility of an air trench between the deep- and shallow waveguide due to align-
ment inaccuracies, the transition from shallow- to deep region is inserted 2.5µm before the
transition from shallow- to deep waveguide. In this 2.5µmregion, the field will propagate al-
most unchanged. Next, the deep waveguide is tapered from 3.5µmto 1.7µm in order to make
it single mode. Figure2.13c shows a 2-D beam-propagation-method (BPM) simulation of the
zero-order-mode losses as a function of the taper length. The structure, as seen from the top
(see figure2.13b), has been inserted into the simulator with the effective refractive index of the
layerstack as the index of the waveguide, and an index of 1 for the surrounding areas. The plot
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Figure 2.12: Schematic topview of a transition from a straight- to a curved waveguide a). The simulated
bending losses for a 90-degree curved shallow- and deep waveguide b), and the simulated losses of a
straight-curve transition plus a 90-degree shallow bend as a function of the offset for different bending
radii c).

shows an oscillating pattern, which is caused by the mode beating between the zero-order and
the second-order mode. However, the amplitude of the fluctuations show that the power in this
second-order mode is small. We have chosen a taper length of 100µm.

Group Velocity

Another important parameter when designing waveguide-based delay lines is the group veloc-
ity, which is used to determine the lengths of the delay lines of the beamformer. The group
velocity is the speed at which a signal propagates through the waveguide. The group velocity
c/Ng can be calculated from the group effective indexNg according to the following equation:

Ng(λ) =
c

vg(λ)
= Ne f f(λ)−λ ·

dNe f f(λ)
dλ

(2.14)

whereNe f f is the effective refractive index of the mode,c is the speed of light, andλ is the
operating wavelength inµm. This equation shows that in order to calculate the group velocity,
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Figure 2.13: A bird’s view- a) and a top view b) of a transition from a shallow- to a deep waveguide.
The plot c) shows the losses of this structure as a function of the length of the lateral taper.
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we need to know the wavelength dependency of the effective indexNe f f.
The change in the effective refractive indexNe f f for different wavelengths occurs through

two phenomena: waveguide dispersion, and material dispersion. Waveguide dispersion is a
result of the fact that, as the wavelength increases and the dimensions of the waveguide re-
main unchanged, the optical mode becomes more and more squeezed into the waveguide. This
effect leads to an altered mode shape, and to a change in the effective refractive index. Ma-
terial dispersion is a consequence of the wavelength dependence of the refractive index of the
InP/In1−xGaxAsyP1−y material. This wavelength dependency has been described by equation
2.3.

Both phenomena described above occur simultaneously, and therefore in order to obtain the
dependency of the effective refractive index on the wavelength, the zero-order mode should be
simulated for different wavelengths with a mode solver, while taking into account the wave-
length dependency of the refractive index of the different layers. Figure2.14shows plots of
the effective index and the group index of a shallow waveguide as a function of wavelength
for both TE- and TM polarization. The plots show that the group effective indexNg is not
constant as a function of wavelength. In our beamformer set-up, we will use four wavelengths
(see section2.4.3) in the range between 1.551µmand 1.561µm. Although the group index is
not constant, in this short range the group index only changes by about 0.5%.

2.4.2 Multi-Mode-Interference Couplers

The multi-mode-interference (MMI) coupler consists of a wide multi-mode waveguide (the
MMI section) with a certain length, to which the input- and output waveguides (the access
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Figure 2.15: BPM simulation of the propagation through an MMI illustrating the self-imaging property
of the multi-mode waveguide.

waveguides) are connected. The operating principle is based on the self-imaging property of
multi-mode waveguides, which states that if an input field is applied to a wide waveguide that
supports many modes, single- or multiple images (replicas) of the input field are reproduced
at certain distances along the propagation direction. Figure2.15 illustrates this principle by
showing the intensity pattern created by connecting our shallow waveguide to a 20µm-wide
waveguide that supports 22 modes. Multiple self images of the input shallow waveguide are
reproduced at particular distances along the 20µm-wide waveguide. By choosing the length of
the multi-mode waveguide in such a way that it stops at the length where a double image is
formed, the input field can be divided in two equal parts. The two output access waveguides
are then connected at the two places where the images appear.

The self-imaging phenomenon can be explained through mode-propagation analysis. This
method gives a clear insight into the mechanisms that take place inside the MMI coupler.
When a shallow waveguide is connected to the MMI section, several higher-order modes are
excited in the multi-mode waveguide. These individually excited modes will then propagate at
different phase velocities through the MMI section. At some distances along the coupler, the
excited modes interfere coherently to form single- or multiple replicas of the input field. The
distance at which the replicas are formed depend on the total number of modes supported by
the multi-mode waveguide, and on the spectrum of modes excited by the input waveguide. The
number of modes supported by the MMI section depends on the width of the MMI section. As
the MMI section becomes wider, more and more modes are supported.

The spectrum of modes excited by the input waveguide, depends on the location of the
input waveguide along the input plane of the MMI section. The power in the different modes
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Figure 2.16: Plot of the MMI length as a function of MMI width for both the shallow- and deep wave-
guides.

of the multi-mode waveguide is determined by the overlap between the mode in the input
waveguide and the particular mode in the MMI section. Two different ways of operation of
the MMI coupler can be distinguished: general interference, and restricted interference [50].
For the general-interference case, the input waveguide is placed such that all the modes in the
multi-mode waveguide are excited, and in the restricted-interference case, the input waveguide
is placed at a certain position such that only a subset of modes is excited. The MMIs based
on restricted interference show imaging at shorter distances than general-interference MMI
couplers. This can be achieved by not exciting modes 2, 5, 8, etc. Because these modes are
anti-symmetrical around at13 and 2

3 of the waveguide width, they will not be excited, if we
position our input waveguides at these positions. The distanceL−3dB along the MMI section
at which the first double image occurs is then approximated by [51]:

L−3dB =
1
4

λ0

(Ne f f,0−Ne f f,1)
=

1
4

λ0

∆Ne f f
(2.15)

whereλ0 is the wavelength in vacuum inµm, Ne f f,0 and Ne f f,1 are the effective refractive
indices of te zeroth- and the first-order mode respectively, and∆Ne f f is the effective-refractive-
index difference between the zeroth- and the first-order mode.

Design

Figure2.17shows a schematic topview and a BPM simulation of the MMI coupler that was
used in the realization of the integrated beamformer. We have chosen an MMI coupler with
shallow access waveguides and a deep MMI section for the following reasons. First, because
the MMI section is completely deeply etched, it is more tolerant to etch depth variations than an
MMI coupler with a shallow MMI section. This results in a better phase relation between the
different modes propagating through the MMI section, and in a better power balance between
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the two different outputs. Considering that the integrated beamformer contains many MMI
couplers located over the whole chip, this property is quite an important one. Second, by
maintaining the access waveguides shallow, the tolerance in the length of the MMI is bigger
than when using deep access waveguides. The optical signal in a deep access waveguide
is smaller than in a shallow waveguide, and therefore it is diffracted in a wider angle when
entering the MMI section. This will eventually result in a smaller focal length (i.e. the length
over which the modes in the MMI coherently interfere to form the double image) than when
using shallow access waveguides. Third, as one can see from figure2.16, an MMI coupler with
a deeply-etched MMI section is slightly shorter than with a shallowly-etched MMI one.

The most important parameters that characterize the performance of an MMI coupler are:
the optical losses, the power balance between the two outputs, and the dependence of both
of these parameters on the polarization of the input signal. The design of the restricted-
interference MMI coupler starts by choosing the width of the MMI section. Figure2.16shows
that in order to obtain the shortest device, the MMI width should be chosen as narrow as pos-
sible. However, there is a lower limit to the MMI-section width, which is set by the practical
definition of the gap between the 3µm-wide access waveguides (see figure2.15) at the input-
and output of the MMI section. The MMI couplers are fabricated using a standard lithography
process, and the smallest gap that can be defined with this process is 0.5µm. This means that
the minimum MMI-section width is 10.5µm, since the shallow waveguides are 3µm-wide, and
spaced a pitch equal to13 of the MMI-coupler width. Another problem to bare in mind is that
the signal in one shallow access waveguide can couple to the other access waveguide, if they
are too close to each other, and this will disturb the power balance at the two outputs. To avoid
this coupling, curved shallow waveguides are used as the access waveguides. Taking these two
constraints into consideration, we have chosen a width of 12µm for the MMI section. This
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resulted in a gap of 1.72µmafter optimization of the offsets for the mode shift in the curved
waveguides.

Once the MMI-section width is chosen, the MMI-section length can be estimated from
equation2.15by first determining the effective refractive indices of the zeroth- and the first-
order mode of the MMI section. Figure2.18 shows a BPM simulation of the power at the
outputs of the MMI coupler as a function of the MMI-section length. This plot shows that an
MMI -section length of 205µmshows an optimal power balance for TE-polarized input. Figure
2.18shows furthermore that the MMI length can not be optimized for optimal power balance
for both TE- and TM-polarized input. In our case, the MMI coupler has been optimized for
TE-polarized input. Once the length has been optimized, the offset width between the access
waveguides and the MMI section is optimized through simulations.

2.4.3 AWG

The AWG is used as a filtering component to de-multiplex the multiple wavelengths contained
in a single input waveguide to separate output waveguides [52]. Both the multiplexing and the
de-multiplexing operation can be realized with this device according to the reciprocity prin-
ciple. Figure2.19shows a layout of the AWG used in the implementation of the integrated
beamformer. It consists of two slab regions, called the free-propagation regions (FPRs), con-
nected to each other by an array of waveguides, called the AWG arms. The AWG arms have
a fixed length increment∆l from one arm to the next. The demultiplexing operating principle
is as follows. The input waveguide containing wavelengthλ1 andλ2 is connected to the input
FPR, where these wavelengths are laterally diffracted toward the AWG arms (see figure2.19).
The output plane of the input FPR, to which the arms are connected, coincides with the phase
front of the diffracted wavelengths, so that a wavelength entering each AWG arm has an equal
phase (see figure2.19). Then, the wavelengths in the AWG arms propagate through the arms
toward the output FPR. Because the arm lengths are progressive, the phase at the outputs of
the arms will also be progressive. And, because the two wavelengths are different, they will
have different phase increments. And therefore, the phase fronts of the different wavelengths
will be directed towards a different position along the focal plane of the output FPR, in the
same way as the beam of a PAA is directed towards a different direction by adjusting the phase
increment between the signals applied to the adjacent antenna elements (see section1.2).

The case explained above applies for when the input waveguide is positioned at the center
of the input plane of the input FPR. When the input waveguide is not positioned off the center
of the input FPR, the phase front of the diffracted wavelength will no longer coincide with
the alignment of the AWG arms. This means that each wavelength will have an initial phase
increment when entering the AWG arms, which is added to the phase increment acquired
in the AWG arms. And therefore, the wavelengths will be focussed onto a different output
waveguide, as opposed to when they are coupled to the center input waveguide.

The process of designing an AWG starts by defining several parameters, from which we
will be able to determine the geometry and dimensions of the various components. Here is a
short description of some of these design parameters. The first one is the central wavelength
λc, which is defined as the wavelength that is focussed at the center of the focal plane of the
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Figure 2.19: Layout of the double-etched AWG used in the integrated-beamformer circuit, including an
illustration of the operation of each component of the AWG.

output FPR. Another important parameter is the channel spacing∆λ, which is defined as the
difference in wavelength between two adjacent output waveguides. The free-spectral range
FSRis the wavelength difference between two signals that are demultiplexed onto the same
waveguide. The reason why two wavelengths can be demultiplexed onto the same output
waveguide is due to the periodicity of the phase increments introduced by the AWG arms. The
array acceptance factorAAF is a parameter that is related to the number of AWG arms. The
input signals which are coupled into the input FPR are diffracted in a Gaussian-like intensity
profile towards the AWG arms. TheAAF factor determines how many AWG arms have to be
placed along the output plane of the input FPR, and therefore the total amount of power that
is captured by the arms. The pitchd between the input- and output waveguides of the AWG
determines the length increment of the AWG arms. As thed becomes larger, then we will need
a large phase increment, resulting in a larger length increment for the arms and a large AWG.
And therefore,d should be designed as small as possible. The gapgapbetween the adjacent
AWG arms at the FPRs determines the loss of the AWG. The phase front at the input FPR is
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Figure 2.20: Effective refractive index of the zero-order mode of a deep waveguide as a function of the
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reflected (and lost) at the small gaps between the AWG arms, where there is no waveguide.
Therefore thegapshould be as small as possible, in order to minimize the losses of the AWG.
The widthwwav of the input waveguides of the AWG determines the angle at which the signals
are diffracted towards the AWG arms. A narrowwwav will have a large diffraction angle than
a widerwwav. Together with several other parameters this value determines the length of the
FPR.

Design

There are many different AWG configurations possible. In our case, we have implemented a so-
called double-etched AWG that consists of shallow-etched FPRs with deep-etched AWG arms
and access waveguides (see figure2.19) [53]. The main advantages of this AWG for this design
is its compactness (1.5mm× 1.2mm), and the possibility to design it polarization independent
by choosing the width of the deep-waveguide AWG arms such that the propagation velocities
for TE- and TM-polarized signal of the same wavelength are equal (see figure2.20). This
AWG has also deep input waveguides to the shallow-etched FPRs, which means that shallow-
to-deep transitions (see section2.4.1) have to be inserted when accessing the AWG. The deep
waveguides are used to make the AWG more compact, because these deep access waveguides
can be put closer to each, which means that a smaller phase increment between the AWG arms
is required to de-multiplex two adjacent wavelengths to two adjacent outputs.

The design wavelengths for the beamformer are:λ1 = 1550.9nm, λ2 = 1554.1nm, λ3 =
1557.3nm, andλ4 = 1560.6nm. Table2.2 lists the different design parameters that were cho-
sen to create the AWG. We have chosen a central wavelength of 1555.0nm. The wavelength
difference between the beamformer wavelengths is 3.2nm(=400GHz). Considering the loop-
back implementation of the beamformer shown in figure2.25, the channel spacing∆λ between
the adjacent outputs was chosen as 1.6nm. The deep-waveguide AWG arms are 1.6µmwide,
which is the width at which they are non-birefringent (see figure2.20). In our case, the pitchd
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Table 2.2: Table containing the design parameters of the double etched AWG.

design parameter value

λc 1.555µm

∆λ 1.6nm

FSR 35nm

AAF 4

d 2.6µm

gap 0.6µm

wwav 1.6µm

between the deep access waveguides of the AWG is 1.0µm. The distance between the shallow-
to-deep transition and the FPR is 100µm. The gapgapbetween the AWG arms at the access
to the FPRs has been chosen equal to the fabrication limit (0.6µm) in order to minimize the re-
flection loss. For this design, theFSRhas been chosen as large as possible (35nm), in order to
obtain a uniform power distribution between the output channels. TheFSRhas to be large be-
cause the power in the output channels decreases as the difference between the de-multiplexed
wavelength and the central wavelength becomes larger. The layout of the double-etched AWG
itself has been generated by an in-house software tool that generates the layout based on the
input parameters described earlier.

2.4.4 Phase Shifters

The phase shifter is a regular shallow waveguide to which an electrical voltage can be applied
from the top of the ridge (see figure2.21) [54]. The ground contact is situated on the bottom
side of the chip. When a negative voltage (with respect to the ground contact) is applied, the
change in the refractive index will cause the optical field to propagate at a slightly different
speed than through an unbiased phase shifter. This way, we can obtain a phase shift between a
biased- and an unbiased phase shifter of equal length. The amount of phase shift is determined
by the amount of effective refractive index change, which is in turn dependent on the applied
reverse bias.

Design

The most important practical issues in the design of the phase shifter are: the orientation of the
phase shifter on the surface of the chip, and the phase-shifter length. In our design, we have
opted for a polarization-independent circuit, and therefore the orientation of the phase shifter
on the chip should be such that the phase shift is equal for both TE- and TM-polarized optical
signal. In section2.3.3, we showed the phenomenona that give rise to the phase shift in a phase
shifter. From these four phenomena, only the Pockels effect is dependent on the orientation of
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a 5mm-long phase shifter oriented at different angles with respect to the small flat a), and a plot of the
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Figure 2.23: Plot of the simulated switching voltageVπ as a function of the length of the phase shifter
oriented at the polarization-independent angle.

the phase shifter, and it can change sign from−1/2 ·n3
0 · r41 ·E to 1/2 ·n3

0 · r41 ·E, wheren0

is the refractive index at a zero-applied bias,r41 is the electro-optic coefficient inm/V, andE
is the electric field in the depletion region inV/m (see figure2.7b). Since this Pockels effect
is a relatively strong effect, the orientation of the phase shifter will affect the total amount of
refractive-index change. Figure2.22shows a plot of the simulated phase shift (with respect
to an unbiased phase shifter) as a function of the applied voltage for a 5mm-long phase shifter
oriented at different angles with respect to the small flat. For this simulation, we have used
the model described by D. H. P. Maat [45], which takes into account the refractive-index-
change effects described in section2.3.3. This plot shows that the phase shift for TE-polarized
light is dependent on the propagation direction of the phase shifter, while the phase shift of
TM-polarized is independent of the orientation. Therefore, in order to obtain polarization-
independent phase shifters, the propagation direction should be such that the induced phase
shifts are equal for both polarizations. From the plot in figure2.22, it seems that the phase
shifters should be oriented at 45◦ with respect to the small flat of the InP chip. However, as is
explained in [45], the Kerr effect shows a slight polarization dependence, which has not been
taken into account in this model. Based on the experience from previous researchers, we have
chosen an orientation of 60◦.

The second design parameter is the length of the phase shifter, which determines the volt-
ageVπ required to achieve a phase shift ofπ (also called the switching voltage). Figure2.23
shows a plot of the simulated switching voltageVπ as a function of the length, for a phase
shifter which is oriented at 45◦. Based on the desiredVπ, the length can be chosen accord-
ingly. However, two considerations have to be made. First, the length should not be chosen
too long, otherwise the circuit will become too large. Second, the length should also not be too
short, because if the switching voltage becomes too high, the phase shifters start to attenuate
the propagating optical signal due to the Franz-Keldysh effect described in section2.3.3. In
reference [45], several plots are shown of the attenuation of a single phase shifter. These plots
show that the absorption values become apparent for reverse voltages higher than -6V.
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A different requirement that is particularly important for the application of the integrated
beamformer is the switching speed of the circuit. The switching speed of the beamformer is
pre-dominantly determined by the switching speed of the optical switches, which is in turn
directly related to the speed of the phase shifters. The speed of the phase shifter is determined
by the RC time of the phase shifters, or the time required to form the depletion region [28, 54].

2.4.5 Electro-Optical Switches

The Mach-Zehnder-interferometer (MZI) switch consists of two 2x2 MMI couplers connected
by electro-optic phase shifters on each branch. Figure2.24shows the layout of the MZI switch.
An optical input signal applied to the upper input waveguide, is equally divided over two wave-
guides by the first MMI coupler. The output signals of the MMI coupler are equal in power,
however, there is a 90◦ phase difference between them (see figure2.15). Then, each output
branch goes through a phaseshifter (see section2.4.4). If no voltage is applied to the phase
shifters, the signal in both MZI branches arrives at the second MMI coupler with the same 90◦

phase difference. This second MMI coupler then combines the power in both branches into
the lower output port (also called the cross port of the switch as the signal crosses from the
upper input to the lower output), as illustrated in figure2.24. If we apply a switching voltage
Vπ to one of the phase shifters, such that it induces a phase shift of 180◦ with respect to the idle
phase shifter, then the phase difference at the second MMI coupler changes from 90◦ to−90◦,
causing the signals to combine into the upper output waveguide (also called the bar port of the
switch). Figure2.24shows an ideal plot of the power in the cross- and the bar port of the MZI
switch as a function of the phase shift introduced by the phase shifters.

Before- and after the phase shifter, the p-doped layers (layers 1, 2, and 3 shown in figure
2.21) are removed in order to electrically isolate the two adjacent phase shifters of an MZI
switch. This isolation section is necessary as both the phase shifters of an MZI switch might
be short-circuited via the highly-p-doped layers. The isolation sections are 200µmlong.

2.5 Design of the Beamformer

This section describes the design of the fully-integrated TTD beamformer, which involves the
implementation scheme of the beamformer, the calculations of the delay-line lengths based on
the PAA beam-steering requirements, and, finally, the InP chip layout.

Implementation

The total implementation of the integrated TTD beamformer is shown in figure2.25. The
beamformer consists of three 3-bits SDL sections (described in section1.4), and an AWG. The
operating principle is as follows. The four optical signals, which have been simultaneously
modulated by the 40GHz signal to be transmitted by the PAA, are coupled into the beam-
former and are first separated by the AWG demultiplexer (symbolized by the tilted trapezium
in figure2.25) onto four different waveguides. And then, each wavelength (except the refer-
ence wavelength 1) is coupled to a 3-bits SDL section, with which we can set the optical path
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Figure 2.24: Schematic top view of an MZI switch illustrating both the cross-state- a) and the bar-state
b) operation, and a plot of the power in the cross- and bar port as a function of the phase shift between
both MZI branches c).
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Figure 2.25: Schematic layout of the integrated TTD beamformer.

length of each individually by switching them between the different delay lines. Finally, the
wavelengths are coupled back into the AWG, while passing through an offset delay line. In the
AWG, the wavelengths are then multiplexed onto a single waveguide and coupled out of the
chip.

Delay-Line Lengths

The question now remaining is how to choose the delay line lengths such that the eventual time
delays of the wavelengths are linearly aligned with the proper adjacent-element time delay∆τ?
This question can be answered by looking at figure2.2 which shows the different total time
delays required for each antenna element and each setting of the beamformer. This total time
delay can be de-composed into a fixed offset delay for each antenna element for all settings,
and a variable delay for each antenna element which is dependent on the particular setting of
the beamformer (see figure2.26). The offset-delay-line lengths∆Lo f f set in the implementation
of the beamformer can be calculated from the offset delays of each wavelength shown in figure
2.26. The delay-line lengths in the SDL sections are calculated from the variable delays shown
in figure2.26. The plot shows that the change in variable delay of each antenna element from
one antenna beam to the next is constant. Therefore, the delay of the first delay line of the
SDL section∆Lλ is equal to the change in variable delay from one antenna beam to the next.
The delays of the other delay lines, 2∆Lλ and 4∆Lλ, are then calculated from this∆Lλ. As one
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Table 2.3: Offset- and variable-delay values (inps) for the different delay lines in the integrated beam-
former.

element 1 element 2 element 3 element 4

τo f f set 29.8 19.8 9.9 0

τ∆L 0 2.8 5.7 8.5

τ2∆L 0 5.7 11.3 17.0

τ4∆L 0 11.3 22.7 34.0

can see from figure2.2, the summation of the offset delay and the variable delay in the SDL
sections will result in a perfectly aligned time delay for all the eight possible settings, provided
that each wavelength in the SDL sections passes through the same sequence of delay lines.
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Figure 2.26: Plot of the total time delay de-composed into a fixed offset delay, and a variable delay which
is dependent on the particular beam direction

Once all the delays are known, we can calculate their respective delay-line lengthsldelay line

by using the following equation:

ldelay line= τdelay·vg = τdelay·
c

Ng
(2.16)

whereτdelay is the delay of the delay line ins, νgroup is the group velocity of the particular
wavelength inm/s, c is the velocity of light inm/s, andNg is the group effective index of
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Table 2.4: Delay lengths (inµm) corresponding to table2.3based on a group index of 3.6.

λ1 λ2 λ3 λ4

∆Lo f f set 2477.5 1651.7 825.8 0

∆L 0 236.0 471.9 707.9

2∆L 0 471.9 943.8 1415.7

4∆L 0 943.8 1887.8 2831.4

the delay-line waveguide. From table2.3, we can calculate the different offset- and variable
delay-line lengths for the different SDL sections. They are shown in table2.4. These delay-
line lengths have been calculated based on a group effective-index value of 3.6, while the
simulations in section2.4.1show that the group velocity for the four operating wavelengths
of the beamformer is actually equal to 3.7. The reason for this mistake is, because we had
assumed a value of 3.6 from work reported previously. The group index value of 3.6 will result
in a 2.7% deviation of the time delays from their design value. Nevertheless, the beamformer
will still work, because this discrepancy occurs simultaneously for all wavelengths.

Layout

Two consecutive fully-integrated beamformers have been realized. A schematic layout of the
beamformers was shown in figure2.25. Figure2.27a shows the mask layout of the first realized
fully-integrated beamformer. The total size of the mask layout is 15×15mm2, and it contains
the following parts: the beamforming circuit in the center of the layout (the area inside the
dashed box in figure2.27a), an AWG on the center-left side of the layout for testing purposes,
two regions on the bottom- and on the top of the layout with various test structures to test the
losses of several sub-components of the beamformer, four switches on the center-right side of
the layout to test the electro-optic switching behavior, and several straight-waveguide and deep-
waveguide loops on the center right (above the test switches) to determine the bending loss of
the waveguides. The beamformer itself takes up an area of 8× 11mm2 on the total layout,
and the beamforming circuit has been oriented 60◦ with respect to the small flat (horizontal
direction on the photograph) in order to obtain polarization-independent switching behavior
(see section2.4.4). The phase shifters are 800µm long. The waveguides at the right-hand side
of the layout are spaced at 250µm, so that a fiber array can be used to couple the signals in and
out of the chip. Once the test structures have been characterized, the chip can be cleaved at the
cleave planes shown in figure2.27, after which the input- and output of the beamformer are
located at opposite sides of the chip.

In this paragraph, we will give the dimensions of several sub-components of this first re-
alized fully-integrated beamformer. The double-etched AWG has two inputs and 9 outputs of
which one is used for testing. The width of the deep AWG arms is 1.7µm, and the total area
of the AWG is 1.5mm×1.2mm. The phase shifters of the MZI switches are 800-µmlong, and
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Figure 2.27: Mask layout of the first fabricated integrated beamformer.

the isolation sections before- and after each phase shifter are 100-µmlong. The MMI couplers
are 205-µmlong and 12-µmwide. The radius of curvature of the shallow- and deep-waveguide
bends are 500µmand 180µm, respectively. The metal interconnecting lines from the bondpads
to the phase shifters are 10-µmwide.

After fabrication and characterization of this design, it appeared that the switching voltages
were considerably higher than expected. And further, the central wavelengthλc of the AWG
showed a significant shift relative to the design values, which was probably caused by a devi-
ation in layer thickness and waveguide width. In order to get a better tolerance for deviations
in the fabrication, we decided to redesign the components and realize a second fully-integrated
beamformer. Figure2.28shows the layout of this second fully-integrated beamformer. The
layout of this second design is almost identical to the first one, except for some minor modifi-
cations. Multiple inputs and outputs have been added to the AWG in order to compensate for a
possible shift in the central wavelength of the AWG. The AWG has now eight inputs of which
four can serve as the input to the beamformer and four as outputs. With this set-up, a central-
wavelength shift of 10nmcan be tolerated by choosing a different input waveguide. We have
also included an additional AWG for testing purposes. The length of the phase shifters has
been increased to 3mmto lower the switching voltage. The width of the deeply-etched AWG
arms has been decreased from 1.7µmto 1.6µm, to decrease the birefringence of the AWG arms
even further. The test inputs to the SDL sections and the test MZI switches have now been put
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Figure 2.28: Mask layout of the second fabricated integrated beamformer.

Figure 2.29: Schematic layout of the test structures of the components of the integrated beamformer.

on opposite sides of the chip, in order to be able to characterize the components for both TE-
and TM-polarized input individually.

The beamformer consists of various components, which can not be characterized individu-
ally in the beamformer circuit. Therefore, test structures have been included in the areas on the
bottom- and the top of both beamformer chips. These test structures can be characterized with
the Hakki-Paoli method (see section3.4.1) to determine the loss of each component. The test-
ing regions contain test structures for the following components: shallow waveguides, deep
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waveguides, isolation sections, shallow-deep transitions, deep-waveguide bends, and MMI
couplers. For each sub-component, the test structure consists of a series of cascaded elements
in between cleaved facets, as shown in figure2.29. Several of the test structures have very low
losses (such as the isolation sections in the MZI switches, which have a loss below 0.1dB).
If we were to include only one (or only a few) in series, then it would be very difficult to
distinguish the isolation-section loss from the loss of the interconnecting shallow waveguide.
Therefore, for these components, we have included a large number in series (>20). On the other
hand, several test structures (such as the MMI couplers) have rather high losses (~1dB from
previously reported work), and for these test structures, we should only include a few in series.
This is because if the losses become too high, the amplitude of the Fabry-Perot interference
pattern measured with the Hakki-Paoli method will be too low to detect. In our experience,
the losses of each test structure should be between 1dB and 5dB to be characterized correctly
with our Hakki-Paoli measurement set-up.

2.6 Summary

The two fully-integrated beamformers described in this chapter have been designed for steering
the beam of a four-element PAA operating at 40 GHz, and where the PAA elements are spaced
at half the wavelength of the operating frequency (=3.75mm). It was demonstrated how to cal-
culate the various delay-line lengths on the integrated beamformer from the configuration of
the PAA. The designed integrated beamformer contains one AWG, fourteen electro-optic MZI
switches, and twelve waveguide-based delay lines. The total area of the integrated beamformer
is 8mm×11mm. The AWG (1.5mm×1.2mm) has been implemented as a so-called double-
etched AWG, which has deep-etched access waveguides and AWG arms, and a shallow-etched
FPR. The AWG has been designed for a center wavelength of 1.555µm, a channel spacing
of 1.6nm, and an FSR of 35nm. Out of the 12 delay lines, the longest one is 2.8mm long,
and the shortest one is 0.2mm. The electro-optic MZI switches consist of two 2x2 MMI cou-
plers cascaded by an electro-optic phase shifter on each branch. The MMI couplers have also
been implemented as double-etched MMI couplers, which have a deep-etched MMI section
and shallow-etched access waveguides. The MMI length of the MMI section is 205µm. The
refractive-index-change effects that give rise to a phase shift have been explained, and it was
shown that the phase shifters should be oriented at 60◦ with respect to the small flat to obtain
polarization-independent switching behavior.

Furthermore, we have seen that the InP crystal consists of a group-III face-centered-cubic
structure zinc-blended with a group-V face-centered-cubic structure. We have shown that there
are a variety ofIn1−xGaxAsyP1−y compositions that can be epitaxially grown on an InP sub-
strate, all of which have different refractive indices ranging from 3.17 to at least 3.43, and
different bandgap energies going from 1.35eV down to at least 0.91eV. This observation
demonstrates the versatility of the InP material for realizing optical components in the 1550-
nm wavelength region. We have used the empirical model by Fiedler & Schlachetzki to cal-
culate several of the optical properties from the particular composition. We have seen that
introducing dopant atoms into the InP/InGaAsP semiconductor can have a detrimental effect
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on the refractive index and the optical absorption.
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Chapter 3

Fully-Integrated Beamformer
Fabrication and Characterization

3.1 Introduction

This chapter describes the fabrication and the characterization of the two fully-integrated
beamformers decribed in section2.5. As we explained in that section, we have realized
two consecutive fully-integrated beamformers, which we will call the original fully-integrated
beamformer and the redesigned fully-integrated beamformer. The fabrication process of both
beamformers is based on standard lithography-, wet-etching, and dry-etching techniques, and it
is very similar to processes reported by previous researchers [28, 49], except for the definition
of the metal interconnections on the chip. For our metallization process, we have developed a
new scheme based on wet-chemical etching.

The characterization of the fabricated beamformers is divided in many parts with the pur-
pose of extracting the following values: the optical losses of the beamformer circuit, the operat-
ing wavelengths of the beamformer, the polarization behavior of the beamformer, the switching
voltages of all the MZI switches, the switching speed of the MZI switches, and the time delays
of the various delay lines. Additionally, the losses of the different optical components can be
extracted from the test structures included in the layout.

Section3.2 describes the layerstack of the InP-based beamformer, and in section3.3 we
explain all the fabrication steps of the beamformer. In section3.4, we describe the two mea-
surement setups that were used in the characterization of the optical performance of the fully-
integrated beamformer. Also, this section describes how to perform accurate transmission mea-
surements without applying anti-reflection (AR) coatings to the facets of the chip. In section
3.5, we present the measurement results on the fully-integrated beamformers. The conclusions
are drawn in section3.6.

57
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Figure 3.1: Figure of the layerstack a) and a table with several properties of each layer b).

3.2 Integrated Beamformer Layerstack

Figure3.1shows, once again, the layerstack that was used to realize the fully-integrated beam-
formers. This layerstack has been developed for optimal electro-optic switching behavior in
previous research carried out by T. Uitterdijk [54], C. Herben [49], and D. H. P. Maat [45].
The optical-guiding layer consists of a 600-nm Q(1.25) layer (layer no. 6 on figure3.1). The
purpose of the 50-nm InGaAs layer (layer no. 1) is to obtain a low-resistance ohmic contact
between the semiconductor and the Ti/Au metal interconnects. In order to achieve an ohmic
contact, this layer should be doped as high as possible. InGaAs is the only InGaAsP composi-
tion that can be doped higher than 1·1019cm−3. Unfortunately, the bandgap energy of InGaAs
is lower than the energy of the optical signal, which means that the InGaAs layer will absorb
the optical signal. Two InP layers (layers no. 2 and 3) with a total thickness of 1µmare used
to isolate the optical signal in the guiding layer from the InGaAs metal-contact layer. These
two layers are p-doped by 5·1017cm−3 (layer 2) and 3·1017cm−3 (layer 3). In figure2.6, it
was shown that InP doped at these concentrations has a rather high optical absorption. There-
fore, an 180-nm undoped InP layer (layer 5) has been inserted to minimize this absorption.
Layer no. 4 is a 20-nm undoped Q(1.25) layer, which is used as an etch-stop layer for defining
the isolation sections in the Mach-Zehnder-interferometer (MZI) electro-optic switches (see
section2.4.5). The 1-µm InP layer below the guiding layer (layer no. 7) has been added to
minimize the absorption by the highly-n-doped InP substrate. The electrical behavior from the
top to the substrate is a pin diode, and the doping concentrations of the different layers have
been optimized for a maximum electro-optic effect [45].
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Figure 3.2: Bird’s view schematic of the phase shifter, the deep waveguide, and the shallow waveguide.

3.3 Fabrication Process

The fabrication of a fully-integrated beamformer requires a total of 6 masks, and is based on
standard lithography to transfer the patterns from the mask to a photo-sensitive resist layer,
which has been spun on top of the chip. The pattern in the photoresist is transfered to the
semiconductor by either etching in a reactive-ion etcher (RIE), or wet-chemically. Figure3.2
shows a schematic of the three structures to be realized with the fabrication process described
below.

Removal of Contact Layer

The fabrication process starts by removing the highly-doped InGaAs top layer everywhere,
except on the sections that will become the phase shifters. The pattern defined in a chromium
layer on top of a transparent quartz mask plate, is transferred to a photoresist layer on the chip
in a photolithography process. The lithography process is as follows. Photo-sensitive polymer
(HPR 504 photoresist) is deposited on top of the chip, and the chip is spun at high speeds
( 3000 rpm for 30 seconds) in a closed spinner. By closing the hood of the spinner during
the spinning of the photoresist, a more uniform- and thinner layer of photoresist is obtained
compared to spinning on open air. After spinning, a layer of 1.4µmof resist is obtained. Then,
the chip is placed on a 100◦C hot plate for 2.5 minutes, in order to evaporate the solvents and
solidify the photoresist. These (toxic) solvents are what makes the photo-sensitive substances
in the photoresist liquid, which is required for spinning. After the solvents have been dried out
on the hotplate, the photoresist becomes a hard and solid substance, equally distributed over
the surface of the chip and containing the photo-sensitive material.

The chip with the photoresist on top is then brought to the mask aligner for contact photo-
lithography. The chip is put on a chuck and held in place through a vacuum channel below the
chip. The chip is then brought into contact with the quartz mask plate with the thin chromium
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Figure 3.3: Definition of the InGaAs contact layer on the phase shifters.

pattern. A mercury lamp with a wavelength of 430nm exposes the mask from the top. The
regions protected by the chromium of the mask plate will not be exposed, while the transparent
regions will be exposed.

A typical positive resist is composed of three major components: a photoactive compound
(inhibitor), a base resin and a suitable organic solvent. It will also contain other proprietary
ingredients. All or most of the solvent is evaporated after spinning and bake. The base resin is
moderately soluble in aqueous alkaline developer at a rate of 15 nm/s. When the photoactive
compound is present (usually 25-30 wt%), the removal rate of unexposed resist is only 0.1
nm/s. This is why the photoactive component is referred to as an inhibitor. Radiant energy in
the wavelength of 300-450 nm destroys the photoactive component and results in an increased
removal rate, up to 100-200 nm/s.

After the development ( 1 minute), the photoresist is hard baked at 120◦C for 20 minutes
for optimal adhesion of the photoresist to the InGaAs surface. The InGaAs top layer is sub-
sequently removed in anH2O2/oxalic−acid/KOH/H2O solution. This solution etches the
InGaAs top layer selectively with respect to the underlying InP layer. After the InGaAs has
been etched, we remove the photoresist (see figure3.3).

Etching of Shallow- and Deep-Waveguides

The realization of the waveguides is the most critical step in the realization of photonic in-
tegrated circuits. After the photoresist from the previous step is removed, a 50-nm silicon-
nitride (SiNx) layer is deposited on the chip in a plasma-enhanced chemical-vapour-deposition
(PECVD) reactor. The shallow-waveguide mask is used to define the waveguide pattern by
lithography. Selective etching of theSiNx in a reactive-ion etcher (RIE) with aCHF3 plasma
transfers the photoresist pattern to theSiNx layer. Afterwards, the photoresist is removed by
stripping in an oxygen plasma in a barrel etcher (stripper), and we end up with the structure
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Figure 3.4: Fabrication steps to create the shallow- and deep waveguides.
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shown in figure3.4a. In the barrel etcher, the chip is contained inside a metal cage (a Fara-
day cage) where no charged ions can enter, which might cause damage to the surface of the
chip. The stripping of the organic photoresist is thought to occur with the neutrally-charged
oxygen atoms, which are created by the plasma and diffuse into the Faraday cage to etch the
photoresist. One should bare in mind that after stripping, a few atomic mono layers of the InP
and theSiNx substrates have been oxidized (native oxides), and that these oxides should be re-
moved. In our case, a 2-minute stir in a solution containing 10%H3PO4 in water is performed
to remove these native oxides. It is also believed that by stripping the photoresist, residual
oxides from the constituent components of the photoresist become oxidized and inhibit further
dissolution of the photoresist. Thus, an additional stripping step is performed after theH3PO4

native-oxide removal. Then, the chip is dipped for one- or two seconds in a 1% HF solution
to remove silicon residues created during the etching of theSiNx in the RIE. One of the by-
products of etchingSiNx in a CHF3 plasma isSiF4, which is evaporated from the surface of
theSiNx layer. TheSiF4 which is formed near the photoresist pattern, however, can evaporate
towards the photoresist sidewalls and solidify to form a thin Si layer. This Si layer is removed
with the 1%HF dip.

The next step in the processing is to cover the shallow-etch regions on the chip with a 100-
nm titanium (Ti) layer (see figure3.4b). Therefore, a lithography defines the deep-waveguide
mask pattern on photoresist. The lithography procedure is similar to the procedure described
earlier, except that now a negative-tone photoresist is used instead of a positive-tone photore-
sist. With the negative photoresist, the exposed photoresist areas remain on the chip while
the non-exposed areas are dissolved during the development. This resist is used because it
can have negatively-sloped resist edges, which is in turn necessary for achieving a succesful
lift-off step. After the lithography, a 100-nm Ti layer covering the entire horizontal surface is
evaporated on the chip. Then, the chip is dipped in an acetone bath to lift-off the Ti on top of
the photoresist. The negatively-sloped photoresist edges can not be covered by the Ti, which
means that the acetone can penetrate these edges and dissolve the photoresist.

Subsequently, the InP in deep regions is etched with a plasma containing a gas mixture
of CH4 andH2 [28, 55]. This gas mixture etchesInP and In1−xGaxAsyP1−y selectively with
respect to theSiNx and theTi. TheCH4/H2 plasma etch is alternated with an oxygen (descum)
plasma to remove the polymers on theSiNx and theTi created by theCH4/H2 plasma. The
plasma contains 20 sccmCH4 and 80 sccmH2, and operates at a pressure of 60 mTorr and an
applied RF power of 220 W. The alternatingO2-descum step contains only 100 sccmO2 at a
pressure of 100 mTorr and lasts 12 sec. The InP is etched until an etch depth of 1.2µm (see
figure3.4c).

After this initial InP etch, theTi layer is selectively removed in a solution of H2O2/oxalic
acid/KOH/H2O (see figure3.4d). However, it must be said that this solution also etches
In1−xGaxAsyP1−y at a very low etch rate, so the etch time should not be much longer than
necessary. After theTi has been removed, all the waveguides are again etched in the RIE using
the sameCH4/H2 process as described above. The process runs until the shallow-waveguide
ridges reach down to 100nminto the guiding layer (see figure3.4e). After the waveguide etch,
a surface treatment is done on the surface to remove the possible damage caused by the RIE.
The surface treatment consists of several times stripping in the barrel etcher followed by a
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Figure 3.5: Fabrication of isolation section a) and the contact opening b).

native-oxide removal in the 10%H3PO4 solution. After that, theSiNx etch mask is removed
in buffered hydrofluoric (BHF) acid, followed by a stripping-H3PO4 step to remove possible
fluoride residues from the BHF solution (see figure3.4f).

Isolation Etch

The electrical-isolation regions, which isolate the p-type contacts, are defined by lithography.
The top InP layers 2 and 3 are selectively removed in anHCl/H3PO4 solution that only etches
InP and not the underlying InGaAsP layer (see figure3.5a). However, this wet-chemical etch
shows faceting for certain crystallographic directions which might inhibit the dissolution pro-
cess. This faceting is particularly apparent for isolation regions parallel to the primary flat. It
is best to orient these isolation sections diagonally with respect to both flats. After the etch, the
photoresist is removed by dipping the chip in acetone, followed by a stripping-H3PO4 step.

SiNx Contact Openings

A 350nmSiNx layer is deposited on the whole wafer in the PECVD. Then, the metal-semiconductor
contact openings are defined on a negative-photoresist pattern (MaN-440) by standard lithog-
raphy. The 1−µmwide contact openings normally can not be realized with a thick (≈ 3.5µm)
negative photoresist, but on top of the waveguides, the resist will be thinner. Furthermore, the
negative-tone mask is mostly transparant making the alignment with respect to the chip easier.
Also, the negative resist is more tolerant with respect to the exposure time. Positive photoresist
easily leads to overexposure, which may cause a severe under etch of theSiNx.

After the lithography, a selectiveSiNx etch in an RIE is used to partially open the contacts,
followed by a dip in aBHF solution. TheSiNx is not completely etched in the RIE, because the
plasma can cause damage to the contact layer resulting in an increased metal-semiconductor
contact resistance. TheSiNx is etched in the RIE until 50nmare left. The remaining 50nm is
then etched in a surface-damage-free BHF solution. After the contact-opening definition, the
photoresist is removed in an acetone dip followed by a stripping/H3PO4 step (see figure3.5b).
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Figure 3.6: Metallization process to define the metal interconnects.

Metallization

After opening theSiNx on the phase shifters, a 60-nm titanium (Ti) layer and a 200-nm gold
(Au) layer is deposited over the whole surface in an electron-beam evaporator (see figure3.6a).
In order to obtain an optimal coverage of the vertical sidewalls of the waveguides, the chip’s
surface is tilted to a 45◦ angle with respect to the metal targets. During the evaporation, the
chip is rotating at a speed of 25 rpm. Afterwards, the metal interconnect pattern is defined
on a photoresist layer by standard lithography (see figure3.6b). The metal layers are re-
moved wet-chemically using a commercial gold etchant to dissolve the Au, followed by a
H2O2/oxalic−acid/KOH/H2O solution to dissolve the Ti (see figure3.6c). Finally, the pho-
toresist is removed and the metallization is complete (see figure3.6d). Figure3.7 shows an
SEM pitcure of a metal interconnect crossing two waveguides.

Completion

The final steps in the fabrication are the backside metallization and the annealing of the chip.
A photoresist layer is spun on the top side of the chip for protection, and a 60-nm titanium
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(a)

Figure 3.7: SEM photograph of a metal interconnect crossing two waveguides.

(Ti) layer and a 200-nm gold (Au) layer is e-beam evaporated on the backside of the chip.
Afterwards, the photoresist on the top side is removed followed by an annealing step in a
rapid-thermal-annealing oven. The oven anneals the chip for 30 seconds at 325◦C in an argon
(Ar) environment.

Figure3.8a and b show pictures of the fabricated original- and redesigned beamformer, re-
spectively.

3.4 Characterization Methods

The different sub-components of the integrated beamformer were characterized individually
before measuring the total circuit. Two different measurement set-ups have been used for this
purpose. The first set-up is based on the measurement of the Fabry-Perot (FP) interference
fringes caused by the reflections between the input- and output facets of the non-AR-coated
chip [56, 57]. This method is also referred to as the Hakki-Paoli method, and has been used
to characterize the test structures of the components of the beamformer (see section2.5). The
second set-up is based on the measurement of the transmission spectrum through the device
under test (DUT) using a broadband light source, which is, in our case, the amplified sponta-
neous emission spectrum of an EDFA. By comparing the resulting transmission spectrum with
the spectrum through a regular shallow waveguide, we can determine the spectral properties of
the DUT and the excess losses with respect to the shallow-waveguide reference. This method
has been employed to characterize the AWG (section2.4.3) and the total beamformer circuit
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Figure 3.8: Photograph of the original- a) and the redesigned fully-integrated beamformer.
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(section2.5).
An important requirement for the characterization of InP circuits is the distinction of the

performance for TE- and TM-polarized input signal, due to the birefringent nature of the InP
waveguides. Therefore, we polarize the light going into the chip with a free-space polarizer.

3.4.1 Hakki-Paoli Optical Loss Measurements

When an optical signalPin is coupled into a non-anti-reflection-coated waveguide, portions of
the optical signal travel back and forth between both facets, while at each facet a part of the
signal is transmitted and the remaining part is reflected (see figure3.9). The output powerPout

can be calculated from the summation of all the multiply-transmitted electric-field components,
and is written as (see appendix for derivation of formula):

Pout (λ) =
(1−R1)(1−R2)e−αL(

1−
√

R1R2e−αL
)2 +4

√
R1R2e−αLsin2

(
2πNe f fL

λ

)Pin(λ) (3.1)

whereR1 is the reflectivity of the input facet,R2 is the reflectivity of the output facet,L is the
length of the waveguide incm, α is the propagation loss of the waveguide incm−1, Ne f f is
the effective refractive index of the waveguide,λ is the wavelength of the input signal inµm,
andPin is the intensity of the input signal inW. Figure3.9 shows several Fabry-Perot fringe
patterns from a 3µm-wide shallow waveguide for different propagation losses, and with the
following characteristics: a length of 5mm, a simulated reflectivity of 0.3454 for both facets,
and a simulated group effective index of 3.675. The reflectivity of the waveguides at the facets
has been calculated with a program from ETH Zurich called “mirf”.

A slight manipulation of equation3.1 shows that the propagation loss can be extracted
from the ratio of the maximum-Pmax and minimumPmin power with prior knowledge of the
reflectivity of the waveguide facets and the length of the waveguide from facet to facet. The
equation is (see appendix for derivation):

α =−1
L

ln

 1√
R1R2

√
Pmax
Pmin

−1√
Pmax
Pmin

+1

 (3.2)

This observation forms the basis for the Hakki-Paoli loss measurement set-up with which we
can measure the maximum- and minimum power of the FP fringes and determine the losses
through equation3.2. The test structures in the integrated-beamformer chip (see section2.5)
have been included in the layout, so that they can be characterized with this method.

The shallow waveguides on both fully-integrated beamformers are 3µmwide and should
be etched 100nm into the guiding layer. Originally, this waveguide width was chosen for this
particular etch depth, because it is the maximum width at which the waveguide supports only
the zero- and the first-order mode. By positioning the input fiber in the center of the waveguide
during the coupling of light into the waveguide, only the zero-order mode is excited (but not the
first-order mode). However, finite-difference simulations on the shallow-waveguide structure
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Figure 3.9: Illustration of the multiple reflections inside a non-AR-coated waveguide a), and the resulting
output transmission spectrum through a 5mm-long shallow waveguide with various propagation losses
b).
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Figure 3.10: Intensity profiles of the three guided modes in a shallow waveguide that has been etched
130nm into the guiding layer, and the coupling loss to these three modes when coupling in with an input
signal with a MFD of 4.3µm.

show that a mere 30nm overetch is enough to make the waveguide support the second-order
mode as well. During fabrication it is difficult to control the etch depth within 30nm, due
to the non-uniformities of the different processes and non-uniformities in the epitaxial lay-
ers. The second-order mode disturbs the waveguide-loss measurement because this mode is
always coupled into the waveguide and will coherently interfere with the zero-order mode at
the output (not during propagation inside the waveguide because the modes are orthogonal).
Figure3.10shows the mode profiles of the three guided modes in a shallow waveguide that
has been over-etched by just 30nm, plus a plot of the coupling efficiency to the three different
modes as a function of the lateral offset, when the input waveguide facet is illuminated with
an optical signal with a Gaussian mode field diameter (MFD) of 4.3µm. The MFD is defined
as the diameter within which the intensity of the signal is higher than the 1/e2 value of the
maximum intensity. In chapter4, we will go further in detail on the coupling of optical signals
into waveguides. The plot in figure3.10shows that even when the input signal is correctly po-
sitioned at the center of the waveguide to suppress the excitation of the first-order mode, still
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Figure 3.11: Simulated Fabry-Perot fringe pattern for the individual zeroth- and second-order mode a),
and the resulting Fabry-Perot fringe pattern from the interference between both these modes b).

the second-order mode is excited. This is because the second-order mode is also a symmetric
mode, just like the zero-order mode and the mode of the fiber.

The detrimental effect that the second-order mode has on the determination of the propa-
gation losses is two-fold. First, it introduces an increase in the overall measured power, which
will result in an altered contrast ratioPout/Pin. Second, the beating between the zero- and
the second-order mode introduces a relatively-long periodical modulation (few nanometers)
on the envelope of the FP fringes (see figure3.11b). Figure3.11a shows a plot of the sim-
ulated FP-fringe pattern in the ideal situation when only the zero-order or the second-order
mode is excited, and figure3.11b shows the non-ideal situation when both the zero- and the
second-order mode are excited and coherently interfere with each other. These plots have been
simulated for a shallow waveguide with the following characteristics: length = 8mm, etch
depth into guiding layer = 130nm, TE polarization, facet reflectivity for the zero-order mode
= 0.3454, facet reflectivity for the second-order mode = 0.25, and MFD of the input fiber =
4.3µm. An ideal single-mode FP-fringe pattern is constant over a long wavelength region (see
figure 3.11b), and the measured contrast ratio is therefore independent of the wavelength. If
the waveguide supports more than one mode, then the measured contrast ratio of the FP fringes
will be wavelength dependent. With our method of sweeping the wavelength of the DFB laser
described below, the wavelength can only be swept over a few periods of the FP fringes, which
is not enough to observe the beating between the zero- and the second-order mode. Therefore,
we should first determine whether the particular waveguide supports the seond-order mode by
observing the spectrum through the waveguide over a long wavelength range. The transmission
set-up described in section3.4.2can be used for this purpose. The considerations explained
above also apply for the case when the first-order mode is coupled into the waveguide due to
a misalignment of the input signal with respect to the waveguide (see figure3.10). The best
way to eliminate the influence of higher-order modes on the waveguide-loss measurement re-
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Figure 3.12: Fabry-Perot measurement setup used to measure waveguide propagation losses.

sults is by using test waveguides which have a curved section or an MMI-based mode filter. A
curved waveguide will attenuate any second-order mode, and a mode filter will filter out any
first-order mode [58]. An MMI-based mode filter, however, can not filter out the second-order
mode.

Figure3.12shows the set-up used to measure the losses of the components of the fully-
integrated beamformer. An optical signal from a distributed-feedback (DFB) laser, operating
at a wavelength of 1534nm, is coupled into a fiber and collimated by a microscope objective.
This collimated signal then passes through a chopper, and a (Faraday) isolator. The isolator
consists of a quarter-wave plate between two polarizers, and its purpose is to minimize the
signal reflected back into the DFB laser. The second polarizer is used to set the polarization
of the signal going into the waveguide, so that the propagation losses can be characterized
individually for both TE- and TM polarized input. Then, the light is coupled into the waveguide
under test via a microscope objective. At the output of the waveguide, the light is also coupled
out via a microscope objective, and then guided through a pinhole to the photodetector.

The period∆λ of the Fabry-Perot fringes is equal toλ2/2NgL whereλ is the vacuum
wavelength inm, Ng is the group effective index of the waveguide, andL is the length of the
waveguide. For common waveguide lengths, this results in very small periods (0.04nm for a
8mm-long shallow waveguide). In our setup, the DFB laser wavelength is gradually shifted by
increasing the current through a Peltier element, which is glued to the bottom of the DFB-laser
chip. A Peltier element is basically a resistor whose temperature is dependent on the current
flowing through it. A change in temperature will cause the DFB-laser chip to shrink or expand
slightly, and thus alter the cavity length together resulting in a different lasing wavelength.

3.4.2 Transmission Spectrum Measurement

The broadband characteristics of the test AWG and of the fully-integrated beamformer were
measured with the transmission measurement set-up. The optical spectrum can be determined
for both TE- and TM-polarized light with this set-up. Figure3.13shows a schematic diagram
of the set-up. The broadband amplified-spontaneous-emission (ASE) from an EDFA, is firstly
collimated by a microscope objective, and then guided through a free-space polarizer. This
polarized light is then coupled into the input waveguide of the device under test (DUT), and
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Figure 3.13: Optical transmission setup used to measure the spectral characteristics of the optical beam-
formers.

coupled out at the output via a lensed fiber. The lensed-fiber output is connected to an optical
spectrum analyzer (OSA) to determine the spectral characteristics of the circuit.

The measurement procedure is as follows. First, we record the transmission spectrum
through a standard shallow waveguide, of which the losses are known from the Hakki-Paoli
measurement, to be used as reference. Afterwards, we measure the transmission spectrum
through the DUT. By subtracting the transmission through the reference waveguide from the
measured transmission through the DUT, we can simultaneously measure the losses and the
spectral properties of the DUT, while cancelling out the reflection losses at the facets. How-
ever, since the chip is not AR coated, there is a small error introduced by this measurement
procedure. Generally, the reference waveguide will have relatively low losses, which means
that the contribution of the multiple reflections on the measured output power (see figure3.9a)
will be significant. On the other hand, the DUT will have higher losses and the multiple reflec-
tions will be highly attenuated, so that their influence on the measured power can be neglected
with respect to the firstly-transmitted signal. Figure3.14a shows a plot of the average con-
tribution of the multiple reflections to the total measured power, which we will callerror,
for different losses of the cavity (the reflection coefficients of the facets are equal to that of a
shallow waveguide). This plot shows that the averageerror goes to 0dB as the cavity losses
increases, which is what can be intuitively expected as the round-trip losses become insignif-
icantly high compared to the firstly transmitted signal. The plot shows that the contribution
from the multiple-reflected signals of the FP cavity can be at most 0.55dB for a cavity loss
of 0dB, which means that fairly accurate measurements can be done on un-coated devices
(provided that the facet reflectivities are known).

The plot in figure3.14a has been obtained in the following manner. Equation3.1 showed
the output power out of an un-coated waveguide, which is a summation of multiple transmitted
components. If we consider this equation and take the logarithm to compute the measured
power levelLmeasin dBm, then the following equation is obtained:

Lmeas(λ) = 10· log(
Pout(λ)
10−3 ) = 10· log(T1)+10· log(T2)+Ldevice︸ ︷︷ ︸

−10· log{(1−
√

R1R2e−αL)2 +4
√

R1R2e−αLsin2(
2πNe f fL

λ
)}︸ ︷︷ ︸+10· log(

Pin(λ)
10−3 ) (3.3)
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Figure 3.14: Plot of the multiple-reflections contributionerror as a function of the cavity loss a). Fabry-
Perot fringes for a cavity with 1dB- and 5dB loss a), both with facet reflectivities equal to that of a shallow
waveguide, illustrating how the losses .
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whereLdevice(= 10· log(e−αL)) is the loss inside the cavity. The first three terms in equation
3.3 are the total losses when considering only the firstly transmitted output signal (see figure
3.9a). This component will be namedL f irst−order−term, and is independent of the wavelength.
The fourth- and fifth term in equation3.3take into account the multiple-reflected components.

Our transmission-measurement procedure is to subtract the measured power level through
the reference structurePmeas,re f(λ) (in dBm) from the measured power level through the DUT
Pmeas,DUT(λ), which results in the following equation:

Pmeas,re f −Pmeas,DUT = LDUT −Lre f +errorDUT −errorre f (3.4)

whereLDUT is the loss of the DUT indB, Lre f is the loss of the reference structure indB, and
errorDUT anderrorre f is the average multiple-reflections contributions (indB) of the DUT and
the reference structure, respectively (see figure3.14b). Generally, a DUT will have relatively
high losses, which means that theerrorDUT can be neglected (see figure3.14a). Therefore, the
losses of the DUTLDUT can be computed as:

LDUT = (Pmeas,re f −Pmeas,DUT)+Lre f +errorre f (3.5)

3.5 Characterization of the Fully-Integrated Beamformer

This section presents the measured results for both fabricated fully-integrated beamformers.
As we explained in section2.5, we have realized two consecutive fully-integrated beamform-
ers; the original fully-integrated beamformer and the redesigned fully-integrated beamformer.
In section3.5.1, we present the measured losses for the different passive components of the
beamformers. Section3.5.2 shows the results of the characterization of the MZI switches,
which includes the measurement of the I-V characteristics of the phase shifters, the switching
voltages, the extinction ratio, the insertion loss, and the switching speed. Due to unavoidable
imperfections in the fabrication, the MZI switches will have a phase imbalance between both
arms, which will reduce the crosstalk between both outputs even at zero-applied bias. There-
fore, we should compensate for this phase imbalance by applying a small voltage to one of
the phase shifters. Section3.5.3describes this callibration procedure for the switches in the
switched-delay sections. After the phase imbalance in the switches has been determined, we
can measure the transmission spectrum of the whole beamformer circuit with the transmission
set-up described in section3.4.2. The results are shown in section3.5.4. The method explained
in section3.5.3to remove the phase imbalance in the switches of the SDL sections, can also be
used to determine the switching voltages for switching the optical signals to the different delay
lines (i.e. the switching voltages to obtain a certain transmission direction of the PAA). These
measured voltages were used in the measurement of the time delays of the different delay lines.
The results are shown in section3.5.5.

3.5.1 Passive Components

The losses of the individual components of the integrated beamformers have been measured
with the Hakki-Paoli method described in section3.4.1. These measurements were performed
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Figure 3.15: Fabry-Perot fringes measured for several shallow waveguides of the redesigned fully-
integrated beamformer.

on the test structures described in section2.5. Figure3.15shows several plots of the measured
Fabry-Perot fringes for several test shallow waveguides on the redesigned beamformer. The
plots show the measured photodetector voltage versus the resistance of the thermistor element
placed on the DFB laser chip (see section3.4.1).

Table3.1 shows the losses measured for the different components. The original beam-
former showed average propagation losses of 2.0dB/cm, which is slightly higher than the
1.5dB/cm value observed in previous works [49]. On the other hand, the redesigned beam-
former showed propagation loss of 0.7dB/cm for the shallow waveguides for both polariza-
tions, which is considered to be low for this type of waveguide. The deep waveguides showed
propagation losses of 4dB/cmand 1.9dB/cmfor the original- and the redesigned beamformer,
respectively. Again, the redesigned beamformer showed low deep-waveguide propagation
losses, compared to values reported previously ( 3.5dB/cm).

3.5.2 Switch Performance

The switches were evaluated by measuring the electrical characteristics of the phase shifters,
the optical switching properties, and the switching speed. The characterization was performed
on test switches included in the layout of the two fabricated fully-integrated beamformers.

Electrical Characteristics of the Phase Shifters

Figure3.16a shows typical measured I-V curves of the phase shifters on the original- and the
redesigned beamformer. Both beamformers showed similar behavior, although the I-V charac-
teristic of the redesigned beamformer is only shown until−5V. For the original beamformer,
the plot shows a diode characteristic with reverse currents below 100nA up to−20V, and that
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Table 3.1: Measured losses for the sub-components of the two fabricated fully-integrated beamformers.

structure original beamformer redesigned beamformer

shallow waveguide 2 dB/cm 0.7 dB/cm

deep waveguide 4 dB/cm 1.9 dB/cm

isolation section 0.01 dB 0.2 dB

phase shifter 0.05 dB 0.2 dB

waveguide crossings ——– 0.1 dB

shallow-deep transition 0.05 dB 0.2 dB

deep-waveguide bends ——– 0.1 dB/900

MMI coupler 0.8 dB 0.9 dB
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Figure 3.16: Typical measured I-V characteristics of the phase shifters on the original- a) and the re-
designed beamformer b).
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the breakdown occurs for voltages above−20V (due to limitations in the setup, the I-V plot in
figure3.16a could only be recorded up to−20V). As it will be shown later on, very high re-
verse voltages had to be applied to the phase shifters of the original beamformer for switching,
and therefore these phase shifters were first characterized up to high voltages to determine at
what point the breakdown occured. Further experiments in which the voltages were swept up
to−35V, revealed that the current remained below 100µA.

The I-V characteristics of the phase shifters on the original beamformer started to degrade
after a certain amount of time. Figure3.16a showed the I-V curves of the phase shifters soon
after processing. However, after a certain amount of time, the reverse currents on most of
the phaseshifters increased dramatically. Nevertheless, an electro-optic effect could still be
observed (as we will see in the next section), but the currents through the device were on some
occasions almost−1mAat−20V. The reason for this degradation can only mean that leakage
currents have been generated. The origin of these leakage currents is still unknown. The I-V
characteristics of the redesigned beamformer (figure3.16b), on the other hand, did not show
any degradation in time.

Optical-Switching Characteristics

The optical setup used to measure the switch curves is identical to the transmission set-up
shown in figure3.13, except that a tunable laser is used as the light source instead of the
EDFA. The input- and output waveguides to the test switches of the original beamformer were
situated on the same side of the chip, and therefore we used a fiber array to couple light into-
and out of the chip. The switching behavior for TE- and TM-polarized input could not be
measured individually. Figure3.17b shows the switch curves for a mixture of TE- and TM-
polarized input. This plot shows the switch curves only up to−20V as the voltage source
used in the automated measurement set-up only allowed voltages up to this value. However,
measurements with a different voltage source, with which higher voltages could be applied,
revealed switching voltages of around−27V for most switches. The phase-shifter lengths
were chosen to be 800µm, which turned out to be too aggressive. Furthermore, the doping
concentration of the guiding layer was 2· 1016cm−3 instead of the requested 7· 1016cm−3,
which increased the switching voltage even further.

Figures3.17c and d show the switch curves of the redesigned beamformer for TE- and
TM-polarized input. The phase-shifter lengths are 3mm. The switching voltages are around
−4V and−5V for TE- and TM polarized input, respectively. The maximum crosstalk levels
between the outputs are 21dB and 15dB for TE- and TM-polarizations, respectively. It has
been shown that a crosstalk level of 20dB is required for each switch in an SDL section [59],
and this result shows that these levels can be achieved with our switches. However, there
are two observations about these plots that demand attention. First, the crosstalk between the
cross port (port no. 4 in figure3.17a) and the bar port (port no. 3) should be highest at zero-
applied bias, just like in the simulated plot in figure2.24 in chapter2. Instead, the highest
crosstalk level is obtained for an applied bias of−1.7V to bond pad 2. The reason for this shift
of the optimal cross setting of the switch is due to a phase imbalance in the switch. Figure
2.24in chapter2 showed the phase balance in the switch for an optimal cross- and bar setting
with the highest attainable crosstalk levels between the outputs. Any deviation of a phase
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Figure 3.17: Schematic overview of the MZI switch a), and the measured switch curves for the original
beamformer b) and the redesigned beamformer for TE- c) and TM-polarized optical input d).
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Figure 3.18: Setup for measuring the switching speed of the MZI switches.

component from these values will cause a phase imbalance in the switch and will lead to a
reduced crosstalk level. Due to inevitable fabrication non-uniformities, the phase-shifter arms
rarely turn out exactly identical, which leads to slightly different waveguides with different
propagation constants. This all leads to a phase imbalance in the MZI switches and a reduced
crosstalk level at the outputs. By applying a certain voltage to one of the phase shifters, the
phase balance can be restored, which is the case when applying a reverse bias of 1.7V to bond
pad 2.

The second observation is the fact that the maximum crosstalk for TM-polarized input is
6dB lower than for TE-polarization. Furthermore, the TE switch curves have sharp pointed
minima, while the TM minima are more rounded. This phenomenon is related to the MMI
couplers of the switches. In subsection2.4.2 of chapter2, it was shown that the optimal
dimensions of an MMI coupler for TE- and TM polarized input are slightly different. The
MMI couplers have been designed for optimal operation with a TE-polarized input, and that’s
why the switches shows better performance for TE- than for TM polarization.

Switching Speed

The switching speed was measured on a test switch that was included in the layout of the
redesigned beamformer. The measurement set-up that was used is shown in figure3.18. Light
from a tunable laser source (λ = 1550nm) was coupled into a test switch using a lensed fiber.
The output of this test switch was coupled to a PD. The detected electrical signal was then
applied to an oscilloscope. A periodic voltage pulse from a pulse generator was applied to one
of the phase shifters of the test switch. The voltage pulse was applied to the bond pad of the
particular phaseshifter using a special probing needle that is impedance-matched to the 50Ω
load of the pulse generator. The oscilloscope was used to visualize the time response of the
switch and compare it to the applied voltage pulse.

In our case, a voltage pulse from−3.5V to 0V was applied with a rise time of 5ns, a
hold time at 0V of 50ns, and a repetition rate of 500ns. At these voltages, the cross port of
the switch directs around 15dB of the optical power to the bar port. Figure3.19shows the
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Figure 3.20: Schematic diagram of an SDL section, illustrating one of the paths that can lead to an
interference pattern on the output spectrum.

measured timing behavior of the applied voltage, and of the response of the test switch for the
second integrated beamformer. Seeing that both the beamformers have identical phase shifters,
the switching characteristics are expected to be the same for the original beamformer. The plot
in figure3.19shows that the response of the switch is the same as the response of the applied,
which indicates that the switching speed of the MZI switches is below the 5-nsrise time of the
applied voltage pulse. Unfortunately, we did not have a pulse generator with faster switching
times at our disposal, and therefore, we could not determine the actual switching speed of the
MZI switches. Nevertheless, we can say that the switching time for scanning the integrated
beamformer through all eight beams is lower than 40ns.

3.5.3 Calibration of the Switched Delay-Line Sections

The 2x2 switches in the switched-delay-line (SDL) sections of the beamformer (see figure
2.25) are cascaded by a delay line at one port and a bypass line at the other port, which means
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Figure 3.21: Measured spectrum through a SDL section showing the ripples caused by the phase imbal-
ance in the MZI switches.

that there are no ports left to monitor the switching behavior of the individual switches. The
only ports available for characterizing these switches are the input- and output monitor ports
to the SDL sections, which are the ports shown on the right side of the schematic layout in
figure2.25. Therefore, we need to find a way to determine whether each switch has switched
the optical signal from the bypass- to the delay line, without prior knowledge of the switching
behavior of the switches. We have used a method to determine the switching voltages of the
switches of a SDL section, which will be described here [60].

To illustrate this method, we will first look at the case when no voltage is applied to any
of the switches. When a signal is applied to the input monitor port of an SDL section, the first
switch will direct the biggest portion of the light to the cross port (the bypass line) as shown
by the arrow in figure3.20. However, due to the phase imbalance in the switches, which was
described in section3.5.2, the remaining portion will go to the bar port (i.e. the first delay line)
as well (see dashed arrow in figure3.20). Assuming that the subsequent switch also shows
phase imbalance, the light from these two lines will be combined in the output ports of the
second switch and cause interference. The interference between the signals from these two
different paths will result in a distinctive fringe pattern on the spectrum at the output of the
switched-delay-line section. The period∆λ (in nm) of this fringe is given by:
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∆λ =
λ2

∆L ·Ng
(3.6)

whereλ is the wavelength innm, ∆L is the length difference between the delay line and the
bypass line innm, andNg is the group velocity of the waveguides.

The same interference occurs at the subsequent switches, however their respective fringe
pattern will have a different fringe period due to the different delay-line lengths. A total of
seven different possible interference paths can be distinguished for these particular switched-
delay-line sections. All of these interference paths have different periods, namely∆l1, ∆l2,
∆l4, ∆l1+ ∆l2, ∆l1+∆l4, ∆l2+∆l4, ∆l1+∆l2+∆l4, where∆lxis the length difference between the
xth delay line and thexth bypass line. If the broadband ASE spectrum from an EDFA is coupled
into the switched-delay-line sections, the output power spectrum will show a superposition of
these seven possible fringes. The dashed plot in figure3.21shows the output spectrum through
the SDL section corresponding toλ4 at a zero-applied bias. The irregular pattern on this plot
shows the multiple fringes due to the phase imbalance in the switches.

Since this output spectrum consists of multiple super-imposed fringes, it is difficult to dis-
tinguish between the different fringes, and to associate them with the phase imbalance caused
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by one particular switch. Therefore, we have computed the Fourier transform of the output
spectrum through the SDL sections, with which the contribution of each of the seven fringes
to the total fringe pattern can be visualized. The dashed plot in figure3.22shows the Fourier
transform of the spectrum of the SDL section at a zero-applied bias. This plot shows that the
spectrum of the SDL section consists of the seven super-imposed fringes associated with the
phase imbalance of the switches. By manually adjusting the voltages applied to the different
switches, we can restore the phase balance of the switches and reduce the fringe pattern (see
solid plots in figure3.21and figure3.22).

The measurements on the test switches revealed switching voltages around−5V, and this
value was used as the starting point when determining the switching voltages for the other
settings of the beamformer. Afterwards, the voltages were manually adjusted around this value
to the point where the peaks in the Fourier transform were the lowest.

3.5.4 Beamformer Transmission Performance

Figure 3.23 shows the measured transmission spectra for the original- and the redesigned
beamformer. These transmission spectra were measured after restoring the phase balance on
all the MZI switches of the beamformers. The losses of the original beamformer are around
20dB for the different channels, and the losses of the redesigned beamformer are around 27dB.
The original beamformer showed a polarization dependence of 1.1nmwhich originates from
the AWG.

The layout of both fabricated beamformers also contained test AWGs for the purpose of
characterization with the transmission-spectrum-measurement set-up. Figure3.24shows the
measured transmission spectra of the test AWGs on the redesigned fabricated beamformer.
The losses of the original- and the redesigned beamformer are 5dBand 4dB, respectively. The
width of the deep waveguides on the AWGs of the original- and the redesigned beamformer
were 1.7µmand 1.6µm, respectively. The reduction in width of the deep waveguides showed
an improvement of the polarization independence from 1.1nm to 0.4nm. The transmission
spectrum of the redesigned beamformer shows a crosstalk level of 10dB, which might be the
result of coupling between the access waveguides to the FPR, due to insufficient etching of the
deep waveguides.

From the results of the teststructures, a power budget for both the integrated beamformer
can be calculated to check the measured beamformer losses. Table3.2shows the power budget
calculated from the measurements on the teststructures, and compares it with the measured
results.

3.5.5 Beamformer Time-Delay Performance

We have used a vector network analyzer (VNA) to measure the time delays of the different de-
lay lines of the integrated beamformer. Figure3.25shows a diagram of the VNA measurement
setup. The optical link consists of the following equipment: a tunable laser, a polarization
controller (PC) to maximize the TE polarization coupled into the modulator, a 20-GHz band-
width modulator (MOD) that modulates 19% of the optical signal, a PC, the chip, an EDFA
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Figure 3.23: Transmission spectra for the original- a) and the redesigned fully-integrated beamformers
b).
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Figure 3.24: Transmission spectrum of a test AWG on the redesigned beamformer for TE- and TM
polarized input.
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Figure 3.25: VNA setup for measuring the time delays introduced by the different delay lines on the
integrated beamformers.
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Table 3.2: Table illustrating the comparison between the expected beamformer losses from the mea-
surement on the teststructures, and the measured beamformer losses. The results are for TE-polarized
input.

sub-component original beamformer redesigned beamformer

propagation loss
shallow waveguide

2.9cm·2.0dB
cm = 5.8dB 4.2cm·0.7dB

cm = 2.9dB

propagation loss
deep waveguide

0.5cm·4.0dB
cm = 2.0dB 0.5cm·1.9dB

cm = 1.0dB

insertion loss AWGs 2·5.0dB= 10dB 2·4.0dB= 8dB

insertion loss MMIs 8·0.8dB= 6.4dB 8·0.9dB= 7.2dB

insertion loss isolation sec-
tions

8·0.01dB= 0.1dB 8·0.2dB= 1.6dB

insertion loss phaseshifters 4·0.05dB= 0.2dB 4·0.2dB= 0.8dB

insertion loss waveguide
crossings

no crossings 3·0.1dB= 0.3dB

insertion loss shallow-to-
deep
transitions

22·0.05dB= 1.1dB 22·0.2dB= 4.4dB

excess loss deep-
waveguide
bends

not measured 1080◦ ·0.1 dB
90◦ = 2.4dB

expected losses
from test structures

25.6dB 28.6dB

measured
beamformer losses

21dB 27.5dB

to amplify the signal coming out of the chip, a bandpass optical filter (BPF) with a bandwidth
of 1 nm to filter the ASE noise from the EDFA, and a broadband photodetector (PD). The
output port of the VNA is connected to the modulator, and the input port is connected to the
output of the low-noise amplifier (LNA) connected to the PD. The LNA had the following
characteristics: a bandwidth of 20 GHz, a gain of 45 dB, and a noise figure of 3.5 dB. The
VNA generates an RF signal whose frequency is swept from 40 MHz to 20 GHz. This output
signal is modulated onto the optical signal by the MOD. After the modulated optical signal
has passed through the circuit, it is again fed back to the VNA. The VNA compares the phase-
and amplitude of the output RF signal with the phase- and amplitude of the returning signal,
for different RF frequencies. By plotting the phase difference between the returning- and the
output RF signal versus the frequency, we can extract the optical path length with respect to a
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Figure 3.26: Phase plots obtained from the VNA measurements performed at different settings of the
beamformer.

pre-defined reference optical length. Therefore, if the setting of the beamformer is changed by
applying voltages to the switches, a change in the phase plot can be observed due to a change
in the optical path length.

First, the phase plots were measured separately for each wavelength (λ2,λ3, or λ4) at dif-
ferent beam settings of the beamformer. For each wavelength, the 111 setting (i.e. the optical
signal passes through all the delay lines) was used as the reference optical path length. Figure
3.26a, b, and c show the resulting phase plots for the redesigned beamformer. Each phase
plot is a subtraction of the measured phase plots for the particular setting with the measured
phase plot of the reference 111 setting. These plots show some oscillations, which are probably
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Table 3.3: Comparison between the measured- and the design delay values for several settings of the
beamformer.

theoretical delay (ps) measured delay (ps)

λ2 (110) 2.8 2.7

λ2 (101) 5.7 4.6

λ2 (011) 11.3 6.7

λ3 (110) 5.7 5.8

λ3 (101) 11.3 11.3

λ3 (011) 22.7 24.5

λ4 (110) 8.5 9.0

λ4 (101) 17.0 17.0

λ4 (011) 34.0 33.7

Table 3.4: Comparison between the measured- and design delays for the different wavelengths of the
beamformer.

theoretical delay (ps) measured delay (ps)

λ2 (111) 9.9 8.7

λ3 (111) 19.8 17.8

λ4 (111) 29.8 29.7

caused by residual phase imbalance in the switches. Nevertheless, in order to obtain the par-
ticular time delay (with respect to the reference delay) from the plots, a line was fitted through
the measured points (indicated by the straight lines through the plots in figure3.26). The time
delay is then determined by the slope of this fitted line.

Table3.3 shows a list of the measured delay values and the theoretical delay values. The
design values were derived from the propagation time of the optical delay lines, while assum-
ing a group refractive index of 3.6 for the optical waveguides. Table3.3shows that most of the
measured delays are in agreement with the design delays. Afterwards, the time delays between
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the different wavelengths were determined by comparing the phase plots of the different wave-
lengths for the same TTD setting. Figure3.26d shows the results, whereλ1 has been chosen
as the reference optical path length. Table3.4shows a list of the designed- and the measured
delay values, which are in good agreement with each other.

3.6 Conclusions

In this chapter, we explained the material layerstack of the integrated beamformers, their fabri-
cation processes, and the measurements on the fabricated devices. The beamformers have been
fully characterized for their electrical-, optical, and electro-optical behavior. To determine the
waveguide propagation losses, it is better to use test waveguides with a bend, in order to at-
tenuate the first-, or/and second-order mode due to an over-etch of the waveguides. Although
the beamformers were not AR-coated, still transmission measurements with an accuracy up to
0.55dB can be obtained with the set-ups described in this chapter. The measurement results
show that the functionality of the integrated beamformers has been proven.

Overall, the second fabricated beamformer (which was a re-design of the original beam-
former) showed a better performance than the original beamformer. The switches on the orig-
inal beamformer had a switching voltage of over−20V, while the switches on the redesigned
beamformer had a switching voltage of around−5V, because their phase shifters are 2.2-
mmlonger. The polarization dependence of the AWG was reduced to 0.4nmby reducing the
width of the AWG arms by 100nm. Fourier transform analysis of the transmission through the
SDL sections was used to determine the switching voltages for switching between the different
settings of the integrated beamformers. The time delays were measured for an RF signal mod-
ulated onto an optical carrier, and the resulting measured time delays showed good agreement
with the design values.



90 3. Fully-Integrated Beamformer Fabrication and Characterization

3.A Appendix: Derivation of FP formula

The mode propagation in an optical waveguide can be represented by the following equation:

Ein (x,y,z) = Ein (x,y)ej(ωt−βz)− 1
2αz (3.7)

whereβ is the reciprocal wavelength in the propagation direction and equal to2π
λ0

Ne f f (Ne f f

is the effective refractive index of the particular mode),Ein (x,y) is the electric- or magnetic
field profile of the mode, andα is the propagation loss percm. For simplicity, the mode profile
Ein (x,y) will from now on be abbreviated toEin. For TE-polarized optical signal, the field
profile Ein (x,y) can be either the electric field profileEx (x,y) or the magnetic field profile
Hy (x,y). For TM-polarized optical signal, the field profileEin (x,y) can be either the electric
field profile Ey (x,y) or the magnetic field profileHx (x,y), which have a different reciprocal
wavelengthβ than the TE-polarized signal. As it is commonly done, we will neglect the time
componentejωt , or equivalently evaluate the system at a fixed timet = 0.

When an optical signal is coupled into a waveguide with lengthL of which the facets
have not been anti-reflection (AR) coated, a portionr1 of the electric-field component will be
relected by the input facet while the remaindert1 is transmitted through the input facet and is
captured by the waveguide. This transmitted signal then propagates through the waveguide,
and upon arrival to the output facet, the electric field will be attenuated by a factore−

1
2αL.

At the output facet, a portionr2 is reflected and the rest is transmitted through to the output.
The reflected signal propagates back towards the input facet where it is again attenuated by a
factore−

1
2αL and a portionr1 reflected towards the output facet where it is again attenuated and

reflected, and so on.
The output electric field is a summation of the multiple transmitted output fields, which

can be written as:

Eout = t2t1e−
1
2αLEin + t2t1r2r1e−

3
2αLeiφEin + t2t1r2

2r2
1e−

5
2αLe2iφEin + ... (3.8)

= t2t1e−
1
2αLEin

{
1+

(
r2r1e−αLeiφ)+

(
r2r1e−αLeiφ)2

+
(
r2r1e−αLeiφ)3

+ ...
}

(3.9)

Eout =
t2t1e−

1
2αL

1− r2r1e−αLeiφ Ein (3.10)

The intensity of the optical field can be determined by calculating the norm of the electric field
componentEout as follows:

Iout = |Eout|2 =

∣∣∣t2t1e−
1
2αLEin

∣∣∣2
|1− r2r1e−αLeiφ|2

=
t2
2t2

1e−αL

(1− r2r1e−αLcosφ)2 +(r2r1e−αLsinφ)2 E2
in (3.11)

=
t2
2t2

1e−αL

(1− r2r1e−αL)2 +4r2r1e−αLsin2 φ
2

E2
in (3.12)
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L

Ein

r1, t1 r2, t2

t1·Ein t1·e-½αL·Ein
t2· t1·e-½αL·Ein

t2· t1· r2· r1·e-½α3L ·eiΦ ·Ein
t2· t1· r²2· r²1·e-½α5L ·e2iΦ ·Ein

Eout

+

+

+

Φ=β·2L=2πNeff2L/λ0

(a)

Figure 3.27: Figure illustrating the Fabry-Perot phenomenon due to the reflections at both facets.

=
(1−R2)(1−R1)e−αL(

1−
√

R1R2e−αL
)2 +4

√
R1R2e−αLsin2

(
2πNgL

λ0

)E2
in (3.13)

where we have used the following properties of the reflection coefficients:r2 = R, t2 = T, and
T = 1−R. The total output power is calculated by integrating the intensity over the whole
mode profile area.

Pout =
(1−R2)(1−R1)e−αL(

1−
√

R1R2e−αL
)2 +4

√
R1R2e−αLsin2

(
2πNgL

λ0

) ∫
E2

x (x,y)dxdy (3.14)

Pout =
(1−R2)(1−R1)e−αL(

1−
√

R1R2e−αL
)2 +4

√
R1R2e−αLsin2

(
2πNgL

λ0

)Pin (3.15)

This equation yields the Fabry-Perot fringe pattern shown in figure3.9, which fluctuate be-
tween a maximum-Pout,max and a minimum output powerPout,min that are equal to:

Pout,max=
(1−R2)(1−R1)e−αL(

1−
√

R1R2e−αL
)2 Pin (3.16)

Pout,min =
(1−R2)(1−R1)e−αL(

1+
√

R1R2e−αL
)2 Pin (3.17)
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If we divide Pout,max by Pout,min and solve the resulting equation for the propagation loss coef-
ficient α, we obtain:

α =−1
L

ln

 1√
R1R2

√
Pout,max
Pout,min

−1√
Pout,max
Pout,min

+1

 (3.18)

which is the formula used in determining the waveguide losses with the Hakki-Paoli method
described in section3.4.1.



Chapter 4

Spot-Size Converters

4.1 Introduction

With the rapid penetration of photonic technology in broadband communication networks
(FTTH), inexpensive solutions for fibre-chip coupling are rapidly gaining importance. One
of the major impairments for this development is the difficulty and the high losses encountered
when coupling light from a standard single-mode fiber (SSMF) into a photonic-integrated wa-
veguide. The easiest-, most reliable-, and most commonly-used method to couple an optical
signal from a fiber into a photonic-integrated waveguide (and vice versa) is the butt-coupling
method, where the fiber tip is positioned in very close proximity of the waveguide facet, such
that the light is conducted from one waveguide to the other (see figure4.1). Ideally, the best
option would be to couple an optical signal from a photonic integrated waveguide directly into
a standard single-mode fiber (SSMF). However, the size of InP-based waveguide modes is
much smaller than the size of the SSMF mode, which leads to high mode-mismatch losses (>
10dB for butt-coupling an SSMF to the shallow waveguide described in section2.4.1).

This chapter describes an InP-based spot-size converter (SSC) that can be easily integrated
with the TTD beamformers reported in this thesis. Spot-size converters are on-chip devices
that transform the small-sized mode of the standard photonic-integrated waveguide to a mode
with a larger size (and vice versa), in order to reduce the mode-mismatch losses. Two main
criteria have been considered when developing the SSCs reported in this chapter. The first
criterion is that the fabrication process and the required layerstack for the SSCs should be
easily integrated with that of the phase shifters described in chapter3. The second criterion is
that the fabrication process of the SSCs should be suitable for realizing a high number of SSCs
spaced at a relatively close pitch. In order to fully exploit the advantages of integration, a high
number of components and circuits should be realized on a single chip, and this requires many
fiber-chip connections and the introduction of an optical-bus concept.

93
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SSMF (MFD=10.2 µm)

InP waveguide
(MFD=0.9 µm x 10.2 µm)

Figure 4.1: Illustration of the butt-coupling between a shallow waveguide and an SSMF.

Section4.2explains the butt-coupling theory and describes several butt-coupling strategies
that can be used to realize a fiber-chip connection. Section4.3describes several SSC concepts
reported in the literature. Section4.4describes the vertical SSCs, which is based on a vertical
tapering of the guiding layer. Finally, in section4.5several conclusions are drawn.

4.2 Butt-Coupling Theory and Strategies

The amount of light coupled from the fiber to the waveguide is characterized by the mode-
mismatch losses, and the accuracy with which the two components should be aligned is char-
acterized by the 1-dB alignment tolerance. The mode-mismatch lossesLmismatchare the losses
arising from a difference in size between the waveguide mode and the fiber mode, and are
given by:

Lmismatch=−10· log(η) =

−10· log


∣∣∣∫ Ewav(x,y) �E?

f ibre(x,y) ·dx·dy
∣∣∣2∫

|Ewav(x,y)|2dxdy·
∫ ∣∣Ef ibre(x,y)

∣∣2dxdy

 (4.1)

whereη is the overlap integral between the two modes,Ewav(x,y) is the electric-field profile of
the waveguide mode at the facet, andEf ibre(x,y) is the electric-field profile of the fiber mode.
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Figure 4.2: Contour plot of the elliptical shallow-waveguide mode a), illustrating the definition of the
horizontal- b) and vertical MFD c).

The mode-mismatch loss can be determined by simulating the field profile of the fiber- and the
waveguide mode, and then computing equation4.1 numerically. However, the field profiles
of the fiber- and the waveguide mode can also be approximated by Gaussian formulas, which
allows us to compute equation4.1 analytically. The optical modes in fibers and waveguides
can be approximated by the following Gaussian equation (TE polarization):

Ex(x,y) = A·e
−4( x2

MFD2
x
+ y2

MFD2
y
)

(4.2)

whereA is a constant that is related to the power in the mode, andMFDx and MFDy are
the horizontal- and the vertical mode-field diameter (MFD), respectively (see figure4.2). The
MFD is defined as the distance along a line through the point of the maximum electric field,
where the field is higher than 1/e of its maximum value, or equivalently the width where the
intensity profile is higher than 1/e2 times the maximum intensity value (see figure4.2).



96 4. Spot-Size Converters

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10

MFD fibre [µm]

L m
is

m
at

ch
 [d

B
]

0,0

0,4

0,8

1,2

1,6

2,0

2,4

1-
dB

 a
lig

n.
 to

l. 
[ µ

m
]

L misma tc h

D x1  d B

D y1  d B

∆x1dB

∆y1dB

Lmismatch

Figure 4.3: Mode-mismatch losses and alignment tolerances when coupling a mode from a shallow
waveguide to a fibre with a certain MFD (or vice versa).

Applying the Gaussian approximation in equation4.2to equation4.1, the mode-mismatch
loss between a fibre mode and a waveguide mode can be approximated by the following equa-
tion:

Lmismatch'

−10· log

{
4

MFDx,wav·MFDy,wav·MFD2
f ibre

(MFD2
x,wav+MFD2

f ibre)(MFD2
y,wav+MFD2

f ibre)

}
(4.3)

Figure4.2shows the simulated electric-field profile of the shallow waveguide (see chapter2).
This elliptically-shaped field profile can be characterized by a horizontal MFD (MFDx,wav =
2.7µm) and a vertical MFD (MFDy,wav= 0.9µm). The circular mode of an SSMF has an MFD
(MFD f ibre) of 10.2µm, and equation4.3predicts a mode-mismatch loss of 10.6dBwhen butt-
coupling these two components together.

There are several approaches for coupling light from a fiber into a photonic integrated
waveguide, namely via a lensed- and/or tapered fiber tip, an array of fibers, and a fiber concen-
trator. Each of these approaches will be described in the following paragraphs.

Lensed- and/or Tapered Fiber Tips

The most common fiber-chip-coupling approach is to couple the light into the a waveguide
with lensed- and/or tapered fiber tips. These special fibers have a component that can convert
the standard fiber mode to a mode with a smaller size at the tip of the fiber. The reduction in
fiber-mode size is achieved either by tapering the fiber core to a smaller size, or by fabricating
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a micro lens at the tip of the fiber, or by using both. There are different commercially-available
tapered- and lensed fibers that have MFDs at the tip as low as 2µm. To show an example,
experiments have been reported where a high-numerical-aperture (HNA) fiber with an MFD
of 3.6µmhas been spliced to an SSMF. The results showed very low splicing losses of 0.3dB.
According to equation4.3, butt-coupling these spliced HNA fibers to a shallow waveguide
would reduce the mode-mismatch losses to around 3.5dB, which is already quite reasonable
for InP-based waveguides.

There is no doubt that with today’s state-of-the art technology, it should be possible to re-
alize lensed- and tapered fibers with MFDs that match that of photonic-integrated waveguides.
However, there is one main disadvantage to this approach of reducing the mode-mismatch
losses, which is that by reducing the MFD at the fiber tip to match that of the waveguide, the
accuracy in the alignment of the two will become more and more critical. The so-called 1−dB
alignment tolerance is the parameter that quantifies the accuracy with which the fiber should be
aligned to the photonic-integrated waveguide, and it is defined as the amount of displacement
between the waveguide- and the fiber mode that leads to a 1dB reduction in mode-mismatch
loss from its maximum value. The alignment accuracy can also be computed analytically from
equation4.3. Since the photonic-integrated-waveguide field profile is elliptical, the alignment
tolerance is characterized by a horizontal-∆x1dB and a vertical 1−dBcomponent∆y1dB. These
alignment tolerances can be calculated by solving equation4.3 for a mode-mismatch loss of
1dB, and are given by:

∆x1dB =

√
ln(10)

80
· (MFD2

x,wav+MFD2
f ibre) (4.4)

∆y1dB =

√
ln(10)

80
· (MFD2

y,wav+MFD2
f ibre) (4.5)

Equation4.4 and4.5 show that the alignment tolerance scales with the size of both the
waveguide mode and the fibre mode (see equation4.4 and4.5), which means that reducing
the fibre mode to a smaller size, will decrease the alignment tolerances. Figure4.3 shows
a plot of the mode-mismatch loss and the horizontal- and vertical alignment tolerances as a
function of the MFD of the fiber, when butt-coupling a shallow waveguide to a fiber. This plot
shows that although the optimal mode-mismatch loss is obtained for coupling to a fiber with
an MFD of 1.5µm, the vertical 1-dB alignment tolerance is below 0.4µm. Equation4.4 and
4.5show furthermore that, in order to simultaneously decrease the mode-mismatch loss while
maintaining a high alignment tolerance, both the waveguide mode and the fiber mode should
be large. And hence, the need for SSCs.

Fiber Arrays

When multiple fiber-chip connections are required to a chip, then the most commonly-used
component is the fiber array. A fiber array consists of an array of fibers that are aligned in a
silicon-substrate containing V-grooves (see figure4.4a). The V-grooves can be fabricated on
a Si chip using standard lithography processes, which means that they can be realized with a
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(a)

(b)

Figure 4.4: Schematic illustration of a fiber array of cleaved fibers a), and of lensed fibers b).
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Figure 4.5: Schematic of fiber-chip coupling via a fiber concentrator.

high accuracy. The fibers are placed in the V-grooves, and the whole is fixed by pressing and
gluing a cap on top. This technique can be used to realize fiber arrays of either SSMFs, and
also tapered- and/or lensed fibers (see figure4.4b), such as the spliced HNA fibers described
in the previous paragraph. However, it is more difficult to realize an array of lensed fibers,
because of their eccentricity. Generally, the lensed-fiber tips deviate from the ideal conical-
shaped structure, which results in a slightly elliptical spot. Therefore, to realize an array of
lensed fibers, the fibers should not only be aligned horizontally with respect to each other, but
their axis should be rotationally aligned with respect to each other as well. The disadvantage of
using fiber arrays is that the pitch of the fibers is always equal to the fiber-cladding thickness,
which can be either 250µm or 127µm for reduced-cladding fibers. Although arrays of 32
fibers are currently commercially available, these arrays take up a space of 8mmand 4mm
respectively. Furthermore, arrays of lensed fibers are difficult to make, and, commonly, these
arrays contain no more than 8 lensed fibers.

Fiber Concentrator

The fiber concentrator consists of a chip that reduces the standard pitch of 250µmor 127µm
of a fiber array or fiber ribbon, to a lower pitch (see figure4.5). There are commercially-
available fiber concentrators with 32 ports spaced at a pitch of 30µm. Commonly, the input
signals are coupled into the concentrator waveguides via a fiber ribbon. Then, the concentrator
concentrates the waveguides to a pitch equal to that of the waveguides on the InP chip. Finally,
the concentrator waveguides are butt-coupled to the facets of the waveguides. Two of the
technologies used to realize these commercially-available fiber concentrators are the silica-on-
silicon (SoS) photonic-lightwave-circuit (PLC) technology and the ion-exchange technology.
Particularly, the SoS PLC technology allows for a flexible design of the concentrator [61–66].



100 4. Spot-Size Converters

In the past, the SoS concentrator modes were matched to the mode of an SSMF, in order to have
a low mode-mismatch between the fiber ribbon and the concentrator waveguides. However, the
mode of the concentrator was still much larger than the InP photonic-integrated waveguides,
and the concentrator size was large due to the low index contrast between the core and the
cladding of the PLC waveguides. Recent developments in the SoS technology have resulted
in SoS waveguides that have a large index contrast between the core and the cladding, so that
smaller PLC circuits can be realized with waveguides with smaller mode sizes. These SoS
PLC technologies are called the super-high-delta (SH∆) technologies. One of the currentSH∆
technologies with the highest index contrast is the 2.5%SH∆ technology, where the square-
shaped waveguides are 3×3µm2 with an MFD of 4×4µm2. With these 2.5%SH∆ waveguides,
the mode-mismatch to the InP waveguides can be reduced significantly. However, the mode-
mismatch to the SSMFs on the fiber-ribbon side will increase. Yet another different scheme,
which does not require the SoS SSCs, is one where the fiber ribbon consists of HNA fibers that
have been spliced to SSMFs. As was shown in the paragraph on the lensed- and/or tapered
fibers, the HNA fiber has an MFD (3.6×3.6µm2) which is almost equal to that of the 2.5%
SH∆ waveguides, and will thus yield low mode-mismatch losses between the concentrator
and the fiber ribbon. On the photonic-integrated-waveguide side, the InP SSCs described in
this chapter can easily expand the shallow-waveguide mode up to the size of the concentrator
waveguides, which will yield very-low mode-mismatch losses together with high alignment
tolerances.

4.3 Reported InP-Based Spot-Size Converters

In the previous section, it was shown how crucial it is to expand the small-sized mode of the
shallow waveguide in order to simultaneously obtain an optimal mode-mismatch to a specific
fiber while maintaining a high alignment tolerance. SSCs are devices that offer this function-
ality. Many different types of SSCs have been reported, so far. An overview of the different
approaches has been given by Moerman et al. [67]. Generally, most SSCs reported can be
divided into two categories: SSCs based on lateral tapers, and SSCs based on vertical tapers.

In the lateral-tapering approach, the width of the photonic-integrated waveguide is grad-
ually tapered down to cut-off, or near cut-off for buried waveguides. As a result, the optical
mode is gradually coupled from the photonic-integrated waguide to an adjacent fibre-matched
(FM) waveguide. The tapering should be performed gradually, so that the mode is converted
adiabatically and no optical power is radiated away from the taper. The lateral-tapering ap-
proach is a simple and straightforward technique and has been reported in [68–79]. The main
disadvantage of these SSCs is that they require narrowing the waveguide width down to sub-
micron levels, which is difficult to realize and control with standard lithography processes.

The vertical-tapering approach is more tolerant in that perspective. In these SSCs, the
thickness of the primary guiding layer is gradually tapered down until it is cut-off [80–82]. In
this taper, the optical mode in the primary guiding layer is adiabatically coupled to an FM layer.
In a particular layer of different materials, an optical signal is confined in the layer with the
highest refractive index, which is the primary guiding layer. Once this layer has been tapered
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vertically into cut-off, the optical signal moves to the layer with the second highest refractive
index, which is the FM layer. Vertical tapers are difficult to realize on integrated circuits as
most fabrication processes are planar.

Besides the two SSC categories described above, there are other approaches which can not
be characterized into either one of these categories [61, 83, 84].

4.4 Vertically-Tapered Spot-Size Converters

This section describes the vertically-tapered SSC developed in this work. We will describe the
concept of the device, followed by a summary of the simulation results. We have fabricated a
test chip to test the operation of the SSCs. The fabrication process is discussed, ending with
the measurement results of the fabricated devices.

4.4.1 Concept

Figure4.6 shows a 3D overview of the vertically-tapered SSC studied in this chapter. The
structure converts the small-sized mode of a shallow waveguide (see figure4.6b) to the large
mode of the fiber-matched (FM) waveguide (white contour plot in figure4.6g), and works as
follows. First, the mode of the input shallow waveguide is expanded in the lateral direction,
to match the width of the FM waveguide, by a lateral taper (see figure4.6. This 300µm-long
parabolic taper is placed immediately before a transition from a shallow- to a deep region,
similar to the transition region described in subsection2.4.1. Subsequently, the InP cladding
layer and the primary guiding layer are gradually tapered down by a long vertical guiding-layer
taper, which is the most critical component of this SSC. In this taper, the mode is adiabatically
coupled from the primary guiding layer to the InP FM layer underneath. Figure4.6shows con-
tour plots of the zero-order modes at different cross-sections of the SSC along the propagation
direction. By an adiabatic conversion, we mean that the zero-order mode in a certain cross
section is fully coupled to the zero-order mode of the following cross section without any loss
of power to higher-order modes or through radiation. The adiabatic-conversion principle states
that if the change in the shape of a certain structure occurs gradual enough, then any zero-order
mode can be converted to another arbitrarily-shaped zero-order mode without any loss.

The FM layer is larger than the primary guiding layer, and therefore the mode will be
larger. Both the FM layer and the substrate are made of InP, however, due to the plasma effect
(which was described in section2.3.2), the refractive index of the highly-doped substrate will
be lower than the refractive index of the FM layer. This small index contrast (∆n=0.005-0.02;
see figure2.6) allows us to grow a relatively thick FM layer. To compare, the index contrast
between the primary Q(1.25) guiding layer and the adjacent InP cladding layers in a shallow
waveguide is much higher (∆n=0.19), and that’s why this primary layer is only 600-nm thick.

The highly-n-doped substrate has a doping concentration that is specified by most man-
ufacturers to be between 1 and 4· 1018cm−3. It is exactly at these doping levels that there
is large dependence of the refractive-index on the doping concentration (see figure2.6), and
therefore the index contrast between the substrate and the FM layer can range from 0.005 to



102 4. Spot-Size Converters

highly-doped InP substrate

low-doped InP fiber-matched layer

Q(1.25)

z

y

z0
z1 z2

z3

z4

lateral tapershallow waveguide

vertical cladding taper
shallow-deep transition

fiber-matched 
waveguide

Ltaper

WFMW

x
vertical guiding-layer taper

z5

(a)

highly-doped InP substrate

low-doped InP FM layer

Q(1.25) guiding layer

z=z0

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5

(b)

z=z1

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5

(c)

z=z2

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5

(d)

z=z2

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5
z=z3

(e)

z=z2

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5
z=z4

(f)

z=z5

x [µm]

y 
[ µ

m
]

-10 -5 0 5 10
-5

0

5

(g)

Figure 4.6: Schematic 3D overview of the SSC a), showing the evolution of the zero-order mode along
the propagation direction b-g).
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Figure 4.7: Cross-section of an FM waveguide showing the different design parameters that are used to
optimize the mode-mismatch losses.

0.02. As it will be shown shortly, this change in index contrast can have a significant effect on
the mode-mismatch losses, and should be taken into account.

4.4.2 Fiber-Matched-Waveguide Design

Figure4.7 shows a cross-section of the FM waveguide at the facet of the chip. Three design
parameters are used to optimize the mode match between this FM waveguide and a fiber;
the FM layer thicknessdFMW, the etch depthde, and the FM waveguide widthWFMW. The
considerations for these parameters will be described individually in the following paragraphs.

FM-Layer Thickness dFMW

The MFD of an SSMF is 10.2µm in the horizontal- as well as in the vertical direction. To
achieve this MFD in an InP FM waveguide, we would need an FM layer which is roughly
the same size. However, in the InP technology, it is costly and time-consuming to grow large
epitaxial layers, and this limits the vertical MFD of the FM waveguide. Therefore, an exact
mode match between the FM waveguide and the SSMF can not be obtained. Furthermore, the
SSCs described here will be eventually integrated with the MZI switches, where an additional
thickness of 1.9µmis required on top of this FM layer (see section3.2) for proper operation of
the phase shifters. In our case, we have restricted the FM layer to a thickness of 5µm.

The minimum thickness is determined by the thickness at which the FM layer is cut-off
in the vertical direction. This cut-off thickness is dependent on the index contrast between
the substrate and the FM layer. In the previous section, it was shown that this index contrast
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can range from 0.005 to 0.02, depending on the doping of the particular substrate. Finite-
difference simulations have shown that for an index contrast of 0.02, the cut-off thickness is
around 2.5µm, and that for an index contrast of 0.005, the cut-off thickness is around 4.0µm.

These considerations show that if the doping level of the substrate is unknown, then the
FM-layer thickness should be designed between 4 and 5µm. On the other hand, if the index
contrast between the FM layer and the substrate has been determined precisely, then the FM-
layer can be designed from 2.5µmto 5µm.

Etch-Depth FM Waveguidede

Eventually, the SSCs described here will be integrated with the fabrication process for realiz-
ing MZI switches (see section3.3). In order to spare an additional lithography- and etching
step, the FM-waveguide etch in the RIE should then be performed simultaneously with either
the shallow-waveguide etch or the deep-waveguide etch. The ridge height of the shallow wa-
veguide is 1.3µm, and the ridge height of the deep waveguide is 1.9µm. When etching the
FM waveguide in the RIE (see section3.3), InP is the only material that will be etched, since
the top layers have been removed in the vertical-taper etch. Therefore, taking into account the
difference in etch rate between InP and InGaAsP (~1.3:1), the etch depth will become 1.4µm,
if the FM-waveguide etch coincides with the shallow-waveguide etch, and 2.5µm, if the FM-
waveguide etch coincides with the deep-waveguide etch. The FM-waveguide etch depth can
be either 1.4µm or 2.5µm. Later on, it will be shown that the etch depth does not have a
considerable effect on the mode-mismatch losses.

FM-Waveguide Width WFMW

The FM-waveguide width can be optimized to obtain the lowest mode-mismatch loss to a fiber.
For widths smaller than 4µm, the FM-waveguide is cut-off. For widths larger than around 7µm,
the FM waveguides supports more than just the zero-order mode. However, by carefully align-
ing the fiber to the centre of the FM waveguide or by using a mode filter, these modes will not
be excited. For widths larger than around 10µm, the FM waveguides support the second-order
mode as well. In chapter3, it was shown that this mode is always excited and therefore these
widths should be avoided.

Based on the considerations explained above, numerical simulations of the mode-mismatch
losses between different FM waveguides and different fiber have been performed. In these
simulations, the optical field of the FM waveguide was calculated for different dimensions with
a finite-difference mode solver. Afterwards, the mode-mismatch losses to different fibers with
different MFDs was computed numerically. In particular, we studied the mode-mismatch loss
to an SSMF, a 0.8-% high-delta (H∆) SoS concentrator waveguide with an MFD of 7×7µm2,
and a 2.5-%SH∆ concentrator waveguide with an MFD of 4×4µm2. First, we will discuss the
mode-mismatch values for coupling to an SSMF.

Figure4.8 shows a plot of the optimal mode-mismatch lossesLmismatchfor the different
FM-layer thicknessesdFMW, and for different index contrasts∆n between the FM-layer and
the substrate. The right axis shows the optimal FM-waveguide widthWFMW at which the
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Figure 4.8: Plot of the lowest mode-mismatch, and the optimal FM-waveguide width, between a FM
waveguide and an SSMF for different FM-layer thicknesses and different index contrasts.

lowest mode-mismatch value is reached. The plots have been computed for an etch depth of
2.5µm, but the results for an etch depth of 1.4µmare almost identical. The plots show that the
lowest mode-mismatch losses are obtained for an FM layer of 5µm, and that the values range
from 0.8dB to 1.6dBdepending on the index contrast with the substrate.

The optimal FM-waveguide width for this 5−µmFM layer is between 12 and 14µm, and
does not change too much for the different FM-layer thicknesses. It is at these FM-waveguide
widths that the horizontal MFD (MFDwav,x) of the FM waveguide matches that of the SSMF.
Figure4.9a shows a plot of theLmismatchas a function of the index contrast between the sub-
strate and the FM layer. The change in index contrast accounts for a change of 0.9dB in the
Lmismatch. The reason for this change in the mode-mismatch losses is because the tail of the
FM-waveguide mode for lower index contrasts extends more into the substrate than for a high
contrast. Effectively, the vertical MFD then becomes larger. To illustrate, figure4.9b shows
the contour plot of a 6µm-wide FM waveguide for different index contrasts, where it can be see
that the vertical MFD (MFDwav,y) expands considerably as the index contrast (or equivalently,
the dopant concentration of the substrate) becomes smaller. Because the maximum FM-layer
thickness is restricted to 5µm, the vertical MFD of the FM waveguide can not be matched to
that of the SSMF.

Figure4.10a and b show the same plot as figure4.8, but for the case when butt-coupling
the FM waveguide to a 0.8-%H∆ concentrator waveguide (MFD is 7× 7µm2) and a 2.5-%
SH∆ concentrator waveguide (MFD is 4×4µm2). These plots show that when coupling to a
0.8-%H∆ concentrator waveguide, the optimal mode-mismatch losses are also obtained for
an FM layer of 5µm, and range from 0.4dB to 0.7dB. The optimal FM-waveguide width has
now been decreased to around 8µm. A fiber concentrator with these 0.8-%H∆ concentrator
waveguides can be used without the need for a HNA fiber, since the 7× 7µm2 mode has a
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mode-mismatch loss of 0.6dB to a SSMF on the fiber-ribbon side of the concentrator, and a
mode-mismatch loss between 0.4dB and 0.7dB on the InP FM-waveguide side. Furthermore,
the optimal FM-waveguide width also decreases down to values where the FM waveguide
supports only the zeroth- and the first-order mode.

For the case of coupling to a 2.5-%SH∆ concentrator waveguide, we can obtain an exact
mode match between the FM-waveguide mode and the concentrator mode. This optimal FM-
layer thickness is 4µm, and the mode-mismatch losses range from 0.1dB to 0.9dB depending
on the index contrast of the FM layer with the substrate. The plot shows a significant increase
in the mode-mismatch as the index contrast reduces to 0.005, so for this case it would be best
to choose a substrate which has an index contrast between 0.01 and 0.02. The optimal FM-
waveguide widths are around 5.5µm, and at these widths the FM-waveguide will be single
mode. When constructing a fiber concentrator with these 2.5-%SH∆ concentrator waveguide,
it is essential that, on the fiber-ribbon side, the concentrator should be coupled to a ribbon of
HNA fibers, since the mode mismatch to an SSMF is 4.0dB.

The main conclusions that can be drawn from the simulations described in this section is
that the optimal FM-layer thickness for butt-coupling a FM waveguide to an SSMF (MFD =
10.2µm) or a 0.8-%H∆ waveguide (MFD = 7µm) is 5µm. The FM-waveguide width with the
optimal mode-mismatch losses is approximately the same as the MFD of the connecting fiber,
and occurs for widths where more than one mode is supported. When butt-coupling a 2.5-
% SH∆ concentrator waveguide (MFD = 4µm) to an FM waveguide, an exact mode match is
obtained for a FM-layer thickness of 4µm. The optimal FM-waveguide width is around 5.5µm,
where the FM waveguide is monomode.

4.4.3 Vertical-Taper Design

The mode-conversion properties of the SSC have been calculated with a 3D simulation tool
called FIMMPROP from the PhotonDesign company. This simulation tool allows us to per-
form the required 3D simulation of the SSC, and is based on the film-mode-matching mode
solver combined with a mode-propagation-analysis algorithm. The SSC loss was calculated
by exciting the zero-order mode at the shallow-waveguide side, and determining the remain-
ing power in the zero-order mode at the FM-waveguide side. These simulations have been
carried out for different lengths of the vertical taper at diferent material parameters, different
FM-waveguide dimensions, and different polarizations.

Figure4.11shows the simulated results. These plots demonstrate that the taper loss fol-
lows the same trend as a function of vertical-taper length for all different conditions. There are
several conclusions that can be drawn from these plots. First, as the FM-layer thickness be-
comes smaller, the vertical-taper length can be made shorter. The reason for this phenomenon
might be the following. For a large FM-layer thickness, the FM-waveguide mode is larger and
situated lower than for a smaller FM-layer thickness. According to the coupled-mode theory,
it is then easier to couple to the smaller mode. Similar to a lateral taper, where the taper length
is longer if we taper to a wider waveguide width. Second, as the FM-waveguide width be-
comes larger, the taper length becomes shorter. For smaller FM-waveguide widths, the mode
becomes more and more tightly confined, which means that the mode has a larger tail towards
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Figure 4.11: Simulated SSC loss as a function of vertical-taper length for different FM-waveguide ge-
ometries and index contrast.
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Figure 4.12: Minimum vertical-taper length as a function of the FM-layer thickness for a 6-µmwide FM
waveguide a), and a 10-µmwide FM waveguide b).

the substrate and the surrounding areas. Following the reasoning of the previous explanation,
the vertical-taper length will then become longer. And third, the taper losses are smaller for
TM- than for TE polarization. The reason for this is because the TM mode at the beginning of
the taper has a slightly larger vertical MFD than the TE mode, which makes the conversion of
the TM mode slightly easier.

Figure4.12shows the minimum vertical-taper length as a function of the FM-layer thick-
ness. The minimum taper length has been defined as the length at which the taper loss is 0.5dB.
An additional conclusion that can be drawn from this plot is that for wider FM-waveguide
widths, the SSC becomes less sensitive to polarization.

The simulations performed have furthermore shown that the SSC loss is primarily depen-
dent on the slope of the vertical taper at a critical region along the vertical taper, where the
mode is converted from the primary film- to the secondary film layer. Figure4.13shows a 2D
BPM simulation of a vertical taper with a 2-mm-long vertical taper, and a plot of the SSC loss
and the vertical-taper length as a function of the taper slope, which is defined as the change
(in nanometers) of the primary-film thickness per micrometer length. If we look more closely
at the BPM simulation shown on figure4.13, we will notice that the region where the mode is
converted from the primary guiding layer to the FM layer is relatively small compared to the
total length of the taper. The implies that the regions before- and after this critical region can be
tapered more rapidly without any considerable additional loss compared to the single-sloped
SSC. This would result in a device with multiple slopes and a shorter length, as shown in figure
4.14. However, such a triple-sloped SSC is less tolerant to etch-depth variations. Therefore, in
this work, we have restricted ourselves to investigating only the single-taper SSC, which has
the advantage that it is more fabrication intolerant.

The main conclusions that can be drawn from the simulation results described in this sec-
tion is that the SSC shows the best results for small FM-layer thicknesses. The best results are
obtained for an FM-layer thickness of 3µm, in terms of short taper lengths, low polarization
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Figure 4.13: BPM simulation (2D) of an SSC with a 2mm-long vertical taper.

substrate InP;

5µm InP
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Nd=5·1015 n=3.1693

Figure 4.14: Optimized SSC with three different vertical-taper slopes. The dashed lines outlines the
linear-taper SSC.

sensitivity, and small dependence of the index contrast on the SSC performance. However,
in the previous section, it was shown that a 3-µm FM layer is cut-off for an index contrast
of 0.005, and therefore this thickness should be avoided if the index contrast has not been
determined. And hence, the 4µmFM layer is a wiser choice.

In the previous section, it was also shown that for coupling to an SSMF or a 0.8-%H∆
concentrator waveguide, the FM layer should be as large as possible (5µm, in our case), and
this contradicts with the conclusions drawn here for the performance of the SSC. However,
for coupling to a 2.5-%SH∆ concentrator waveguide, we can obtain very good conditions in
terms of short vertical-taper length (Ltaper = 500−1100µm), good mode match (0.2−0.9dB),
low polarization sensitivity, and monomode FM waveguides (FM-waveguide width=5.8µm).
Furthermore, when it has been experimentally verified that the index contrast between the
substrate and the FM layer is 0.01 or higher. Then, the FM layer thickness can be reduced
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Figure 4.15: Fabrication of a vertical taper on an InP substrate.

to 3µm, and we would obtain very short vertical-taper length (Ltaper = 300−550µm), good
mode match (0.2−0.3dB), very-low polarization sensitivity, and monomode FM waveguides
(FM-waveguide width=5.8µm).

4.4.4 Fabrication

A test chip containing various vertically-tapered SSCs with different dimensions has been
fabricated to test the operation of the SSCs and the fabrication process. The layerstack of
the test chip consists of a highly-N-doped InP substrate (layer no. 4 in figure4.15a), on top
of which a 5-µmn.i.d.-doped InP FM layer (layer no. 3) was grown, followed by a 600−nm
n.i.d. Q(1.3) primary guiding layer (layer no. 2), and a 450−nm n.i.d. InP cladding (layer
no. 1). In the following subsections, the fabrication process will be described, starting with the
realization of the vertical tapers on InP, which is the most critical fabrication step.
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4.4.4.1 Realization of Vertical Tapers

The fabrication of the vertical tapers is similar to the patented sliding-window technique de-
scribed in [85]. This technique relies on the fact that the development time of photoresist is lin-
early dependent on the exposure time. In the sliding-window approach, the vertical tapers are
firstly made on photoresist using standard lithography with a mask containing an open window.
During the exposure, the edge of the window is moving along the sample, thereby introducing
a linear gradient in the exposure time of the photoresist underneath. After the development, a
vertical taper is then formed because the regions that were exposed longer will be developed
faster than the regions that were exposed for a shorter period of time. Afterwards, the vertical
taper profile is transferred to the InP/InGaAsP surface by means of a non-selectively dry-etch
of the photoresist and InP/InGaAsP. This is a relatively simple and easy technique to realize
vertical tapers by using common standard lithography and dry-etch processes. However, in
order to obtain the long tapers required, the mask needs to be moved along the whole length
of the taper (>1mm). And since the exposure time of the positive photoresist is generally quite
short, the window must be moved very fast across the taper. Furthermore, in this approach it is
not possible to realize tapers of different lengths in a single process.

We have developed a similar process that uses a mask with a raster instead of a single
window (see figure4.15b). The mask consists of a raster of lines of which the center of the
lines are equally spaced at 3µm (this distance is called the raster spacing). The width of the
lines on the raster is linearly decreasing along the taper length (see figure4.15b), that can
range from 340µm to many milimeters. The regions of the photoresist covered by the narrow
lines will be effectively more exposed than the regions covered by the wider lines. Because
the opening between the lines is linearly increasing along the taper, a linear gradient in the
exposure time is created. In fact, an arbitrarily-shaped (including a taper with multiple slopes)
vertical taper can be created simply by tailoring the raster openings to the photoresist profile
required. The advantage of using a raster mask instead of a single sliding window is that with
the raster, it is not necessary to slide the sample along the whole taper length. However, the
sample should be moved sufficiently to average out the influence of the raster on the surface
profile of the taper.

These vertical tapers are realized as follows. At first, a 1.4µm layer of HPR504 photore-
sist is spun onto the wafer. Then, the photoresist is soft-baked at 100◦C for 2 minutes and 30
seconds. Afterwards, the photoresist is additionally baked at 115◦C for 1 minute. The purpose
of this additional soft-bake step is to decrease the photosensitive substances in the photoresist,
and to, later on, obtain a slow development of the resist making the development more tolerant.
The photoresist is then exposed for 5 seconds in a standard mask aligner (430nm lamp) using
the raster mask, which defines the vertically-tapered regions. During the 5-second exposure,
the sample is slided along 170µmat constant speed (see figure4.15b). In our case, this move-
ment is controlled by connecting a motor to the x- or the y-alignment knob of the mask aligner.
Preliminary experiments were done on rasters with different raster periods varying from 2µm
to 5µm, all of which the openings were linearly increasing from 20% to 80% of the raster
period. These experiments have shown that the taper profiles and taper lengths are basically
independent of the raster period, and that the sample should be moved for more than 50 periods
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Figure 4.16: Microscope photograph of a close-up of a vertical taper on photoresist a), and an alphastep
surface profile of a vertical taper on an InP substrate b).

in order to average out the pattern of the mask on the photoresist. In our case, we have cho-
sen a raster period of 3µm, resulting in a raster with a width that decreases from 2.4µm(20%
opening between the lines) to 0.6µm (80% opening). The minimum limitation on the raster
design is set by the minimum width of the raster lines that can be realized on the raster mask.
The maximum limitation is set by the maximum allowable displacement of the sample during
exposure. After the photoresist has been exposed with the sliding-raster technique described
above, the photoresist is baked at 100◦C for 10 minutes, in order to remove standing-wave
effects inside the photoresist caused during the exposure.

After the 2-3 minute development, the sample is glued onto a 4” Si carrier wafer with a
heat-sink grease. The vertical taper is then transferred to the InP substrate by using a non-
selectiveCl2-based inductively-coupled plasma (ICP). This process has been optimized to etch
photoresist and InP/InGaAsP with a 1.2:1 ratio while maintaining the original profile of the
photoresist. The etching conditions are: an ICP power of 650W, an RF power of 450W, a
chamber pressure of 10mTorr, and aCl2 flow of 2sccm. It must be said here that the etched
surface showed some minimal roughness, which was observed under a microscope with polar-
ized light (Nomarski). However, as the results will show, this roughness was not catastrophic
for the performance of the devices. Figure4.16shows a microscope photograph of a close-up
of a vertical taper on photoresist, and an alphastep profile of a 1mm-long vertical taper realized
on the InP/InGaAsP/InP structure that was used to make the SSCs studied in this work.

4.4.4.2 Integration of Vertical Taper with Shallow- and Deep Waveguides

In order for the fabrication of the vertical tapers to be of practical use, they should be inte-
grated with the fabrication process of the integrated beamformer (described in section3.3).
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Figure 4.17: Integration scheme of the vertical taper SSC with the double-etch waveguide process.

The following fabrication process was investigated (see figure4.17). First, the vertical tapers
were formed as described in the previous section. And then, a 50nmsilicon-nitride layer was
deposited on the chip and the waveguides were defined in the silicon nitride using standard
lithography and reactive-ion etching (RIE) (see figure4.17c). Then, the shallow-waveguide
regions were covered with titanium (Ti) in a lift-off process (see figure4.17d). The FMW
were firstly partly etched in a RIE using a gas mixture ofCH4 andH2. Afterwards, the Ti
was selectively removed in a wet-chemical solution of oxalic acid,H2O2, KOH andH2O (see
figure4.17e). Finally, the shallow waveguides and the FM waveguides were etched down to
the required depth (see figure4.17f). The advantage of this fabrication process is ideally suited
to realize multiple closely-spaced SSCs to realize an optical bus of fiber-chip connections.

4.4.5 Measurements

Various SSCs with vertical-taper lengths of 1000, 1500, 2000, and3000µmand with FM wave-
guide widths of 6, 10, 14µmwere realized on the test chip. Two different measurements have
been done on the SSCs of this test chip. Hakki-Paoli measurements (section3.4.1) were per-
formed to characterize the losses of each SSC. Measurements of the near-field intensity pattern
at the facets of the SSCs were performed to determine the horizontal- and vertical MFD, and
ultimately characterize the mode-mismatch losses.

Figure4.18shows the measured on-chip losses (excluding the mode-mismatch losses from
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Figure 4.18: Plots of the measured SSC losses as a function of taper length for three different FM-
waveguide widths.
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Table 4.1: Summary of the measurement result of the near-field intensity patterns of the FM waveguides.

FMW width measured MFD simulated MFD
mode-mismatch

SSMF

6 µm 7.0 µm x 6.0 µm 6.5 µm x 5.8 µm 1.0 dB

0.8 dB

0.9 dB

10 µm 8.9 µm x 5.5 µm 8.8 µm x 5.5 µm

14 µm 12.7 µm x 5.2 µm 11.7 µm x 5.5 µm

the FM waveguide to the fibre) of the different SSCs (TE polarization), which have been mea-
sured with the Hakki-Paoli method. Also included in these plots are the simulation results,
which show that for the SSCs with the FM-waveguide widths of 6µm and 14µm, the mea-
surements show indeed the same trend as the simulations. The lowest measurement results of
around 0.8dBwere obtained for a FM-waveguide width of 10µm.

The near-field intensity pattern of the facet of the SSCs (FM waveguides) were projected
via a microscope objective onto a near-infrared (NIR) InGaAs CCD camera. Figure4.19shows
the measured lateral- and the transversal line-intensity profiles, which agree well with the line-
intensity profiles simulated with a finite-difference mode solver (see table4.1). If the chip has
been properly AR coated, then the fiber-chip coupling losses consists of the mode-mismatch
loss plus the SSC loss. The fiber-chip coupling losses for the structures realized here are
between 1.5dB and 2.5dB, which is an improvement of 8dB compared to the 10dB coupling
losses, when directly butt-coupling an SSMF to a standard shallow-etched InP waveguide.

4.5 Conclusions

In this chapter, we discussed an SSC based on a vertical tapering of the guiding layer. We
showed the need for SSCs, which is to simultaneously reduce the mode-mismatch losses while
maintaining high alignment tolerances. We presented several butt-coupling approaches using
lensed- and/or tapered fibers, fiber arrays, and fiber concentrators. Simulations on the mode-
mismatch losses of the FM waveguide and on the performance of the SSC have indicated
that the most ideal fiber-chip-coupling strategy is to use a fiber concentrator together with an
SSC that has an FM layer of 3µm; short vertical-taper lengths (300−550µm), an almost exact
mode match (mode-mismatch = 0.2−0.3dB), and monomode FM waveguides (FM-waveguide
width = 5.8µm). This all, provided that the index contrast between the InP substrate and the FM
layer is 0.01 or larger. We have developed a novel method to realize vertical tapers on an InP
chip, and we have integrated this fabrication method with the double-etch process, described in
chapter3.3, that was used to fabricate the integrated beamformer. A test chip containing SSCs
of various dimensions has been fabricated and the measurement results follow the same trend
predicted by the simulations. The lowest measured SSC losses are 0.8dB for an SSC that has
an FM-waveguide width of 10µm. The near-field intensity pattern of the FM waveguide show
good agreement with the simulations.
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Figure 4.19: Plots of the measured lateral- a) and transversal line intensities for the different FM-
waveguide widths. The dashed lines denote the simulated line intensities.



Chapter 5

Dispersive-Fiber-Based-Delay
Beamformer

5.1 Introduction

This chapter describes the second beamformer that was realized in this work. This beamformer
consists of one SDL section (see section1.5) with InP-based MZI switches and dispersive
fibers, as the delay elements. The switches of this SDL section are situated in an InP switch ar-
ray, which contains four high-speed InP-based MZI switches, and the delay elements are three
off-chip dispersive fibers. The dispersion in the dispersive fiber will delay the wavelengths
in time, and enable us to realize the beamsteering functionality. This beamformer is intended
for the same optically-controlled PAA system as described in section1.6, and it relies heavily
on the use of low-loss SSCs, described in the previous chapter, due to the many fiber-chip
couplings required.

Section5.2 describes the concept of this particular beamformer. Section5.3 explains the
design and shows the layout of the fabricated dispersive-fiber-based beamformer. In section
5.4, we describe the fabrication of the beamformer including the considerations that were made
to be able to integrate the SSCs with the electro-optic switches. In section5.5, we discuss
the measurement results. Finally, in section5.6 some conclusions are drawn based on the
performance of the fabricated beamformer.

5.2 Concept

Figure5.1shows a schematic diagram of the dispersive-fiber-based-delay beamformer studied
in this chapter. The beamformer is basically a 3-bits switched-delay-line (SDL) section (see
section1.5) with off-chip dispersive-fiber delay elements. The beamformer consists of an InP

119
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Figure 5.1: Schematic diagram of the dispersive-fiber-delay-based beamformer.

switch array that contains four InP-based MZI switches, three off-chip dispersive fibers with a
length ratio of 1:2:4, and three off-chip non-dispersive- or short bypass fibers of equal length.
By applying proper voltages to the phase shifters of the switches, we can obtain eight different
total lengths of dispersive fiber that can be traversed by the optical signal (0,∆L, 2∆L, 3∆L,
4∆L, 5∆L, 6∆L, and 7∆L, where∆L is the shortest length of the dispersive fiber).

The advantage of this architecture is the scalability that it offers, because the number of an-
tenna elements can be increased by adding optical wavelengths without having to change the
beamformer circuit. Furthermore, a particular desired time delay between the optical wave-
lengths can be easily accommodated by simply connecting different lengths of dispersive fiber
(while maintaining the same length ratio of the three different fibers) to the InP switch array.
We have chosen to realize the bypass path from one switch to the next with off-chip non-
dispersive- or short fibers. If we were to use on-chip bypass paths, then the output power of
the beamformer would be very different for different settings of the beamformer, due to the
varying number of fiber-chip connections. As one can see from figure5.1, the beamformer has
a total of 14 fiber-chip connections, which would normally result in very high losses for the
circuit. Therefore, in our case, SSCs have been integrated with the MZI switches in order to
lower the beamformer loss.

5.3 Beamformer Design and Layout

Figure5.2 shows the beamformer setup including a photograph of the fabricated InP switch
array. The dimensions of the InP switch array are 6.5× 5.8mm2. In this beamformer, only
shallow waveguides were used as the inter-connect optical waveguides. No deep waveguides
were needed to restrict the size of the chip, as four beamformers already fit into a quarter of a
2-inch wafer. The only deeply-etched structures in the beamformer are the double-etched MMI
couplers (see chapter 2). The MZI switches have the same dimensions as the MZI switches
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Figure 5.2: Dispersive-fiber-based beamformer setup, including a photograph of the fabricated InP
switch array.

of the redesigned fully-integrated beamformer described in chapter2 (MMI length = 205µm,
isolation-section length = 200µm, and phase-shifter length = 3mm). However, due to a de-
sign error, the switches were oriented at 45◦ with respect to the large flat (instead of 60◦).
Nevertheless, it is not expected that this orientation will increase the polarization dependence
drastically. The fourteen SSCs are spaced at a pitch of 30µm(see figure5.3a), which takes up
a space of merely 390µm (rougly 1.5 times the diameter of one SSMF). A fiber concentrator
with fourteen ports spaced at the same pitch is used to couple the light from the different fibers
to the InP switch array. The MFD of the fiber-concentrator waveguides is identical to the MFD
ofn SSMF (= 10.2µm). The fiber-matched-waveguide width has been chosen at 6µm, because
at this width the fiber-matched waveguide is monomode. However, a better choice would have
been a fiber-matched-waveguide width of 10µm, because at this width the taper losses are
lower (see section4.4.3). The length of the vertical taper in the primary guiding layer is 2mm.

The time delay between two adjacent wavelengths ranges from 0 to 7·D ·∆L ·∆λ, whereD
is the dispersion coefficient of the dispersive fiber and∆λ is the spacing between two adjacent
wavelengths. The total length of dispersive fiber required to realize the beamforming function-
ality depends on the dispersion coefficient of the fiber. The time delay introduced between two
wavelengths propagating through a dispersive fiber with a certain length, can be expressed by
the following equation:

∆τ = D ·L ·∆λ (5.1)
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Figure 5.3: Schematic overview of the SSCs a), and contour plots of the shallow-waveguide mode (black
contour) and the fiber-matched waveguide (white contour) b). The dashed line in the right plot outlines
the top surface of the fiber-matched waveguide. The numbers in the figures are the layer numbers of
the shallow waveguide described in section3.2. The remaining top layers are on the cladding of the
waveguide.
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Figure 5.4: Plot of the length of the smallest fiber∆L for different dispersion coefficientsD.

where D is the dispersion coefficient of the fiber,L is the length of the fiber, and∆λ is
the spacing between the wavelengths. Figure5.4 shows a plot of the required total length
(∆L + 2∆L + 4∆L) of dispersive fiber as a function of the dispersion coefficientD for realiz-
ing a beamfomer for the PAA decribed in section2.2. Generally, SSMFs have a dispersion
coefficient of 18ps/km·nm, meaning that a total length of around 300m is required to realize
the beamformer. It has been reported that long lengths of SSMF have temperature-stability
problems, which results in signal latency [86]. Therefore, it is better to use fibers with a high
dispersion coefficient, such as highly-dispersive fiber or photonic-crystal fibers [24], in order
to decrease the total length required.

The layerstack of the InP switch array is almost identical to the layerstack of the fully-
integrated beamformers shown in section3.2, except for a slight modification. The thickness
of the buffer layer (layer no. 7 in figure2.10) has been increased from 1µmto 5µmto serve as
the secondary fiber-matched (FM) guiding layer of the SSC. This slight adjustment does not
affect the formation of the depletion layer, nor the electro-optic behavior of the switches, as
the dopant concentration is kept the same. The FM guiding layer of the SSCs demonstrated
in the previous chapter had an n.i.d. dopant concentration, which is around 5·1015cm−3. In
this case, the FM guiding layer has a concentration of 7· 1016cm−3, which does not affect
the refractive index contrast with respect to the highly-doped substrate. We showed in section
2.3.2that the refractive-index change between InP layers with a doping of 7·1016cm−3 and a
doping of 5·1015cm−3 is merely 0.002, and therefore no noticable changes in the mode shape
of the FMW are expected.

5.4 Fabrication

The fabrication process of the InP switch array is also almost identical to the fabrication of the
fully-integrated beamformers, except for the addition of two masks. The purpose of the first
additional mask is to remove the two InP top-cladding layers (layer no. 2 and 3 on figure3.1)



124 5. Dispersive-Fiber-Based-Delay Beamformer
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Figure 5.5: Illustration of the wafer after the contact-layer removal a), and after the top-cladding removal
b).

on the regions where the SSCs are to be made. This has to be done, because the roughness of
the ICP etch increases as the etch depth into the InP increases. And therefore, we have to etch
the 1-µmtop cladding in order to decrease the total etch depth. The second additional mask is
the raster mask to make the vertical tapers on the photoresist (see section4.4.4.1).

In the next paragraphs, a description of the fabrication process will be given.

Removal of Contact Layer

In this first fabrication step, the 50-nm InGaAs metal-semiconductor layer is removed every-
where except at the phase shifters (see figure5.5a). Similar to the fabrication process of the
integrated beamformer, standard lithography is performed to define the regions of photoresist
on the phase-shifter areas where the contact layer should remain. The chip is then submerged
in a solution ofH2O2/H2SO4/H2O that etches InGaAs and InGaAsP selectively with respect
to InP. After the etching, the photoresist is removed.

Removal of Top Cladding

Then, a 200-nm layer ofSiNx is deposited on the chip. Afterwards, a photoresist layer is spun
on the chip, and using an optical lithography, we develop the resist on the regions where the
SSCs will be made. TheSiNx is subsequently etched in these regions with a CHF3 plasma in an
RIE. This etching process is selective with respect to the photoresist. And then, after removing
the photoresist in an acetone rinse followed by stripping in anO2 plasma, the InP top-cladding
layers are selectively removed in a wet-chemical solution containingHCl/H3PO4. Because
the etching is selective with respect to InGaAs and InGaAsP, the etching will eventually stop
when the InGaAsP etch-stop layer is reached. This way, the top cladding has been removed in
the regions where the vertical tapers are to be made (see figure5.5b).

Vertical Taper

The next step in the fabrication is to make the vertical tapers on the InP substrate. For this
step, the 200-nmSiNx layer from the previous step is left on the chip in order to protect the
regions outside the SSC areas from being etched in the subsequent ICP etch. First, the vertical
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Figure 5.6: Illustration of the wafer after the sliding-mask lithography a) and after the ICP plasma etch
and photoresist- and silicon-nitride removal b).

tapers are defined on the photoresist using the sliding-mask lithography technique described
in the previous chapter (see figure5.6a). Then, the chip is glued onto a 4-inch Si sacrificial
wafer with a heat-sink paste. Afterwards, the chip is put inside the ICP reactor to be processed
with theCl2 plasma. The conditions of the plasma are: ICP power = 600 W, RF power = 500
W, pressure = 10 mTorr, andCl2 flow = 20 sccm. The process time is 100 seconds, and the
etch rate for the different materials are: photoresist = 1300 nm/min, and InP = 900 nm/min.
The process parameters are different than the process used in chapter4, due to several changes
that were done to the ICP reactor in between the two runs. Although the selectivity between
the photoresist and the InP is not exactly 1:1, it is sufficient to reach to the required InP depth,
while there still remains some photoresist to protect the regions outside the SSCs. After the
ICP process, the sample is removed from the Si sacrificial wafer and the heat-sink paste is
removed from the backside of the chip with isopropanol. Afterwards, the sample is rinsed in
de-ionized water to remove residues from the ICP plasma. Finally, the photoresist is removed
in an acetone dip and a stripping step in a barrel etcher (see figure5.6b).

After having made the vertical tapers on the chip, the taper length can be measured with a
microscope. There is a slight difference in color between an InP layer and an InGaAsP layer
which can be made visible under a microscope. The guiding layer is sandwiched between two
InP layers, and if the vertical taper is etched all the way through the guiding layer, then this
layer can be recognized between the two adjacent InP layers (see figure5.7). Measurements
on a microscope photograph of the vertical tapers revealed a vertical taper length of 1.5mm
on the Q(1.25) guiding layer. This value is lower than the design value of 2mm. We have
observed from preliminary tests that Q(1.25) is etched faster than InP. However, the length of
the taper on photoresist has been calibrated for etching into InP, which means that a vertical
taper in Q(1.25) will be shorter due to the higher etch rate. An improvement for future SSCs
would be to calibrate the process for etching the photoresist into Q(1.25) Nevertheless, the 3D
simulations, described in the previous chapter, still predict a taper loss between 0.5dB and
0.8dB for this 1.5−mm-long vertical taper (see figure4.11a).
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Figure 5.7: Microscope photograph of a vertical taper and an illustration of the different regions on the
photograph.

silicon nitride

Figure 5.8: Illustration of the wafer after the shallow-waveguide definition in a silicon-nitride layer.
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Figure 5.9: Illustration of the completed wafer after all the fabrication steps.

Following Process Steps

The rest of the processing (from the shallow-waveguide definition, shown in figure5.8, to the
backside metallization and annealing) proceeds exactly in the same manner as described in
section5.4. Figure5.9 shows an illustration of the different waveguides after all the process
steps.

5.5 Characterization

In this section, the experimental results on the fabricated InP switch array will be discussed.
First, the losses of the individual sub-components of the InP switch array were measured with
the Hakki-Paoli method described in chapter3. Then, based on these results, we computed the
total loss of the InP switch array. And then, we measured the near-field pattern of the FM wave-
guide, after which we calculated the mode-mismatch losses to the fiber-concentrator. Finally,
we added the losses of the fiber-concentrator to the total to obtain the fiber-to-fiber loss for one
switch of the InP switch array. The total fiber-to-fiber loss of the beamformer is then equal to
four times the fiber-to-fiber loss of one switch. There were no measurements performed on the
relative time delays between adjacent wavelengths, since any required value is easily obtained
by connecting different lengths- and types of fiber to the fiber concentrator. Also, the relative
time delays can be adjusted by changing the spacing between the wavelengths.

The next paragraphs give a description of the measured results.

Optical On-Chip Losses

The performance of the InP switch array was first characterized by determining the optical
losses of the individual components of the InP switch array. Therefore, test structures of the
different components were included in the layout. For each component there is a test structure,
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Figure 5.10: Schematic layout of the test structure for the different components.

Table 5.1: Table containing the average losses for the different components of the InP switch array. The
values were obtained via Fabry-Perot-fringe measurements.

component optical performance

propagation loss shallow-waveguideLwaveguide 1.0 dB/cm

excess loss shallow-waveguide bendsLbends 0.2 dB/90◦

insertion loss phase shifterLphaseshi f ter 0.3 dB

propagation loss isolation sectionLisolation < <0.1 dB

insertion loss MMI couplerLMMI 0.8 dB

insertion loss SSCLSSC 1.4 dB

propagation loss fiber-matched waveguideLFMW 1.6 dB/cm

which consists of several elements cascaded in between the cleaved facets of the chip. There-
fore, the losses of each component can be determined using the Hakki-Paoli method. Figure
5.10shows a schematic layout of the different test structures that were included in the layout.
The following components were characterized: shallow waveguides, MMI couplers (2x), iso-
lation sections, phase shifters, shallow-waveguide bends, the SSCs, and the FMW. Table5.1
shows the measured results.

Based on these Hakki-Paoli measurement results, we expect for the total on-chip loss of
the InP switch array the following value:

Ltotal = 1.25cm·Lwaveguide+2·LSSC+2·LMMI +Lphaseshi f ter+ (5.2)

2·Lisolationsection+450◦ ·Lbends= 7.0dB

whereLtotal is the expected on-chip loss from the input facet to the output facet, and the other
variables are defined in table5.1.

In order to determine the mode-mismatch losses from the FMW at the facet of the InP
switch array to the fiber concentrator, the near-field pattern of the FMW was projected onto a
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Figure 5.11: Measured near-field intensity pattern of the field of the FMW a), and a plot of its horizontal-
and vertical line intensity b).

CCD sensor. Figure5.11shows a picture of the near-field intensity pattern, and the obtained
horizontal- and vertical line-intensity profiles. From these line-intensity profiles, we calculated
a horizontal MFD of 6.8µmand a vertical MFD of 6.0µm. The overlap equation in chapter4
predicts a mode-mismatch loss of 0.9dB for coupling to the circular fiber-concentrator mode
with a MFD of 10.2µm.

Figure5.12shows the expected power budget for one switch of the InP switch array. The
expected fiber-to-fiber loss for one switch is 9.6dB, and consists of the losses in the InP switch
array (=7.0dB, see equation5.2), plus the mode-mismatch losses to the fiber concentrator
(=2·0.9dB), and plus the losses in the fiber concentrator (=2·0.4dB). In these calculations, we
assume that the InP switch array and the fiber concentrator have been AR coated, so that there
is no additional loss due to reflections at the facets. The expected total loss of the dispersive-
fiber beamformer is equal to four times the expected fiber-to-fiber losses of a single switch,
plus the losses of the dispersive fibers and the bypass fibers. The fiber-to-fiber losses of the
dispersive-fiber beamformer are 38.4dB.

The fiber-to-fiber loss for one switch has also been measured by coupling light from a
broadband light source into the switch, via a concentrator, and then measuring the power at the
output. The measured fiber-to-fiber loss was 18.5dB. This measured value is higher than the
expected value of 9.6dB from the Hakki-Paoli measurements. The reason for this discrepancy
is partly due to the reflections at the facet of the chip and the concentrator (both the InP chip
and the concentrator were not AR coated). This accounts for 3.2dB (=2·1.4dB+2·0.2dB) of
the total measured losses. The measured fiber-to-fiber loss is then equal to 15.3dB. Another
part of the discrepancy could be related to the fact that the switches are not perfectly in their
cross state at a zero-applied bias.
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Figure 5.12: Overview of the beamformer including the fiber-to-fiber power budget.

Electro-Optic Switching Behavior

The switching curves have been measured with the setup described in section3.5.2. Figure
5.13b and c show the measured switch curves for TE- and TM polarized optical input. The
switch curves show a switching voltageVπ of −5.7V for TE polarization and−5.2V for TM
polarization. The extinction ratios are 18dB for TE polarization and 12dB for TM polarization.
Although the MZI switches on the InP switch array are identical to the switches on the fully-
integrated beamformer described in chapter2, the switching voltages are different because, due
to a design error, the switches of the InP switch array are under a 45◦ angle with respect to the
minor flat instead of 60◦. In chapter2, it was explained that the electro-optic effect becomes
weaker as the angle with respect to the minor flat becomes larger.

Figure5.14show the measured for TE- and TM-polarized light in one graph, where we can
see that the difference in switching voltage is merely 0.5V. The switching speed for the MZI
switches of the InP switch array is expected to be the same as the switching speed that was
reported in chapter3 (switching speed < 5 ns). This is because the doping and composition of
the epitaxial layers are essentially the same.

5.6 Conclusions

This chapter described a dispersive-fiber-based beamformer for the PAA system described in
section1.6. Both this dispersive-fiber-based beamformer and the fully-integrated beamformer
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Figure 5.13: Schematic of an MZI switch a), and the measured TE- b) and TM c) switch curves for the
switches on the InP switch array.
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Figure 5.14: Measured switch curves for both polarizations in one graph.
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described in chapter2 have exactly the same functionality but employ different methods. Spot-
size converters have been integrated with MZI switches in order to realize the InP switch array,
which is the most important part of the dispersive-fiber-based beamformer. The fiber-to-fiber
losses of the dispersive-fiber beamformer are 38.4dB, which is just a bit higher than the fiber-
to-fiber losses (average loss of 36dB) of the second integrated beamformer. However, the
dispersive-fiber beamformer, as compared to the fully-integrated beamformer, presents several
advantages, which are: higher scalablility for PAAs with a large number of PAA elements just
by introducing additional optical wavelengths, and flexibity towards choosing an adequate time
delay by tailoring the length of the dispersive fiber.



Chapter 6

Conclusions and Outlook

In this thesis, we have presented two types of WDM-based TTD beamformers on InP tech-
nology. The first beamformer was fully integrated and contained an AWG and switchable
waveguide-based delay lines. Two different designs have been fabricated and characterized.
The on-chip losses were around 20dB for the original design, and 27dB for the redesigned,
which overall showed a better performance. The measured fiber-to-fiber losses are 37dB for
the redesigned fully-integrated beamformer. We have proven that both these fabricated chips
work as a true-time-delay beamformer that can steer between eight different beams of a 40-
GHz PAA, at a switching speed lower than 5ns.

The second beamformer was basically one switched-delay-line section with InP-based MZI
switches as the switching elements, and dispersive fibers as the delay elements. An InP switch
array containing the switches of the switched-delay-line section was fabricated and character-
ized. As this beamformer requires eight connections to the off-chip dispersive fibers, we have
integrated spot-size converters with on the InP switch array to minimize the fiber-chip cou-
pling loss. We have developed an SSC based on a vertical taper for this purpose. The spot-size
converter showed good performance, and we were able to obtain fiber-chip coupling losses
of 1.5dB to an SSMF. We can achieve theoretical fiber-chip coupling losses as low as 0.3dB,
when using a silica-based fiber concentrator made of 2.5% SHD waveguides. The advantage
of the SSCs developed in this work is that we can realize a large number of closely-spaced
SSCs to obtain an optical-bus concept. The SSCs have been integrated with the MZI electro-
optic switches to be able to realize the InP switch array. The expected fiber-to-fiber loss for the
dispersive-fiber-based beamformer is 38.4dB. To realize the fourteen fiber-chip connections,
we have used a fiber concentrator with fourteen ports at a pitch of 30µm.

The advantage of the InP technology is that it is the only technology with which we can
integrate optical amplifiers with other optical components to compensate for losses. The ul-
timate challenge will be to integrate semiconductor optical amplifiers with the SSCs and the
MZI switches to compensate for the current high losses.

133
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Summary

Photonic Integrated True-Time-Delay Beamformers in InP Technology

The research described in this thesis was focused on the design, fabrication, and characteriza-
tion of InP-based photonic integrated true-time-delay beamformers. A photonic beamformer is
an optical circuit that controls the direction of the signal transmitted by a phased-array antenna
(PAA). Unlike regular antennas, a PAA can transmit a signal only in the direction of the in-
tended receiver without wasting any energy towards undesired directions. Furthermore, with a
PAA, the direction of the transmission can be switched electronically without having to physi-
cally rotate the PAA itself. PAAs have been intensively studied in RADAR applications, where
they are used to enable tracking of potential targets and to reduce the interference from differ-
ent obstacles. Recently, PAAs are becoming increasingly popular in other applications, such
as wireless communication networks where they can be used to increase the system capacity.

A PAA consists of several closely-spaced regular antennas called the PAA elements. The
direction of the transmitted signal is set by applying different phase delays to the signals of
each PAA element. The circuit that controls the phase of each PAA-element signal is called a
beamformer. Traditionally, the phase delays in an electronic beamformer have been realized by
using a phase modulator on each PAA-element signal, or via digital signal processors (DSP).
However, as the operating frequencies increase to enable higher transmission bandwidths, it
becomes more and more difficult to realize high-frequency electronic phase modulators and
DSPs. Photonic beamformers, that can introduce the required phase delays in the optical do-
main, offer many advantages over electronic beamformers, such as immunity to electromag-
netic interference, lower propagation loss, and remoting of the beamformer with respect to the
PAA.

For the research reported in this thesis, we have designed a total of three photonic integrated
beamformers. These beamformers have been fabricated in InP technology and characterized.
The InP technology offers several advantages over other technologies such as compactness
due to a high refractive index, fast electro-optic switching capabilities, and the possibility for
amplification of the optical signals by integrating semiconductor optical amplifiers.

The firstly fabricated beamformer contained an arrayed-waveguide-grating (AWG) (de)-
multiplexer integrated with three switched-delay-line (SDL) section. Each SDL section con-
sists of four fast electro-optic Mach-Zehnder-interferometer (MZI) switches cascaded by a
bypass line and a delay line on each output. The MZI switches are used to direct the optical
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signal either through the delay line or the bypass line. This way, we can introduce a so-called
true-time phase delay between the different optical wavelengths of the SDL sections. True-time
phase-delay beamforming offers higher bandwidth than phase delay introduced by an optical
phase modulator, because it does not suffer from beam squint. The size of the firstly fabricated
beamformer was 8×11mm2, and this device had the capability to switch between eight differ-
ent transmission directions of a four-element PAA operating at 40GHz. The on-chip optical
losses of this beamformer were around 20dB. Although, we have shown the beamforming
functionality of this chip, the performance was limited in terms of the polarization disper-
sion, i.e. the wavelength shift of the AWG (de)-multiplexer channels for different polarizations
(1.1nmdifference between TE- and TM polarized output), and the switching voltages of the
MZI switches (> 20V).

Therefore, we subsequently realized a re-design of this beamformer with optimized com-
ponents. The size of this second beamformer was similar to that of the first beamformer. In
this re-design, the length of the phase shifters in the MZI switches was increased from 0.8mm
to 3mm, which resulted in a decrease in switching voltage down to around−5V. Also, the
waveguide width of the AWG arms was changed from 1.7µm to 1.6µm, and this resulted in a
decrease in the polarization dispersion of the AWG down to 0.4nm. The switching speed of
the MZI switches was measured to be lower than 5ns. The on-chip losses were increased to
27dB.

The third beamformer consisted of a single SDL section with InP-based electro-optic
switches and off-chip dispersive-fiber delay elements. As this device requires a total of 14
fiber-chip connections, we have developed spot-size converters (SSCs) to lower the losses as-
sociated with the large mode-mismatch between the InP waveguides and the fibers. The SSC
developed here consist of a vertical taper where the optical signal is coupled from the regular
shallow waveguide (mode size = 2.7µm× 0.9µm) to a much larger fiber-matched waveguide
(6.5−9µm× 5.5µm) underneath. We have developed a fabrication process to realize vertical
tapers using standard lithography and dry-etching steps. Measurements on a test chip contain-
ing SSCs showed fiber-chip losses as low as 0.8dB/SSC.

These SSCs were integrated with the MZI switches to realize the third beamformer. The
size of the InP switch array containing the four MZI switches was 5.8mm× 6.5mmand the
total fiber-to-fiber losses of the complete beamformer, including the spot-size converters, is
38.6dB, which was close to specs. A future outlook to this work will be to integrate semicon-
ductor optical amplifiers in the beamformers to compensate for the optical losses.

Francisco Manuel Soares



Samenvatting

Fotonisch Geïntegreerd Bundelvormers in InP Technologie gebaseerd op

Waretijdsvertraging

Het onderzoek beschreven in dit proefschrift was gefocusseerd op het ontwerpen, fabriceren,
en karakterizeren van geïntegreerde fotonische waretijdsvertraging bundelvormers gebaseerd
op InP. Een fotonische bundelvormer is een optisch circuit die de richting van een signaal
die uitgezonden wordt door een samengestelde antenne regelt. In tegenstelling to reguliere
antennes kunnen samengestelde antennes een signaal uitzenden uitsluitend in de richting van
de beoogde gebruiker zonder energie te verliezen naar ongewenste richtingen. Verder kun-
nen samengestelde antennes de richting van de transmissie elektronisch schakelen zonder de
samengestelde antenne fysisch te hoeven roteren. Samengestelde antennes zijn al intensief
bestudeerd voor RADAR applicaties, waar ze gebruik worden om potentiële doelen te achter-
volgen en om de interferentie van verschillende obstakels te reduceren. Recentelijk beginnen
samengestelde antennes populair te worden voor andere applicaties, zoals draadloze communi-
catienetwerken waar ze gebruikt kunnen worden om de capaciteit van het systeem te vergroten.

Een samengestelde antenne bestaat uit een aantal reguliere antennes, genaamd de antenne
elementen, die dichtbij elkaar zitten. De richting van het uitgezonden signaal wordt ingesteld
door verschillende fasevertragingen te introduceren aan het signaal van elke antenne element.
Het circuit die de fasevertraging van het signaal van elke antenne element regelt heet een
bundelvormer. Van oudsher worden de fasevertragingen in een elektronische bundelvormer
gerealizeerd door een fasemodulator op het signaal van elke antenne element te zetten, of via
digitale signaalprocessoren. Echter, als de operationële frequenties steeds maar hoger wor-
den om hogere transmissie bandbreedtes mogelijk te maken, wordt het steeds moeilijker om
hoogfrequente elektronische fasemodulatoren en digitale signaalprocessoren te realizeren. Fo-
tonische bundelvormers, die de benodigde fasevertragingen in het optisch domein kunnen in-
troduceren, bieden vele voordelen ten opzichte van elektronische bundelvormers, zoals: im-
muniteit voor elektromagnetische interferentie, lage propagatieverliezen, en het ontkoppelen
van de bundelvormer en de samengestelde antenne.

Voor het onderzoek beschreven in dit proefschrift hebben we in totaal drie geïntegreerde fo-
tonische bundelvormers ontworpen. Deze bundelvormers zijn gerealizeerd in InP technologie
en vervolgens gekarakterizeerd. De InP technologie biedt verschillende voordelen boven an-
dere technologieën, zoals: compactheid vanwege de hoge brekingsindex, snelle elektro-optisch
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schakelingsmogelijkheden, en de mogelijkheid om optische signalen te versterken door optis-
che halfgeleider versterkers mee te integreren.

De eerste gerealizeerde bundelvormer bevatte een “arrayed waveguide grating” demulti-
plexer geïntegreerd met drie geschakelde vertragingslijn secties. Elke vertragingslijn sectie
bestaat uit vier snelle elektro-optische Mach-Zehnder-interferometer schakelaars gecascadeerd
door een bypasslijn en een vertragingslijn aan elke uitgang. De zogenaamde MZI schakelaars
worden gebruikt om het optisch signaal te schakelen naar de vertragingslijn of naar de by-
passlijn. Op deze manier kunnen we een zogenaamde waretijds fasevertraging introduceren
tussen de golflengtes van elke geschakelde-vertragingslijn sectie. Bundelvormers gebaseerd
op waretijdsfasevertraging bieden meer bandbreedte dan bundelvormers gebaseerd op fasev-
ertraging door middel van optische fase modulatoren, omdat ze niet leiden onder het zoge-
naamde “beam-squint” effekt. De dimensie van het eerst gefabriceerde bundelvormer was
8×11mm2, en dit component had de mogelijkheid om te schakelen tussen acht verschillende
transmissierichtingen van een vier-elements samengestelde antenne die werkt op 40GHz. De
on-chip optische verliezen van deze bundelvormer waren rond 20dB. Hoewel we de bun-
delvormings functionaliteit van deze chip hebben laten zien, waren de prestaties gelimiteerd in
termen van de polarizatieafhankelijkheid, met andere woorden de verschuiving in golflengte
van de “arrayed waveguide grating” demultiplexer voor de verschillende polarizaties (1.1nm
verschil tussen TE- en TM gepolarizeerd ingang), en de schakelspanningen van de optische
MZI schakelaars (> 20V).

Daarom hebben we vervolgens besloten om een herontwerp van deze bundelvormer te
maken met geoptimalizeerde onderdelen. De dimensies van de tweede bundelvormer waren
vergelijkbaar met die van de eerste bundelvormer. In dit herontwerp zijn de lengtes van de
fasedraaiers in de MZI schakelaars vergroot van 0.8mmnaar 3mm, en dit resulteerde in een
verkleining van de schakelspanning naar ongeveer−5V. Tevens is de golfgeleiderbreedte van
de demultiplexer armen veranderd van 1.7µmnaar 1.6µm, en dit resulteerde in een verkleining
van de polarizatieafhankelijkheid naar 0.4nm. De schakelsnelheid van de MZI schakelaars zijn
gemeten en bleken sneller dan 5ns. De on-chip verliezen zijn wel omhoog gegaan naar 27dB.

De derde bundelvormer bestond uit een enkele geschakelde-vertragingslijn sectie met daarin
InP elektro-optische schakelaars en off-chip tijdsvertragingelementen gebaseerd op dispersief
fiber. Omdat deze chip een totaal van viertien connecties van de glasvezel naar de chip heeft,
hebben we zogenaamde “spot-size converters” (SSCs) ontwikkeld om de verliezen, gerela-
teerd aan de grote mode afwijking tussen de InP golfgeleiders en de glasvezels, te verlagen.
De SSCs, die hier zijn ontworpen, bestaan uit een verticale taper, waarmee het optisch signaal
wordt gekoppeld van de reguliere golfgeleider (met een modebreedte van 2.7µm× 0.9µm) naar
een veel grotere fiber-gematchte golfgeleider (met een modebreedte van 6.5−9µm× 5.5µm)
daaronder. We hebben een fabricageproces ontwikkeld om verticale tapers te realizeren door
middel van standaard lithografie en droogets stappen. Uit metingen aan een test chip met SSCs
bleken de koppelverliezen van een glasvezel naar de InP golfgeleider zo laag als 0.8dB/SSC
te zijn.

Deze SSCs zijn vervolgens geïntegreed met de MZI schakelaars om de derde bundelvormer
te realizeren. De dimensies van het InP schakelaar array met de vier MZI schakelaars was
5.8mm× 6.5mm, en de totale verliezen van het ingangsfiber naar het uitgangsfiber, inclusief de
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SSCs, was 38.6dB, die dicht in de buurt van de voorafgestelde specificaties lag. Een toekom-
stige vooruitzicht voor dit werk wordt om de optische halfgeleider versterkers mee te integreren
met de bundelvormer om te compenseren voor de optische verliezen.

Francisco Manuel Soares
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zal het hier in chronologische volgorde doen. Tot vlak voordat ik begon wist ik niet eens dat
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