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Summary

This thesis presents the principles and a demonstration of optical ring resonator
(ORR)-based broadband photonic beam former for phased array antennas. In
Chapter 1 an introduction of RF photonics is given. The SMART and BPB projects
are summarized, which are aimed for the development of ORR-based broadband
photonic beam former for phased array antennas. In the SMART project the antenna
is used for the aeronautic communication of Ku-band signals; in the BPB project the
antenna is part of a radio telescope which is used for astronomical research. In
Chapter 1 the principles of phased array antennas and optical beam forming are also
explained. In Chapter 2 the principles of using a single and cascaded ORRs as delay
elements are described. The ORRs are studied by means of their mathematical
models. Moreover, a formula is derived to calculate the necessary number of ORRs
for a desired delay response, which is useful for the design of the ORR-based optical
beam forming networks (OBFNs). Basically an OBFN consists of delay elements
(DEs) and combining circuitry. In this thesis only the single-wavelength schemes for
the OBFN are discussed where coherent optical combining is required. In Chapter 3
different OBFN architectures are compared with respect to the system complexity
and feasibility. It appears that the asymmetrical binary-tree structured OBFN results
in the lowest system complexity compared to its counterparts, and it can be used for
both linear (1-dimensional) and planar (2-dimentional) PAAs. In Chapter 4 different
schemes for E/O and O/E conversions of the photonic beam former are compared
with respect to optical bandwidth efficiency and system complexity. Finally, a
practical architecture for the entire beam former system is found, which includes
frequency down-conversion (FDC), optical sideband filter (OSBF)-based single
sideband-suppressed carrier (SSB-SC) modulation, optical carrier reinsertion and
balanced coherent optical detection. The FDC significantly relaxes the bandwidth
requirements on the optical modulators; the SSB-SC modulation relaxes the
bandwidth requirements on the OBFN and detectors; the use of coherent optical
detection enhances the signal dynamic range of the beam former. Based on this
practical architecture, the functional modules of beam former systems for the FLY
and SKY project are designed. Then in Chapter 5 the realization processes of the
FLY and SKY beam former chips are described. The beam former chip includes
OBFN, OSBF, and the optical carrier reinsertion coupler. Low fabrication cost and
simple implementation are achieved, since the waveguide fabrication is based on the
LPCVD process and requires only one photolithography step. Thermo-optical tuning
mechanism is chosen, which provides sufficient tuning speed, introduces negligible
additional loss in the waveguide, and brings no implementation difficulty.
Chromium and gold are used for the heaters and leads, respectively. Active fiber




alignment and butt-coupling techniques are used for the coupling between the chip
and fibers. Moreover, glue is used for fixation, which is characterized by good
stability and negligible additional loss. In Chapter 6 the control system for the beam
former chip is described. An algorithm for calculating the voltages supplied to the
heaters is introduced, which includes the compensation for the thermal crosstalk.
The sensitivity of the beam steering is determined by the accuracy of the voltage
output of the heater controller. The heat generated by the heaters may change the
chip temperature and consequently causes optical parameter fluctuations. To solve
this problem, a dedicated temperature stabilization setup is used, which consists of a
heat conducting copper base, Peltier elements and a heat sink. Then, when the
maximum pump power of the Peltier elements is larger than the maximum power
dissipation of the heaters on the chip, the magnitude of the fluctuation can be well
controlled by properly choosing the heat capacity of the heat conducting base. In
Chapter 7 the characterizations of the FLY and SKY beam former chips are
presented. The beam former chips are designed for the wavelength of 1550 nm. The
minimum insertion loss of the chips is approximately 12 dB. The components on
both FLY and SKY beam former chips prove to function correctly. The realized
ORRs are able to provide continuous tunable delays. A set of linearly increasing
delays on different channels of a test OBFN are achieved, which matches the desired
OBFN functionality. For a test channel using 7 ORRs, a delay value of 1.2 ns (36 cm
physical distance in air) is achieved for a bandwidth of 2.5 GHz and the maximum
delay ripple of 0.1 ns. A test OSBF was tuned to its optimized response, which is
also in perfect match with theory. Three delay settings with 0 ps, 20 ps and 40 ps
delay steps between the neighboring channels are created on the FLY beam former
chip, which corresponds to the theoretical beam angles of -30, 0, and 30 degree,
respectively. Likewise, two delay settings with 0 ps and 110 ps delay steps between
the neighboring channels are created on the SKY beam former chip, which
corresponds to the theoretical beam angles of 0 and 10 degree, respectively. Further,
the FLY beam former chip was implemented in a complete beam former system (the
beam former demonstrator built at NLR'). With this setup, some RF-to-RF
measurements were performed, which demonstrate the functionalities of the beam
former chip: optical sideband suppression, RF-to-RF delay generation, and coherent
combining. Finally, an experiment of antenna beam steering was performed on the
FLY beam former demonstrator using the three delay settings mentioned above, and
three optically controlled beam angles of -27, 0, and 27 degree are successfully
obtained. The presented measurements and demonstrations verify the device
functionalities, and prove the concept of PAA control using ORR-based beam
former system.

! National Aerospace Laboratory (NLR). Address: Voorsterweg 31, 8316 PR Marknesse, P.O.Box 153,
8300 AD, Emmeloord, the Netherlands. Telephone: (+31) 527 248444,
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Chapter 1

Introduction

1.1 Applications of radio systems

In the last century radio systems became an essential part of everyone’s life. Radio
systems are used to pass on signals by means of the transmission of electromagnetic
waves with frequencies below those of visible light. In the modern world some of
the most popular applications of radio systems can be seen in the well-known areas
such as audio/video broadcast, telephony, navigation, radar, satellite, astronomy,
heating, and radio control.

In the recent years more ideas of broadband radio applications have been brought
forth and attract great attention. One of them is motivated by the ever-increasing
demand for fast information exchange, especially for the availability of fast internet.
People wish to have internet access and multimedia services no matter where they
are. For example, some people wish to surf the internet, participate in a
teleconference, or watch live TV during a flight travel, especially when it is a long
intercontinental flight travel. However, when the plane is flying over the sea, there is
no direct radio link between the airplane and ground available. In this case the radio
link can only be established via a satellite. Then, this demand concerns the
development of aeronautic communication for personal and multimedia services via
satellite.

This development is still at an early stage. However, it is seen as the main growth
driver for mobile satellite services in the coming decade. It is reported in the
International Telecommunication Union News of November 2009 that Euroconsult
(international analysts specialized in satellite communication) expects the market for
aeronautic communication via satellite to significantly grow reaching wholesale
revenues of more than USD 270 million in 2018 [1]. In order to provide the
demanded aeronautic communication services to their passengers, the air carrier
companies need an antenna-based RF system for the link between ground station,
satellite, and airplane, which is shown in Figure 1.1.

Besides the aeronautic communication, another interesting broadband radio
application is the radio telescope used for radio astronomy. Radio astronomy is a
subfield of astronomy which investigates the radiation from celestial objects at radio
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frequencies. For this purpose radio telescopes must be developed for receiving the
radio waves emitted from those bodies.

Satellite

x Airplane

St

Figure 1.1: Schematic drawing of the aeronautic communication system

Radio astronomy can be conducted with a single dish radio telescope. However, in
most cases, the angular resolution of a single radio telescope is difficult to satisfy the
requirement of the study [2]. To achieve higher resolution, the techniques of radio
interferometry and aperture synthesis can be used, which means an array of multiple
linked radio telescopes will be used instead of a single one [2]. The realization of
such a radio system is a big concern nowadays in the research field of radio
communication. A picture of an interferometric array formed by many dish antenna-
based radio telescopes is shown in Figure 1.2.

Figure 1.2: A photo of Westerbork Synthesis Radio Telescope (WSRT) at Astron®
(picture source: Google)

In the two radio applications described above: aeronautic communication via
satellite and radio telescope, both of the systems are featured by the radio link with
low signal power density. Therefore, high-gain and direction-sensitive antennas are
required for the signal reception. Ordinary omni-directional antennas are not
preferable in these radio applications because of the low antenna gain [3].

? Netherlands Institute for Radio Astronomy (Astron). Address: Oude Hoogeveensedijk 4,
7991 PD, Dwingeloo, The Netherlands. Telephone: (+31) 521 595100.
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A conventional solution for a direction sensitive antenna is a dish antenna [2], which
can be steered mechanically to point its main beam to different directions. However,
its tuning precision and speed are limited by the mechanical movement. In the
airborne case the use of dish antennas is hampered by the drawbacks of its large
weight, large size and aerodynamic drag effect when mounted on top of a plane.
Besides in the case of radio astronomy the dish antenna-based telescopes are usually
huge and spaced far apart from one another in a telescope array, which results in
great difficulty for the maintenance of the telescopes.

Instead of using dish antennas an advantageous alternative is to use phased array
antennas (PAAs) [3], [4]. A PAA consists of an array of antenna elements (AEs) as
shown in Figure 1.3, and its antenna pattern is determined by the geometry of the
array as well as the signal amplitude and phase relation between the AEs. By
changing the amplitude and phase relation, the main beam of a PAA can be steered
without any involvement of mechanical movement. The principles of this will be
further explained in Section 1.4. However, to achieve this function a so-called beam
former is required for the PAA. A beam former is a dedicated circuit which controls
both the amplitudes and phases of the AE signals. The principles of the beam former
will be further explained in Section 1.5. Conventionally a beam former is realized in
the electrical domain. However, it can also be realized in the optical domain: a
photonic beam former. A photonic beam former applies the principles of microwave
photonics where RF signals are modified by optical devices. Compared to its
electrical counterpart, the photonic beam former has the advantages, such as
compactness, light weight, low loss, frequency independence, large instantaneous
bandwidth, and inherent immunity to electromagnetic interference. Apparently PAA
comprising photonic beam former can be a preferable solution for the signal
reception in the radio applications mentioned above.

Figure 1.3: An artistic impression of the out-door phased array system Thousand
Element Array (THEA) at Astron®, which consists of 256 broadband
receiving antenna elements (picture source: www.astron.nl).

® Netherlands Institute for Radio Astronomy (Astron). Address: Oude Hoogeveensedijk 4,
7991 PD, Dwingeloo, The Netherlands. Telephone: (+31) 521 595100.




4 Introduction

1.2 Microwave photonics

Microwave photonics can be defined as the field where RF signals are modified in
the optical domain [5]—[7]. Its initial rationale was to use the advantages of photonic
technologies to process RF signals that are very complex or even impossible to
process directly in the RF domain. The significant advantages of the microwave
photonic links over its electrical counterpart are reduced size, weight, and cost; low
and constant attenuation over large frequency range; immunity to electromagnetic
interference; low dispersion; and high data transfer capacity.

The basic components of a microwave photonic link are devices that offer electrical-
to-optical (E/O) signal conversion, photonic processing, and optical-to-electrical
(O/E) signal conversion. Efficient E/O conversion and O/E conversion is imperative
for photonic solutions to be competitive with conventional RF electronics. In the
past, it has been the E/O and O/E conversion losses that have significantly impaired
RF link performance. Recent progress in laser, modulator and detector component
technologies are beginning to remove this impairment and create new photonic
solutions for RF signal processing. As high power photodiodes with extended
frequency responses are developed, RF power delivery at frequencies well beyond
10 GHz becomes feasible [8]. Recent advancements in low noise high power laser
sources, wideband lithium niobate optical modulators, and high power ultra-fast
optical detectors have resulted in photonic links with impressive performance.

During the past three decades, microwave photonics has succeeded in developing
and demonstrating a wide range of devices, technologies and applications, some of
which have shown their commercial importance, such as optical access network and
high-bit-rate data transmission [9], [10]. The photonic beam former for PAA’s is
also an interesting application of microwave photonics, which facilitates broadband
signal reception of PAA systems. The current challenge of a microwave photonic
system is to further increase its operational bandwidth, conversion efficiency and
dynamic range; and in the mean time to reduce the system cost. The success in these
improvements will bring forth more microwave photonics applications in the future.

1.3 Phased array antenna

In wave theory, a PAA is a group of AEs in which the relative phases of the
respective signals feeding the AEs are varied in such a way that the effective
radiation pattern of the array is intensified in a desired direction and suppressed in
undesired directions [3], [4]. The intensification of the radiation pattern in the
desired direction results in the main beam of the array. Figure 1.4 (a) illustrates the
main beam of a radiation pattern. The direction of the main beam can be steered by
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properly changing the phase relation between AE signals, or in short the phase
relation between AEs. The effect of beam steering is illustrated in Figure 1.4 (b). In
the case of a receiving PAA, the antenna output is the sum of the signals (currents)
of all the AEs. The signals of the AEs add constructively when they are mutually in
phase and destructively when they are mutually anti-phase. According to its
effective radiation pattern, a receiving PAA is able to achieve signal intensification
or suppression in its output for different directions of the incident wave.

180 o]

(b)

Figure 1.4: Illustration of (a) the main beam of an effective radiation pattern and
(b) the beam steering effect

There are various array geometries and advanced signal processing techniques for a
PAA to achieve particular effective radiation patterns [3], [4]. The simplest PAA is
the one-dimensional linear array antenna. A linear array antenna is based on the
geometry with multiple identical AEs equally spaced along a single line. A
schematic of a 4-element linear array antenna is shown in Figure 1.5.

Normal

Direction of radio wave
Wavefronts

Antenna
elemé'n'iY

Linear array anten?\'a
Figure 1.5: Illustration of a 4-element one-dimensional linear array antenna

Suppose it is desired to receive a plane wave coming at an angle 8 with respect to
the array normal. Then all the spatial points have the same phase form a wavefront
which is perpendicular to propagation direction of the wave, and this wavefront will
reach each AE at a different time instance. The arrival time difference between two
neighboring AEs is given by




6 Introduction

At,(d,0) = dsin(8)/cy (1.1)

where d is the spacing between the AEs and ¢ is the speed of light in vacuum. This
results in an interelement phase difference

Ap(d, 6, f) = 2nfAt,(d,0) (1.2)

where f is the frequency of the RF wave. When this interelement phase difference
Ap(d,0,f) is removed by the additional phase compensation between two
neighboring AEs A§ = —A@(d, 0, f), the signals from different AEs will be in
phase and can be combined coherently. Then after combining the signals the
intensification will be achieved for this particular receiving angle 8. The signals
coming from a different angle 8 will result in Ag (d,0’', f) which will not be
cancelled out by AS8. Then due to the remaining phase difference between the AEs,
suppression of the signal will occur after the signal combining of the array.
Furthermore, by adjusting the value of A, the receiving direction of the array (main
beam) can be steered accordingly.

For one-dimensional linear array antennas, the array geometry determines that the
beam steering can only be performed in one dimension as shown in Figure 1.5.
When the two-dimensional beam steering is required for some PAA application, a
practical solution is to use a planar array antenna [3], [4]. A common type of planar
array is the rectangular M X N planar array. A schematic of the rectangular M X N
planar array antenna with interelement distance d is shown in Figure 1.6. Basically,
a rectangular M X N planar array can be regarded as M columns of N-element linear
arrays or N rows of M-element linear arrays. More formal analyses of PAAs can be
found in [3], [4].

Z axis Projection of beam direction
& 1. onXZplane

Projection of beam direction
Z axis on XZ-plane
! L]

X axis

Projection of beam direction
Z axis .~ onYZ-plane
| |

Y axis

Figure 1.6: Schematic of a rectangular M X N planar array antenna
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1.4 Beam forming systems

As mentioned in the previous section, to steer the beam of a receiving PAA to a
certain direction, the corresponding phase differences between the AEs need to be
removed by intentional phase compensation. To perform that, a dedicated signal
processing circuit is needed, which is called beam forming network (BFN).
Basically a BFN consists of phase shifters or delays, and signal combining (or
splitting in the case of transmitting antenna) circuitry [11], [12]. A schematic of the
BFN for 4-element receiving PAA is shown in Figure 1.7.

BFN

_______________________

Phase shifter !

or delay lines!

+ p——p- O Ut UL '

Figure 1.7: Schematic of the beam forming network for 4-element receiving PAA

The BFN is the core of the beam former system. A conventional BFN uses phase
shifters to perform phase compensation. However, in this case the beam angle is
frequency-dependent. Based on the linear array antenna and the BFN shown in
Figure 1.5 and 1.7, respectively, the beam angle 8 in radius can be given by

d f (1.3)
where Ag is the interelement phase difference provided by means of phase shifters,
Co 1s the speed of light in vacuum, and d is the interelement distance. Further, by
taking the first derivative of 8 with respect to signal frequency f, one can obtain

Appco A(p Co

= ) o2 [1- G2 (14)
Eq. (1.4) shows that d6/df is not a constant but a function of frequency f. This
indicates the so-called beam squinting effect. It means that for signals with a certain
bandwidth, different frequency components correspond to different beam angles. An
illustration of this effect is shown in Figure 1.8. A numerical example of the beam
squinting effect is given in Example 1.1 where a Ku-band PAA is considered for
calculation.
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Figure 1.8: Beam squinting effect of phase shifter-based BFN for broadband signal

Example 1.1

Antenna interelement distance: d = 1.18 cm;

Based on Eq. (1.4), the beam squinting effect A8 of the phase shifter-based BFN is
shown below for 1 GHz signal bandwidth and different values of interelement
phase difference A provided by the phase shifters.

20

15

10

A6 for 1 GHz bandwidth (degree)

Signal center frequency ( x GHz)

Example 1.1 shows the beam squinting effect of the BFN based on phase shifters.
To avoid the beam squinting effect, delay lines should be used in the BFN instead of
phase shifters. Comparatively, when a delay-based BFN is used for the linear array
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antenna, the beam angle 6 and its first order derivative B with respect to signal
frequency f can be given by

0 = arcsin(%) (1.5)
deé
B = T 0 (1.6)

where A4 is the interelement delay difference provided by the delay lines, ¢, is the
speed of light in vacuum, and d is the interelement distance. In this case the beam
angle 6 is independent of signal frequency f. Therefore, for signals with a certain
bandwidth, all the frequency components will follow only one beam angle.

1.5 Photonic beam former systems

As mentioned in the beginning of this chapter, a PAA can not only be electrically
controlled but also be optically controlled, and a photonic beam former benefits
from the common advantages of RF photonics. The photonic beam former follows
the same beam forming principles as its electrical counterpart, but the AE signals are
processed in the optical domain. In this case, the AE signals of a receiving PAA
must first be converted into optical signals by means of optical modulation, and then
processed and combined by means of an OBFN, and eventually the output of the
OBFN is converted back into the electrical domain by means of optical detection. A
block diagram of this process is shown in Figure 1.9. For transmitting antennas the
signal stream is inverted, and the orders of electro-optical (E/O) and opto-electrical
(O/E) conversion are reversed.

- — - >
PAA [ZZ3 E/O.
— conversion

OBFN =3 O/E o

conversion

5
>

— == Electrical signal
—> Optical signal

Figure 1.9: Block diagram of photonic beam former system for receiving PAA

Based on the beam forming principles explained in the previous section, optical
delay lines are required in the OBFN to avoid beam squinting effect for broadband
PAA applications. A well-known implementation of the OBFN is based on optical
switchable delay lines, which is illustrated in Figure 1.10. However, optical
switchable delay lines can only provide discrete delay values, which results in the
disadvantage of the limited beam steering resolution for the PAA [12]. An
alternative implementation of the OBFN that offers both time delays and continuous
tunability is based on chirped fiber gratings [13], but this approach requires bulky
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optical components i.e. optical circulators and a relatively expensive tunable laser as
shown in Figure 1.11. To overcome these disadvantages, the waveguide-based
optical ring resonator (ORR) appears to be a good candidate for the optical delay
line. ORR-based delays are able to provide continuous tunable delays. The device
principles of ORRs are given in Chapter 2.

delay unit

In |_| |_|_|_| |_|_|_|_|_| Out

2 x 2 switch

Figure 1.10: Schematic of a switchable delay line

T
Tunable = U W
-~

laser IR
Chirped fiber grating

Out

Figure 1.11: Schematic of a chirped fiber grating-based delay line

1.6 SMART and BPB projects

As mentioned in the previous sections, the aeronautical communication via satellite
and the radio telescope are interesting subjects to apply PAA’s and the photonic
beam former system. However, the conventional photonic beam formers have
limitations in processing bandwidth or tuning resolution or system integration due to
the imperfection of the applied optical devices for signal processing [11]—[13]. To
overcome these limitations, optical ring resonator (ORR)-based delays appear to be
a suitable solution because of the advantages of broad bandwidth, continuous
tunability, and potential of large-scale integration. Based on this idea, the work on
the development of an ORR-based photonic beam former systems for receiving
PAAs have been carried out in the SMart Antenna system for Radio Transceivers
(SMART) project and the Broadband Photonic Beamformer (BPB) project under
SenterNovem project numbers IS053030 and IS052081, respectively.

In the SMART project an ORR-based beam former needs to be developed to control
an 8-clement linear array antenna (FLY antenna) which is designed to receive
10.75—12.7 GHz Ku-band satellite signals for aeronautical communication systems.
In the BPB project an ORR-based beam former needs to be developed to control a
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4 x 4 2-D PAA-based radio telescope (SKY antenna) which is designed to receive
the radiation of celestial objects in the frequency range from 400 to 1600 MHz.

1.7 Outline of the thesis

The arrangement of this thesis is as follows: Chapter 2 explains the principles of
ORR-based delay lines. Chapter 3 compares different architectures of the ORR-
based OBFN. Chapter 4 shows the advanced signal processing techniques for the
beam former system. Chapter 5 focuses on the realization of the beam former chips.
Chapter 6 introduces the beam former control system. Chapter 7 presents the
measurement results on the test chips with beam former components and the entire
beam former, which is followed by a test on a beam former demonstrator. At the end
a summary and future perspectives are reviewed in Chapter 8.
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Chapter 2

Optical ring resonator-based delay lines

2.1 Introduction

As mentioned in the previous section, in a photonic broadband beam former system
the RF signals received by the AEs are modulated on optical carriers, and tunable
optical delay lines synchronize the signals modulated on the optical carrier. In this
study 1 X 1 (one input one output) optical ring resonators (ORRs) are used to
implement the tunable optical delay lines. This chapter covers the principles of
ORRs. First, transfer function and transfer matrix concepts are used to derive the
frequency responses of ORRs. Next, delay properties of single and multiple
cascaded ORRs are analyzed.

2.2 Structure of ORR

A 1 X1 single-stage ORR consists of a ring-shaped waveguide and a straight
waveguide which are able to couple light between each other. A schematic of a
single ORR is shown Figure 2.1, where the power coupling coefficient kx = [0 -+ 1]
represents the percentage of coupling, and L is the roundtrip length of “ring”.

 ——
in K out

Figure 2.1: Structure of a 1 X 1 single-stage ORR

2.3 Mathematical model of the ORR

The behavior of an optical component can be described by its transfer function (or
transfer matrix when a component has multiple input/output ports), which relates the
amplitude and phase of the field at input to those at output. To derive the transfer
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function of an ORR, one can first look at the behavior of its two basic building
blocks, namely a waveguide feedback path (ring) and a 2 X 2 coupler, which are
shown in Figure 2.2.

LR
N——
] |_’
in 1+ K lout

|

Figure 2.2: An ORR formed by a 2 X 2 coupler and a feedback waveguide

2.3.1 Transfer function of waveguide feedback path

The feedback waveguide path of an ORR can be regarded as a 1 X 1 transmission
line. Consider, E! and E° are used to represent the complex amplitudes of the
electric fields at input and output of the waveguide, then the relation between these
two fields can be written as

E°=H, -E' (2.1)
where H; represents the complex transfer function. If the waveguide has a length L,

attenuation coefficient @, and effective index n,sr(w) [1], then Hy can be written as

H () = eale Tagmerr O _ (. o—jbu (@) (2.2)

where ¢, is the speed of light in vacuum, r = e™%L =0, ...,1] is defined as the
amplitude transmission factor, and ¢y, (w) = w - nerr(w)L/cy is the phase of the

transfer function. The waveguide propagation loss P; in dB/cm can be calculated by
P, = 20log(e%) = 20a - log(e) = 8.686a (2.3)

When a frequency variation Aw causes a phase shift A¢y, of 21, one can obtain

the equation

Apy, = ¢y, (wo + Aw) — ¢y, (W)

= Qotho Nesr(wo + Aw)L — (:—;’neff(wo)L =21 (2.4)

Co
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In this thesis, the RF frequency range under study is in the order of tens of
gigahertz, which is modulated on the optical carrier at A = 1550 nm
corresponding to 193 THz. So, one can consider that Aw < wy. Then, Taylor
approximation [1] can be used to express ng¢r(wo + Aw), which is given by

dneff(a)) dzneff(w)

Nerr(wo + Aw) = Nepp(wo) +— - . Ao +—- . cAw? +...
0 0
dnerr(w)
~ Nepp(wo) + % cAw (2.5)

Wo
Then by inserting Eq. (2.5) in Eq. (2.4), one can obtain the equation

wo+Aw

Co

Anerr(w)
(neps(wo) + %Lﬂo Do)l = Lngp (0L =2 (2.6)
Further, Eq. (2.6) can be transformed into the following form:

27T 2T 2 Qf =21/T 2.7
Aw = fit;eff(w) Tlg‘cl(j s / ( ' )
(“eff(a’o) R | >L

wo

where ng is the group index of the waveguide, Afgggis the free spectral range
(FSR) of Hy, and T is the group delay of the waveguide. The relation between n
and n,ss is expressed by

_ . dneff(a))
ng = nesr(wg) + Wy oy, (2.8)
Further, the group delay of the waveguide 7 can be calculated by
1 ng-L
T = =2 2.
AfFsr Co (2.9)
Then H; (w) can be written in terms of T as
H(w) =1-e7J®T (2.10)

To simplify the periodic frequency response, wT can be replaced by 2 which
represents the angular frequency normalized to the FSR: 2 = w/Afgsg = wT. Then
e J%T becomes e /2, and H; () is periodic with period 2m. Furthermore, e =/ can
be replaced by z71. This is the well-known z-transform, which is widely used in
digital filter theory [2] and where z71 is used as the representation of a unit delay.
Then, a delay-based signal filtering process can be expressed by a polynomial of
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z~1, which simplifies the analyses of the filtering process. The z-transform of the
1 X 1 waveguide transmission line and its schematic drawing are given in Eq. (2.11)
and Figure 2.3.

Hy(z) =re i®z71 (2.11)

HL(Z)

E E'
L —_— —

Figure 2.3: Schematic drawing of the z-transform of 1Xx1 waveguide transmission
line (reflections in the system are neglected)
2.3.2 Transfer matrix of the 22 optical coupler

A 2Xx2 optical coupler has two input ports and two output ports. Consider, for
example, E} and ES (n = 1,2) represent the complex amplitudes of the electric
fields at input and output plane, respectively, as shown in Figure 2.4.

Eli . Hu Elo

. -‘r . .

E- >: s

Figure 2.4: Schematic dra-wing of the possible transfers in a 2x2 optical coupler
(reflections in the system are neglected)

Then the relation of the fields between input and output plane is given by

E, E, H, Hy|E,
where the complex matrix H is the transfer matrix. It has two bar-transfer functions
Hyq, Hy, and two cross-transfer functions Hy,, H,;. The transfer matrix Hy, of a

composite device which is a concatenation of several elementary devices with
individual transfer matrices H;, H», ..., H,_;, H, is written as
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Htot = Han—l o H2H1 (2 13)

A basic component of a 2X2 optical coupler is a directional coupler, as shown in
Figure 2.5.

Figure 2.5: Implementation of 2X2 optical coupler with a directional coupler

Here, c =v1—k and -js = —jyk are defined as bar-port and cross-port
transmission coefficients, respectively, k is the power coupling coefficient. Omitting
both the constant factor representing the average delay and possible loss, the transfer
matrix of a directional coupler is given by

- ={ c —js}:{ﬂ —j\/;}
“ — ik A«

. (2.14)
—-js ¢

Since loss is ignored here, the sum of the output powers equals the sum of the input

powers by power conservation.

Another well-known 2 X 2 optical coupler is a symmetrical Mach-Zehnder
Interferometer (MZI), as shown in Figure 2.6.

- o
ap .
. Cz )
=
: -js: % T
Phase-shifting . DC2 :2,
subsection . .

Figure 2.6: Implementation of 2X2 optical coupler with an MZI

It consists of 3 subsections, namely two directional couplers and a phase-shifting
subsection in-between with two arms (signal paths) of equal length. The total
transfer matrix of the MZI is calculated by multiplying the three individual matrices.
Consider, for example, ¢, = /1 — k,, and —js,, = — j\/K_nare the bar-port and cross-
port transmission coefficients of directional coupler n (n = 1, 2), A¢ is the phase
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shift difference between the light in the two arms of the second subsection due to a
small deviation from n, in the upper arm. Again, omitting the constant factor
representing the average delay and possible loss, then the transfer matrix of the MZI
is given by

H . - I &) A e’ 0 G A
" L j52 c, 0 1] - jSl G
I — 5,8, +clcze_jA¢ — Jj(¢s, +S16‘2€_jA¢) 3 H, H,
ne HZI H22

(2.15)

: - jAf
| = Jj(=sic, +es,e”) —ce, +si5,e

In practice the two couplers in the MZI can be considered identical: k; = kK, = kpc ,
(kpc is a constant value in the range [0, 1]). Insert this into Eq. (2.15), then the
power coupling coefficient kyz; is written as

A
Kzt = [Hizl? = |Hy|? = 4repc(1 — kpe)cos? (2) (2.16)

Eq. (2.16) shows that by changing A¢ the value of K7y can be tuned in the range
[0,4Kkpc(1 — kpc)]. Figure 2.7 shows the tuning of k7 for different values of kpc.
As the complimentary effect, the tuning range of the bar-port power transmission
ratio |Hy1|? or |Hy,|? is then [1 — 4kpc(1 — Kkpc), 1]. It can be calculated that
when kpc = 0.5, the MZI is able to reach the ideal power coupling tuning range
[0, 1]. Thus, in our application symmetrical MZIs are used as tunable couplers of the
ORRs and A¢ is added intentionally for the tuning purpose. Moreover, since loss is
not considered here, the sum of the output powers equals the sum of the input
powers by power conservation.

1.0 1
Kbc =05
L \ Kpc=0.40r06
L N ——— Kpc=0.30r0.7
0.6 -
S
<
0.4
0.2 1
0.0 1
0.0 0.2 0.4 0.6 0.8 1.0

Phase shift A¢ ( x 2r)
Figure 2.7: Tuning of Kk for different values of kp¢
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2.3.3 The transfer function of the ORR

With the knowledge of the z-transform of a waveguide transmission line and the
transfer matrix H of a 2X2 optical coupler, the z-transform schematic of an ORR can
be obtained as shown in Figure. 2.8.

H, (z)=re "z

c=vl-«
Figure 2.8: z-transform schematic of an ORR

Following the paths, the transfer function of the ORR H(z) can be derived by
H(z) =c—s%rz te /¢ [1 +crz7le /P + (crz'le'j"’)2 +]

c-rz"le Jj® 1-k-rz"le P
1—-crz=le=J® 1-1—xrz-le—Jj®

(2.17)
The frequency response of the ORR in normalized angular frequency can be
obtained from Eq. (2.17) by substituting e =/ for z=*, which is written as

T-k-re 1 J¢  Ji—k-re J®Te=J¢
—V1-kre Jj2e=j® 1-Vi-kre-JjoTe=j¢

H() = - (2.18)
To show the delay characteristics of the ORR, the concept of group delay is used,
which is defined as the negative derivative of the phase of the transfer function with
respect to the frequency [2]. In case the normalized angular frequency is used, the
normalized group delay T can be calculated by

dv (2 d Im{H(2)}
=W _ _ tan[————2]

an Re{H(2)}

70 10 (2.19)

where T is normalized to the roundtrip delay 7. The absolute group delay can then be
calculated by

T, =Tt (2.20)
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2.3.4 Time domain analysis

An ORR is modeled as a linear time-invariant system, which can also be
characterized in the time domain by its impulse response h(t) [3]. If x(t) and y(t)
are used to represent the continuous-time input and output signal of the ORR,
respectively, then their time-domain relation is given by

y(®) = h(@®) *x(t) = [ x(@h(t — 1)dr (2.21)
The corresponding frequency domain relation is given by
Y(w) = Hw)X(w) (2.22)

where Y (w) and X (w) are the Fourier transforms of y(t) and x(t), respectively, and
H(w) represents the frequency response of the ORR. When H(w) is given, h(t) can
also be derived by inverse Fourier transform as

h(t) = - [%2 H(w)e/* dw (2.23)

Then by inserting Eq. (2.18) into Eq. (2.23), the impulse response of an ORR can be
written as

h(t) = c8(t) — s?r Yoo c™r 8t — (n+ 1T (2.24)

where §(t) is the impulse (delta) function [2]. Eq. (2.24) shows that an ORR has a
discrete-time infinite impulse response (IIR) with delays integer multiples of 7. This
is because an ORR is a feedback system and each roundtrip in the ORR introduces a
delay T'[4]. An example of the impulse response of an ORR with lossless waveguide

and 3 dB coupling (r = 1,k = 0.5, ¢ = s = v/2/2) is shown in Figure 2.9.
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Figure 2.9: Impulse response of a lossless ORR with 3 dB coupling
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Apparently, an ORR can be regarded as a discrete-time IIR filter, whose delays are
integer multiples of a unit delay that is the smallest delay difference between
different signal paths. In case of an ORR the unit delay is the roundtrip delay time 7.
Changing to the discrete domain, the delta function 6(t) in Eq. (2.24) can be
replaced by the Kronecker delta function § (k) [2], which gives

h(k) = cS(k) — s?rYs_oc™r*§(k — 1 —n) (2.25)

Now, the ORR is modeled as an IIR digital filter, which means that the well-known
digital filter concepts can be used to analyze the properties of an ORR.

2.3.5 Optical all-pass filter

An ideal lossless ORR can be regarded as an optical all-pass filter [5]. The
frequency response of an all-pass filter is given by

Hy(w) = /¥ (@) (2.26)

It has a unity magnitude response |H,(w)| = 1 and its phase or group delay can be
tailored to approximate any desired response. In the digital domain, the z-transform
of an all-pass filter can be formulated in a ratio between two polynomials [5]:

* * - - R
je dntdy—qz - 427N —oit DR (2)

Hy(z)=¢
a(2) 1+dyz7 1+ - +dyz—N Dn(2)

(2.27)

The coefficients in the numerator can be determined directly from those in the
denominator by reversing the order of its coefficients and taking their complex
conjugate. Here, Dy (z) and DE (2) are used to represent such a polynomial pair. A
constant phase factor, {, is included for generality, which does not change the
magnitude nor the group delay response. For an ideal lossless ORR, its transmission
coefficient 7 = 1, and then its z-transform Hysg1ess(2) can be written as

_ o —jp VImkeMP4mt g dtzl g DR(z)
Hossless(2) = —e J¢m =—eJ? TrarT € o) (2.28)

where d = —V1 — ke J?. This all-pass filter concept is also applicable for a
cascade of ideal lossless ORRs, since the transfer function of a cascade is simply the
product of those of the individual ORRs. Therefore, in practice a cascade of multiple
low-loss ORRs plays a very similar role as an optical multi-stage all-pass filter and
can be used to approximate any desired phase and group delay response.
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2.4 Properties of ORR-based delay lines

2.4.1 Single ORR

To understand the signal processing principles of an ORR, one should turn to the
ORR frequency response that describes how each frequency component of the input
signal is modified by the ORR. From Eq. (2.18) the magnitude response of an ORR
is given by

— 2 oIk
|H(.Q)| =\/ 1-Kk+1r4-2rV1—KCcos(2+¢) (2.29)

1+7r2(1-k)—-27V1-Kcos(2+¢)
or more commonly in the optical domain, the power transfer in dB is given by

1-k+1r2-2rVi—K cos(R+¢)
1+712(1—K)—27rV1—K cos(R+¢)

|H(2)|3 = 10logy, [ ] (2.30)

The phase response and the corresponding group delay response of the ORR are
given by

_ 1T_Ksin([2+¢) _ rv1-ksin(Q+¢)
YY) = arctanll_\/%cosmﬂp) arctan[l_rmcosm_l_(p)] (2.31)
@ = rvi—xcos(2+¢)-r?v/1-« r2—rvi—xcos(2+¢) ] 232
T T L2ryI—kcos(Q+d)+r2vVi—k = 1-k—2rvi—k cos(Q2+d)+r2 (2.32)

Phase and group delay

Figure 2.10 shows the phase and group delay responses for three different resonance
frequencies and Figure 2.11 shows the responses for three different coupling
coefficients. These numerical examples reveal the most important properties of an
ORR when it is applied as an optical delay line. In these examples, the roundtrip loss
P, =0.5dB (r = 10772/20 ~ 0.95) is used for the ORR to match the low-loss
condition P; < 1dB.

The frequency response of an ORR is controlled by the additional roundtrip phase
shift ¢ and the power coupling ratio k, which determine the offset of the resonance
frequency and the shape of the phase/group delay response, respectively. When
Kk = 0, no portion of input light couples to the ring, so the ORR generates zero phase
shift and zero delay. When k = 1, the input light couples completely to the ring, and
after one roundtrip couples completely out. In this case the ORR plays the same role
as a1 X 1 waveguide, so it has a linear phase transition of 2 over one FSR and a
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flat group delay response with the value of the roundtrip delay. When 0 < x < 1,
portion of the input light couples to the ring, and after each roundtrip a portion of the
input couples out, so that the output consists of the contributions from different
roundtrips. In this case the phase transition over one FSR is still 27, but the phase
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Figure 2.10: (a) phase responses of a single ORR for different values of ¢,
(b) group delay responses of a single ORR for different values of ¢.
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shift varies increasingly sharper as the corresponding frequency approaches the
resonance frequency, which, for most values of k, results in a descreasing phase
response and a bell-shaped group delay response centered at the resonance
frequency as shown in Figure 2.10 and 2.11
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Figure 2.11: (a) phase responses of a single ORR for different values of «,
(b) group delay responses of a single ORR for different values of k.
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However, for such a lossy ORR, if k is lower than the so-called critical coupling
point [6], [7], the abnormal phase response, which breaks the property of the
decreasing phase response, will occur around the resonance frequency, resulting in
negative group delay [6], [7]. Numerical examples showing the abnormal phase
response and the corresponding negative group delay response is given in Figure
2.12. The range of k resulting in negative delay will be explained in the next section.
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Figure 2.12: (a) phase response of a single ORR with abnormal phase shift,
(b) group delay response of a single ORR with negative delay.
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Tuning range

The relation between k and normalized peak delay 7,, at the resonance frequency is
obtained by setting 2 + ¢ to 0 in Eq. (2.32):

rvl—«x r

+
l-rdl—k r—l-x«

z'p(]() = (2.33)

which is illustrated in Figure 2.13 for different values of the roundtrip loss.
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Figure 2.13: Peak delay value 7, against k for different values of roundtrip loss P,

Figure 2.12 illustrates that an ORR is able to generate higher delays than its unit
delay, and 7, increases from 1 to infinity as x decreases from 1 to the so-called

critical coupling point k.. From the second term of Eq. (2.33) it can be seen that the
T, reaches infinity when r — V1 — k equals zero (r = ¢). Then the critical coupling
point k. can be calculated by:

Kc=1—1%2=1-10"PL/10 (2.34)

When k has a value lower than k., the peak delay 7,, will have negative value as
shown in Figure 2.12. The concept of the negative group delay is not in the scope of
this thesis; therefore it will not be further discussed. The relevant information about
the negative group delay can be found in [6], [7]. Here, we consider only the
positive group delays generated by the ORR, and the practical operating range of

is (K¢, 1].
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Bandwidth—delay relation

Figure 2.11 (b) shows that when 7,, increases, the width of the “bell” decreases. This
occurs because the area under the group delay curve actually represents the phase
shift of the ORR, which is a constant 2t for one FSR. Note that this observation
reveals the inherent tradeoff of an ORR between delay value and bandwidth. A
single ORR has its delay band around the resonance frequency, and the definition of
bandwidth is illustrated in Figure 2.14, where the delay band is defined as the
frequency band between the two vertical dashed lines, Af2gyy is the corresponding
bandwidth, T is the average delay value over the delay band, and At is the maximum
delay ripple (maximum range of delay variation) in the delay band. Note that all
these three quantities are normalized with respect to the FSR of the ORR.

Besides the inherent tradeoff between the delay and the bandwidth, the waveguide
loss also has influence on this relation of an ORR, since the roundtrip loss P;, of the
ORR is also a factor determining the group delay response of the ORR (r =
107P1/29) However, when the roundtrip loss is low, for example P, = 1dB, the
effect of the waveguide loss on the delay bandwidth is negligible, as illustrated in
Figure 2.15. In this figure three group delay responses for different values of
roundtrip loss P, are shown. These three group delay responses are tuned to have the
same peak delay value 7, =3, and it can be seen that for P, = 1dB the
corresponding group delay response is hardly different than that in the ideal lossless
case.
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Figure 2.14: Definition of delay bandwidth of a single ORR
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Figure 2.15: Group delay responses for different values of roundtrip loss Py,

Roundtrip length—delay functionality relation

It can be seen from the previous section that the bandwidth-delay relation of ORRs
is actually independent of the FSR of the ORR since both quantities are normalized
to the FSR, namely normalized group delay and normalized angular frequency. In
other words, the roundtrip length/physical size of the ORR is not a determinative
factor of the delay functionality of the ORR. To illustrate this property, a numerical
example is shown in Figure 2.16, where the group delay responses of two lossless
ORRs with different FSRs, 5 GHz and 10 GHz, are compared on absolute time and
frequency scale. Both group delay responses are tuned to have the same peak delay
value of 5 ns. It can be seen that for the delay band region the two ORRs have the
same group delay responses.

Group delay z'g( ns)

6
——— |FSR =10 GHz

5 1 —— FSR=5GHz

4 4

3 4

2 4

1 1 N
\\\

() m—— - —_—

0,0 2,5 5,0 7.5 10,0

Frequenéy (GHz)

Figure 2.16: Group delay responses between two ORRs with different FSRs
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Power transfer and loss

After the illustration of phase and group delay response, now let us take a look at the
power transfer of a single-stage ORR. Three numerical examples of group delay
responses and the corresponding power transfers are shown in Figure 2.17. The
normalized peak delays of the three group delay responses are set to the same value
of 3. The group delay responses appear to overlap one another since the effect of the
low roundtrip loss (P, < 1 dB) on the group delay response of the ORR is negligible
as explained in one of the previous sections. Compared to the group delay response,
the power transfer of a lossy ORR has the same “bell” shape but an inverted version.
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Figure 2.17: Group delay responses and the corresponding power transfers
of a single-stage ORR for different values of the roundtrip loss

This is because higher group delay means longer distance which correspondingly
gives higher loss. The relation between the loss at the resonance frequency P, g and
the coupling coefficient x can be found from Eq. (2.30), which is given by

1-k4+12-2rVi—«K
PL—R (K) - _1010g10 [1+r2(1—1c)—2rm]

(2.35)

Three numerical examples of this relation for three different values of the roundtrip
loss Py, (r = 107P2/20) are shown in Figure 2.18. It can be seen that when k = 1, the
ORR behaves as a line waveguide, and therefore P, g = P; when k decreases to the
critical coupling point k., the delay value approaches infinity (see Eq. (2.33)), and
therefore the delay distance generated by the ORR and the corresponding loss
increases to infinity.
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Figure 2.18: Relation between the loss at resonance frequency and coupling
coefficient of the ORR for three different roundtrip losses.

Then, by combining Eq. (2.33) and Eq. (2.35), one can obtain the relation between
the loss and delay value at the resonance frequency of the ORR, which is given by

212 +1r? =t +VT2r4—212r2 472 + 412

PLr= —1010g10(r

r3—Tr—2r—r\/12r4—212r2+12+4-r2)2 (2.36)
Three examples for three different values of the roundtrip loss P, (r = 107P/29%) are
shown in Figure 2.19. Unlike in the line waveguide case, the relation between the
loss and delay of the ORR appears to be nonlinear, as indicated in Eq. (2.36). This
effect becomes more noticeable when the ORR has higher roundtrip loss Pj .
However, for the low-loss case (P, < 1 dB) this nonlinearity is not significant, and
one can assume that the loss increases proportionally with the delay value.
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Normalized group delay 7= rg/ T
Figure 2.19: Relation between loss and group delay of an ORR for different P;,
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2.4.2 Cascade of multiple ORRs

As shown in the previous section, the group delay response of an ORR becomes
narrower as the peak delay value increases. When the required group delay value for
the input signal is such that a single ORR cannot provide sufficient bandwidth, a
cascade of multiple ORRs can be used to increase the delay bandwidth. The
cascaded ORRs considered here are of the same FSR and have the same roundtrip
loss. The transfer function of N-stage cascaded ORRs in normalized angular
frequency is the product of those of the individual single-stage ORRs:

H@) = I H(2) = ([T, [H; (@) ])ed Zika #il) (2.37)

where H;({2) is the transfer function of the i th stage. The corresponding magnitude,
power transmission, phase, and group delay response are given by

H@)| = [T H, ()] (2.38)
|H()|3p = L1 10logy o H; (D) (2.39)
Y(Q) = ZiL, Yi() (2.40)

() = - =8 = =@ - 3 7(0) (241)

Group delay

By properly choosing ¢; and k; of each individual ORR in the cascade, a flattened
delay band can be generated for a desired group delay value, which has an increased
bandwidth. An example of the delay characteristic of a cascade of three ORRs is
shown in Figure 2.20.

It can be seen that the generated delay band is not completely flat but has a ripple.
Similar to the variation over the delay band of the single ORR, the ripple will result
in unequal delays to different frequency components of the signals which fall in the
delay band. Then when ORRs are used in an OBFN as the delay elements, the
ripples will lead to variations in the beam angle of the antenna [8]. For a single
ORR, to reduce the delay variation over the delay band means to reduce the
bandwidth (see Figure 2.14). For a cascade of multiple ORRs, the delay ripple can
be reduced by means of the so-called squeezing method [9], which means shifting
the resonance frequencies of the individual ORRs closer to each other. This way, the
bandwidth is also reduced accordingly. An illustration of the squeezing method for a
2-stage ORR cascade is given in Figure 2.21.
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Power transmission and loss

Although not illustrated, the power transmission response and group delay response
of multi-stage cascaded ORRs still resemble the inverted version of each other, just
like in the single ring resonator case. This is because both of the loss in dB and the
group delay are generated by adding up the corresponding responses of the
individual stages. The loss (attenuation) of multiple cascaded ORRs can be
calculated by using Eq. (2.39).

Bandwidth-delay relation

For multiple cascaded ORRs, there are mutual tradeoffs between T, At, Af2gy and
the number of stages N. The simulation results of these tradeoffs are illustrated in
Figure 2.22 and 2.23 for up to a cascade of four ORRs. In Figure 2.22 it appears that
the bandwidth increase from 2 to 3 ORRs is larger than that from 1 to 2 ORRs.
Compared to a cascade of 2 ORRs, a cascade of 3 ORRs has the individual group
delay response of the third ORR in the middle of the delay band, which has
relatively lower peak delay value than the other two at the side in order to achieve a
flattened delay band (see Figure 2.20), therefore it provides more bandwidth
contribution than the other two according to the tradeoff between the bandwidth and
the peak delay of ORRs. For the cascade of more ORRs, one can use the
approximation that the delay bandwidth increases proportionally to the number of
ORRs. This is because the added ORRs will have more or less the same peak delay
as the other ORRs that forms the middle part of the flattened delay band, and
therefore provide roughly equal bandwidth contributions.
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Figure 2.22: Relation between Afgyy and At for different number of ORRs (the
average delay value of the delay band is fixed at T = 5)
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By observing the simulation results in Figure 2.23, one can obtain the approximation
that for fixed values of At and N, T and Af2gyy have a straight-line-shaped relation
on a log-log scale. Based on the explanation in Section 2.4.1, the area under the
group delay curve represents the total phase shift of the cascaded ORRs over one
FSR, and therefore equals to the constant 2 - N. Therefore, for a given pair of At
and N the value of the product 7 - Af2gw|a;y can be given by

Carn =T+ Adpwlagy = 21Ty - Mpw|, = 2m-N-e(A7)  (242)

where o(At) = (0, ..., 1) is a factor, which indicates the effect of the delay ripple on
the area under the delay band (for a fixed delay value the bandwidth of the ORRs
increases/decreases with the delay ripple, as illustrated in Figure 2.22). It will be
explained in Chapter 4 and 5 that the delay ripple requirement of the beam former
demonstrator is At = 0.5, which is considered to be a condition for designing of the
ORR-based delay elements (delay lines) of the beam former demonstrator. On this
base, one can obtain from the simulation results in Figure 2.23 the relation:

Cy=Cn/2m=—-T-Mdpyly ~ N — 1 (2.43)
Then, by combining Eq. (2.42) and Eq. (2.43), one can reach an approximation

N = Round(Cy) + 1 = Round(7, -AfBW|N) +1 (2.44)
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where Round(...) is the operator of rounding off to the higher integer (to guarantee
the number of ORRs is sufficient to provide the required bandwidth and delay
value). Eq. (2.44) is useful for the architecture design of the ORR-based OBFN of
the beam former demonstrator. One can use this equation to calculate how many
ORRs are needed in a given OBFN architecture to be able to satisfy the
corresponding requirements on the delay value and delay bandwidth. The
architecture design of the ORR-based OBFN is further explained in Chapter 3.

2.5 Conclusions

With an ORR it is possible to generate higher group delays than its unit delay, which
is continuously tunable. The delay of a single ORR has limited bandwidth. However,
delay bandwidth enhancement can be obtained by using a cascade of multiple ORRs.
Mutual tradeoffs between 7, At, Ay and the number of cascaded rings N exist in
the ORR-based delay elements (delay lines). In reality an ORR introduces loss, and
the total loss of the ORR-based delay element increases with the delay value.
Moreover, the delay functionality of ORRs can be considered to be independent of
the physical dimensions of the ORRs. As a result, a formula is derived for the
estimation of the necessary number of ORRs for a desired group delay response.
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Chapter 3

Ring resonator-based

optical beam forming network

3.1 Introduction

An optical ring resonator-based optical beam forming network (OBFN) for a
receiving phased array antenna (PAA) consists of ORR-based delay elements (delay
lines) and a signal combining circuitry. Through the OBFN, the antenna element
(AE) signals are synchronized and combined to achieve the desired signal. There are
several combining structures which can be used for an OBFN. As mentioned in the
previous chapter, the system complexity is directly related to the total number of
ORRs in the OBFN. Therefore, the structure which minimizes the required number
of ORRs is preferred. However, the number of ORRs is not the only criterion for
OBFN design. Some other aspects of the system should also be taken into account,
such as scalability and system cost. In this chapter, several possible structures for an
OBFN are presented. First of all, OBFN structures for one-dimensional linear array
antennas are described. Next, the concept is extended to two-dimensional PAAs. In
addition to that, OBFNs involving switching matrices or multiple wavelengths will
also be discussed.

3.2 OBFN for linear array antennas

In this section we consider only the OBFNs for single-wavelength schemes where
all modulated signals in the OBFN use the same optical carrier. In this case the
power of the light source is divided over the OBFN channels, and coherent optical
combining needs to be performed to achieve the maximally enhanced output of the
desired radio frequency (RF) signals [1]. In this scheme the optical output power is
equal to the input power (assuming a lossless OBFN), and only one optical detector
is required to convert the combined signals from the optical domain back to the
electrical domain. Comparatively, if the signal combining is performed in the
electrical domain, the criteria for coherent combining are relaxed, however, each
OBFN channel needs a separate optical detector, which increases the system
complexity.
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3.2.1 Parallel-structured OBFNs

Based on this single-wavelength scheme, the most straightforward way to construct
an OBFN is to use an architecture with two stages: a parallel-structured delay stage
followed by a combining stage (in short we call it the parallel structure). With the
parallel structure each OBFN channel uses an independent ORR-based delay
element (DE). Those DEs can be arranged in both symmetrical and asymmetrical
manner in the OBFN.

Symmetrical parallel structure

A schematic layout of an OBFN with symmetrical parallel structure is given in
Figure 3.1. In this example the OBFN has four inputs corresponding to a 4-clement
linear array antenna. The beam angle is defined as the angle between antenna normal
and beam direction. The positive and negative sign of the beam angle indicates
whether AE 1 or AE 4 is the last AE to receive a wavefront. If the signal from this
last AE is considered as the reference for signal synchronization, the signals from
other AEs will then require advanced-time offsets compared to the reference signal.
The further an AE is spaced from the reference AE, the larger the time offset of the
corresponding signal will be, and therefore the larger delay is required in the
corresponding OBFN channel to compensate this time offset.

Combining stage

Max. negative
beam angle

Scanning;

Max. positive
beam angle

Figure 3.1: Schematic layout of a 4x1 OBFN with symmetric parallel structure

For the positive beam angle, AE 1 is the reference AE, and the signals from AE 2, 3,
and 4 have linearly increasing time offsets. For the negative beam angle, AE 4 is the
reference AE, and signals from AE 3, 2, and 1 have linearly increasing time offsets.
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If the antenna is desired to have a beam scanning range A8, then we define
6F .. =070/2 and O%,, = —AH/2 as the maximum positive and negative beam
angle, respectively. Correspondingly, an OBFN with symmetrical parallel structure
is needed. As shown in Figure 3.1, channel 1 has the same number of ORRs as
channel 4; channel 2 has the same number of ORRs as channel 3. This structure is
able to provide linearly increasing delays from channel 1 to channel 4 for positive
beam angles and also from channel 4 to channel 1 for negative beam angles. Here,
we consider that the delay differences between the signal paths of the beam former
are only caused by the DEs in the OBFN. In practice when all the DEs in the OBFN
are tuned to their minimum delays, still some delay differences would exist between
the OBFN channels due to slight channel length differences from the OBFN mask
design. However, this can be compensated by adjusting the lengths of the RF paths.

When the beam scanning range, number of antenna elements, interelement distance,
and signal bandwidth are specified, one can estimate how many ORRs are necessary
to use in the corresponding OBFN. For a general solution, we consider now an M-
channel OBFN for an M-element linear array antenna (M is an even number). The
total number of ORRs in the OBFN Nt is calculated by

Npr = Y1 N (3.1

where N,,, represents the number of ORRs in channel m and can be calculated with

the following steps. First, we calculate the maximum time offsets of AE m: M _T,‘,‘;E .

The calculation is based on the beam scanning range Af:[6p.x = —A6/2,
6 .« = A8/2], which is expressed by
M_TAE
Y
( _snlohalomn-a _ _snGlend w0
Co Co 2
= . Y (3.2)
| - sin(16fax)- (M-m)a _ _ sin(5)-(M-m)a A<m<™
Co Co 2

where d is the interelement distance of the antenna, c, is the speed of light in
vacuum, and the negative sign in front of the fraction indicates that the AE signal
has advanced-time offset compared to the reference signal. If the signals have a
bandwidth of Af;, then the corresponding group delay response of the ORR-based
delay element (DE) of channel m is characterized by Afgw = Af; and
T, = —M_TAE. In addition to that, delay ripple At = 0.5 is used as a characteristic




40 Ring resonator-based optical beam forming network

of the ORR-based DEs as explained in Chapter 2. Then, Eq. (2.44) can be used here
for the calculation of N,,,, which is given by

Ny = [Round(Zg - Afgw) + 1] = [Round(=M_T;pE - Af) +1]  (3.3)

Then, by inserting Eq.(3.3) in Eq.(3.1) and considering the symmetry of the OBFN,
the total number of ORRs in the OBFN is given by

M/2

AHT(A4'd'A0'A];):: £Z=1Ahn:= ZELn=1p%n
in(A6/2)-(M-m)d
= 2T AT Ay + 1) (3:4)

A numerical example corresponding to Eq. (3.4) is given in Example 3.1.

Example 3.1
Antenna specifications: M = 4; d = 25 cm; AG = 60°; Af; = 1 GHz
N; = N, = Round(M_T{E - Af,) + 1

. o _ -2
= Round (0 XUD VAT 4 4 109 412241 =3

N, = N3 = Round(M_T5F - Af,) + 1
sin(30")x(4—2)x25x1072

= Round( s 1x109)+1=1+1=2
3x10
Npr =232 N, = 2(N, + N,) = 10

Asymmetrical parallel structure

The schematic layout of a 4-channel OBFN with asymmetrical parallel structure is
given in Figure 3.2. Unlike the OBFN with symmetrical parallel structure, this
OBFN always uses AE 1 as the reference (or AE 4 if the OBFN is turned upside
down). For positive beam angles, the signals of AE 2, 3, and 4 will have linearly
increasing advanced-time offsets compared to the reference signal of AE 1. These
time offsets can be compensated by the delays provided by the ORRs in the OBFN.
However, for the negative beam angle, the signals of AE 2, 3, and 4 have linearly
increasing delayed-time offsets compared to the reference signal of AE 1, which
cannot be compensated by ORRs. To solve this, fixed delays can be added to the
signals before they enter the ORRs as shown in Figure 3.2. The added delays should
be such that they compensate the delayed-time offsets for the maximum negative
beam angle. Then the AE signals will have advanced-time offsets for all the beam
angels within the scanning range, which are two time as long as those when the
system has no additional fixed delay as the example shown in Figure 3.1. Therefore,
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when calculating the antenna time offset, a factor of 2 needs to be added, compared
to Eq. (3.2). This will be seen in Eq. (3.5). The additional fixed delays can be
achieved by introducing additional signal path length differences either in the RF
paths or in the optical paths. The example in Figure 3.2 shows the additional signal
path length differences in the RF paths.

RF paths OBFN

Max. negative
beam angle

Scanning; _
range --i----(--:

Max. positive >
beam angle

Figure 3.2: Schematic layout of a 4x1 OBFN with asymmetrical parallel structure

Consider now a general M-channel OBFN with an asymmetrical parallel structure
and additional fixed delays. Channel 1 is used as the reference channel. The beam
scanning range and the interelement distance of the antenna are A6 and d,
respectively. Then, the maximum time offset of AE m can be calculated by

. (AB
2sin(—)-(m—-1)d
M.T, = _L (3.5)

Co
Correspondingly, N, and Nyt of the OBFN can be calculated by
Ny, = [Round(7, - Afgw) + 1], = [Round(=M_T, - Af) + 1] (3.6)
NTT(M' d, Ag! Af.;) = Z%:l Nm

Zsin(Az—g)-(m—l)d

=YM_ [Round(
Co

“Af)+1] 3.7

A numerical example corresponding to Eq. (3.7) is given in Example 3.2.

Example 3.2
Antenna specifications: M = 4; d = 25 cm; A8 = 60°
Signal bandwidth: Af; = 1 GHz
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N; = 0 (reference channel)
N, = Round(M_T, - Af,) + 1
-z sk .
— Round (251n(30 )x(2 1;><25><10
3x10
N3 = Round(M_T5 - Af;) + 1

= 25in(307)x(3-1)x25x10"2
= Round( -
N, = Round(M_T, - Af;) +1
P .
= Round (25“’(30 )x(4—1)x25x10

3x108
Nrr = Ym=1Nm =9

-1x1m)+1=1+1=2

-1x1m)+1=2+1=3

-1x1m)+1=3+1=4

3.2.2 Binary-tree-structured OBFNs

As shown in the previous section, one way to construct an OBFN is to connect a
delay stage to a separate combining stage. Instead of this, one can also construct an
OBFN with multiple binary-combining stages, where signals of each two
neighboring channels are synchronized and combined separately. The corresponding
OBEFN structure is called binary-tree structure.

Unlike the parallel structure, the binary-tree structure divides the signal combining
process into multiple steps. First of all, the entire AE array is divided into multiple
AE pairs formed by two neighboring AEs, and the signals of the each AE pair are
synchronized and combined. After the first step, the two adjacent AE signals of each
AE pair can be considered to have merged into one, and therefore a new imaginary
AE array is then formed with half the number of elements and twice interelement
distance. Then in the second step, this new imaginary AE array is again divided into
multiple AE pairs, and each AE pair is synchronized and combined separately. This
process will continue in such steps until all the AE signals are combined.

Each combining step requires a binary-combining stage consisting of ORR-based
DEs and combining circuitry. The number of ORRs in each DE depends on the
delay requirement of the corresponding combining step. When all the stages are
connected together, a binary-tree structured OBFN is obtained. For a binary-tree
structured OBFN, the number of inputs M is given by M = 2K (K is the number of
stages), and the ORR-based delay elements can be arranged in both symmetrical and
asymmetrical manner between the channels.

Symmetrical binary-tree structure

A schematic layout of a 4-channel OBFN with symmetrical binary-tree structure is
given in Figure 3.3.
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Figure 3.3: Schematic layout of a symmetrical-binary-tree-structured 4x1 OBFN

In this figure, the OBFN is connected to a 4-element linear array antenna. To
combine the signals from the four AEs, the OBFN consists of two stages. In each
stage, both the upper and lower arms of a binary-combining section are equipped
with a DE. This is because of the existence of both positive and negative beam
angles. For a general M = 2X_element linear array antenna, the distance between
two neighboring AEs in each combining step is given by 2¥~1 . d where k is the
stage number k = [1,..,K], d is the interelement distance), and since the beam
scanning range is defined symmetrical about the normal of the antenna
plane: [88.x = —A8/2, 6P .. = AG/2], the AE signals for the upper and lower
arms of each binary-combining section have equal maximum time offset. For
positive beam angles, the signal for the lower arm has advanced-time offset against
that for the upper arm; for the negative beam angles, it is the other way around. The

maximum time offset of kth stage M _T}, can be calculated by

sin(A6/2)-2k=1.q
Co

M_T, = (3.8)
where the negative sign indicates that it is an advanced-time offset. For an M-
channel binary-tree structured OBFN, the total number of ORRs in the OBFN Ny is
calculated by adding up the number of ORRs of all binary-combining sections:

M
Ner = Xi=15x * Ni (3.9)

where M /2F is the number of binary-combining sections in OBFN stage &, and Ny, is
the number of ORRs in a binary-combining section of stage k. Then, using
Eq. (2.44) the value of N;, can be calculated by
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Ny = N{ + N¢ =2N{ = 2[Round(7, - Afgw) + 1]k
= 2[Round(—MT} - Af;) + 1] (3.10)

where N and N} represents the number of ORRs of the upper and lower arm of
the binary-combining section, which are equal because of the structural symmetry.
Further, by combining Eq. (3.8) — Eq. (3.10) the total number of ORRs in the OBFN
in given by

M
Ner(M, d, A8, Af) = Eioq 55+ Ni

sin(A8/2)-2k"1.4
C

= ',gzlf—k-Z[Round( CAf) 4+ 1] (3.11)

A numerical example corresponding to Eq. (3.11) is given in Example 3.3.

Example 3.3
Antenna specifications: M = 2K = 4 (K = 2); d = 25 cm; A8 = 60°
Signal bandwidth: Af; = 1 GHz

. o -2
N, =2 x [Round (sm(30 )3>;11>(<;5x10

. o _2
N, =2 x [Round (51“(30 llexofm 1% 109) + 1] —2x[1+1] =4

Ner =Sk ige-Ne =2X4+1x4=12

-1><109)+1]=2><[1+1]=4

Asymmetrical binary-tree structure

The schematic layout of a 4-channel OBFN with asymmetrical binary-tree structure
is given in Figure 3.4. In this scheme, channel 1 is used as the reference channel for
all beam angles. Like the scheme for the OBFN with asymmetrical parallel structure,
the fixed delays are added in the RF paths to compensate the delayed-time offsets
caused by the negative beam angles. This way, for all beam angles in the scanning
range the signal for the lower arm of each binary-combining section has advanced-
time offset against that for the upper arm. In this case only the lower arms of the
binary-combining sections need DEs.

For the kth stage of the OBFN, the maximum time offset of the AE signal for the
lower arm of a binary-combining section occurs when the antenna beam is at the
maximum positive angle. Using the same time-offset principle as for the OBFN with
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Figure 3.4:Schematic layout of an asymmetrical-binary-tree-structured 4x1 OBFN

asymmetrical parallel structure, this maximum advanced-time offset M_T) is two
times as long as that for the OBFN with symmetric binary-tree structure. Then,
M_T, of an M-channel (M = 2K, K is the total number of stages) asymmetrical
binary-tree-structured OBFN can be calculated by

2sin(A6/2)-2k"1.d
Co

M.T, = (3.12)

Correspondingly, N;, and Npr of the OBFN can be estimated by
N = [Round (7, - Afgw) + 1]k = [Round(=M_T} - Af) + 1] (3.13)

M
NTT(M,d,AQ,Af;) == Ik(=12_k'Nk

2sin(A0/2)-2k-1.

= YK_1 77 - [Round( LAf) +1](14)

A numerical example corresponding to Eq. (3.14) is given in Example 3.4.

Example 3.4
Antenna specifications: M = 2K = 4 (K = 2); d = 25 cm; A9 = 60’
Signal bandwidth: Af; = 1 GHz

. o -2

N; = Round (ZREOPDEA0T 4 5 109) 4 1=1+1=2
. o -2

N, = Round (25‘“(3°§ii;jsxm 1x10°)+1=2+1=3

NTT=ZI]§=1%'N](=2X2+1X3:7
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Based on the above four numerical examples, it is shown that for the same antenna
specifications and signal bandwidth the OBFN with the asymmetrical binary-tree
structure leads to the least number of necessary ORRs. Besides, it also benefits the
scalability of the system. Each time adding one more stage in the OBFN means the
number of input ports will be doubled. A corresponding OBFN with three stages is
shown in Figure 3.5, which is an extension of the OBFN in Figure 3.4.

stage 1 - stage 2 - stage 3

Figure 3.5: Schematic of an 81 OBFN with asymmetric binary-tree structure

3.3 OBFN for rectangular MxN array antennas

A rectangular M*N array antenna can be regarded as M sets of N-element linear sub-
arrays placed parallel to one another [2], as shown in Figure 3.6.
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Figure 3.6: MxN array antenna
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In this case signal combining of the antenna elements can be performed analogously
to that of the linear array antenna, but in two steps. In the first step the same signal
combining process is performed in all N-element linear sub-arrays (along the Y-axis
up) in a parallel manner. This step results in a new imaginary M-element linear array
lying along the X-axis as illustrated in Figure 3.6. Then in the second step the signal
combining of this M-element array is performed.

The corresponding OBFN consists of two sections for the two signal combining
steps. The first section has M parallel sets of N-channel combining circuits and the
second section combines the outputs of the first section by an M-channel combining
circuit. If M = 2%, N = 2" (K and W are integers), and the beam scanning ranges in
the X-Z and the Y-Z plane, Afxy and Afyz, are both symmetrical with regard to the
antenna normal, then the asymmetrical binary-tree structure can be used for those N-
and M-channel combining circuits of the OBFN. This is illustrated by the schematic
of the 16 X 1 OBFN for a 4 X 4 antenna array which is shown in Figure 3.7.
Correspondingly, based on Eq. (3.14), the total number of necessary ORRs in the
MxN-channel OBFN NMXN can be calculated by

NMXN(M,N,d, AByz, Abxz, Afy) = M - Npp(N, d, AByz, Af,) + Npep(M, d, AByz, Af;)
(3.15)

Alternatively, a rectangular MxN array antenna can also be regarded as N sets of M-
element linear sub-arrays placed parallel to one another. In this case the first section
of the OBFN has N parallel sets of M-channel combining circuits and the second
section combines the outputs of the first section by an N-channel combining circuit.
Then the total number of necessary ORRs in the M*N-channel OBFN NN can be
calculated by

NIFN(N, M, d, MOy, AByz, Afy) = N - Npp(M, d, Abxz, Afy) + Npp(N, d, Abyz, Af;)

(3.16)
The choice of the above two combining schemes for the OBFN depends on which
one leads to less ORRs, namely lower OBFN complexity.

A numerical example is given in Example 3.5.

Example 3.5

Antenna specifications: M = 4; N = 4; d = 10 cm; Afxz = 60°; ABy; = 60°;
Signal bandwidth: Af; = 1 GHz

Nrr(N,d, Abyz, Afy)

25in(30°7)x1x10x1072
=2x [Round( (0) 5
3x10

2sin(30")x2x10x1072
3x108

+10) + 1] + [Round (
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109) + 1] =6

NTT(M’ ¢ AHXZ’ AfS) o -2 . o -2
=2 x [Round (25m(303:i;<810><10 . 109) + 1] " [Round (2sm(303:i:810><1o .

109) + 1] =6

NIFN = M - Npp(N, d, AByz, Afs) + Npr(M, d, Abxz, Af,) = 30
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Figure 3.7: Schematic layout of a 16-channel OBFN with asymmetrical binary-
tree structure for a 4X4 array antenna
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3.4 Alternative schemes for an OBFN

As explained before, the system complexity is directly related to the number of
ORRs in the OBFN. Besides the OBFN schemes described previously, some
alternative OBFN schemes which can further reduce the number of ORRs are
described in this section. However, these alternative OBFN schemes may also bring
other practical disadvantages.

Adding a switch matrix in front of the OBFN

For a given PAA, the antenna size and desired beam scanning range are the factors
that determine the maximum delay requirement for the delay elements in the OBFN.
As shown in Section 3.2, the asymmetrical binary-tree structure is more
advantageous for the OBFN complexity than the other three structures, and the
corresponding DEs must be able to provide delays for both positive and negative
beam angles. However, if the OBFN is only needed to provide delays for positive
angles [0, 8F .« = A8/2], then the additional path length differences can be removed
and correspondingly the maximum time offset M_T;, for the kth stage of an M-
channel (M = 2X) asymmetrical binary-tree structured OBFN can be calculated by
M T, =— sin(A8/2)-2k"1.q (3.17)

Co
Then, Nj, and Npt of the OBFN can be estimated by
Ny = [Round (7, + Afgw) + 1]x = [Round(=M_T}, - Afs) + 1] (3.18)

in(A0/2)-2k-1.q
Nor(M,d,86,86) = ko 3¢ - [Round (o222 af) + 1] (3.19)

Thus, the total number of necessary ORRs will decrease resulting in a lower OBFN
complexity. Then, the question is how to achieve the negative beam angles using
this OBFN. The solution is to use a switch matrix between the AEs and the OBFN
inputs. This switch matrix can be implemented in the electrical or in the optical
domain [3], [4]; it should be able to work in two different states: bar state (AE n to
CH n) and cross state (AE nto CH N —n + 1), as shown in Figure 3.8. Assume that
all the signal paths in the switch matrix have equal path lengths, and the DEs of the
OBFN are set to achieve a positive beam angle 8 with the switch matrix in bar state.
Then, when the switch matrix changes to cross state, the beam will be flipped to its
mirror-image position with respect to the antenna normal, resulting in the negative
beam angle —6. This way, the system is capable of reaching both positive and
negative beam angles.
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Switch Switch

matrix OBFN matrix OBFN
AE 1 @ CH 1 AE 1 @— —CH 1
AE2 ® CH?2 AE 2 @— —CH 2
AE3 @ CH3 AE 3 @— [ ICH 3
AE N-2@ CH N-2 AE N-20— — CH N-2
AE N-1@ CH N-1 AE N-1@— — CH N-1
AEN @ CHN AE N @— - CHN

Bar state Cross state

Figure 3.8: Bar state and cross state of the switch matrix

This idea can also be applied to the OBFN for MxN array antennas. As illustrated in
Figure 3.7, an OBFN for array antennas can be regarded as a combination of
multiple sub-OBFNs for linear array antennas, thus a switch matrix can be added to
each of the sub-OBFNs. A numerical example which compares OBFNs with and
without a switch with respect to the total number of necessary ORRs is given in
Example 3.6. The corresponding OBFNs are shown in Figure 3.9. Compared to the
non-switched case, the switch scheme can approximately reduce the total number of
necessary ORRs by a factor of two, resulting in a lower OBFN complexity. But the
disadvantage of this scheme is that it may eventually increase the complexity of the
entire beam former system due to the additional switching circuit. The complexity of
the switching circuit and its control system increases fast with its number of inputs,
especially when the switching is performed in the optical domain [3], [4].

Example 3.6
Antenna specifications: M =2 (K =1); d =40 cm ;A8 = 60° (6L = A8/2 =
30°); Signal bandwidth: Af; = 2 GHz; OBFN structure: asymmetrical binary-tree;

.80
. . Kk M 251n(7)~k~d

Without switch: Npp = Zk=12—k- Round C—-Afs +1

0

2sin(30°)x40x1072

= Round( T

-2><109)+1=4

0

in(2¢ k-d
WMWWMENW=Zﬁ4%{Kmm%Ei¥—“Aﬁ)+4

sin(30")x40x1072

- Round( 3x108

-2x109)+1=2




Chapter 3 51

X 2x2 switch,

. AE 1 1. |
Scanning /.. +_M' ., iF
angle 60 eyl I o |
1 1

AE 2] Ll i I

=< E/OH .

1 1

Figure 3.9: OBFNs without (upper) and with switch (lower)
for the same beam scanning angle

Multi-wavelength scheme

Instead of a single-wavelength OBFN system, one can also design an multi-
wavelength OBFN which makes use of the wavelength periodicity of the ORRs. To
simplify the explanation, we use an OBFN for a 4-element linear array antenna for
instance; four optical carriers with different wavelengths are assigned to four AEs,
as shown in Figure 3.10.
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Figure 3.10: Drawings of a 4-channel multi-wavelength OBFN with equal-FSR
delay elements (upper) and its group delay response (lower)
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If the signal of AE 1 (on 4;) is defined as the reference for signal synchronization,
then the OBFN needs only to compensate the time offsets of the other three AE
signals (on 4,, A3, and 1,). As explained in Section 3.2, when AE 1 is the reference
AE for both positive and negative beam angles, the straightforward way to construct
the OBFN is to use the asymmetrical parallel structure as shown in Figure 3.2.
However, in this multi-wavelength case, the ORR-based DEs are tuned to generate
their bandwidth-limited delay bands at 1,, 15, and 4,, respectively, instead of at the
same wavelength. This way, the delay bands of those DEs do not overlap in the
optical frequency (wavelength) domain provided that the frequency intervals
between the optical carriers are larger than the delay bandwidth. Owing to this
delay-band separation and the fact that signals on different wavelengths do not
interfere with one another, those parallel delay paths in the OBFN can be replaced
by a common path with all the DEs placed in a cascade as shown in Figure 3.10. To
guide the four AE signals into a common signal path, an optical multiplexer can be
used for almost lossless combining [5], [6]. Instead of using a multiplexer, a simple
2X2 coupler-based binary-tree combining structure can also be used to combine
multiple wavelengths, however, this will result in an additional 3 dB optical power
loss at each coupler [7]. Moreover, the DEs in the OBFN should have such an FSR
that there is no spectral overlap between their delay bands (here, we assume that all
the delay elements have the same FSR), which also means the more channels
(wavelengths) there are, the larger the FSR must be, and thus the smaller the size of
the required ORRs. It will be further explained in Chapter 5 that in waveguide
realization the minimum size of an ORR is limited by the length of applied tuning
elements and the achievable minimum bend radius of the waveguide. Therefore, this
OBFN scheme can only accommodate a limited number of inputs, which is a
disadvantage for system scalability.

Compared to the single-wavelength OBFN shown in Figure 3.2, the above multi-
wavelength OBFN uses a common path for all DEs, but this does not change the
delay requirements on each DE in the OBFN (i.e. maximum delay value and delay
bandwidth) for the same antenna specifications. Thus, this OBFN scheme does not
have advantages for system complexity. However, when an OBFN for a linear array
antenna works with multiple wavelengths and its DEs have different FSRs, it is not
necessary anymore to use as many DEs as in the previous OBFN scheme, or in other
words, the number of the required DEs can be further reduced. To understand this
idea, let us look at the example shown in Figure 3.11.

In this example, the OBFN is for a 4-element linear array antenna. The signal of
AE 1 (on 4y) is defined as the reference signal, thus the OBFN should provide
different delays for the other AE signals (on 4,, A3, and A,). In Figure 3.11 DE 1
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and DE 2 with different FSRs are the only two DEs used in the OBFN instead of
three DEs with an equal FSR as shown in Figure 3.10. In this case, DE 1 and DE 2
have their individual delay bands at A, (for AE 2) and A5 (for AE 3), respectively. In
addition to that, both of them also repeat their delay bands at 1, where a delay level
equal to the summation of the two individual delays of DE 1 and DE 2 is achieved
without the requirement of a third DE. As explained in Section 3.2, for a linear array
antenna the required delay level for an AE increases linearly with the distance
between that AE and the reference AE (AE 1). Thus, when DE 1 and DE 2 are tuned
individually to provide the required delays for AE 2 and AE 3, the required delay for
AE 4 is also achieved, since the required delay value for AE 4 equals the summation
of those for AE 2 and AE 3 according to the antenna geometry.
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Figure 3.11: Drawings of 4-channel multi-wavelength OBFN with unequal-FSR
delay elements (upper) and its group delay response (lower)

Compared to the previous example, this multi-wavelength OBFN does not need a
dedicated DE for AE 4, and therefore the OBFN complexity is significantly reduced.
Using this principle, a multi-wavelength OBFN with N unequal-FSR DE:s is able to
provide a maximum of 2V different delay values for the delay bands at different
wavelengths. Those non-zero delay values at different wavelengths are generated
either by the DEs individually or by means of the summation of the delay
contributions of different DEs. Such an OBFN can be used to control a linear array
antenna with up to M = 2V AEs.
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The selection of the FSRs of the DEs and the optical carrier wavelengths can be
done in various ways. However, to achieve this maximum of 2V different delay
values at different delay bands using N DEs, there are two conditions which must be
fulfilled when doing the selection. The first condition is that the FSR of a DE must
not be an integer multiple of that of another DE; the second one is that the difference
between the FSRs of two DEs must be larger than the bandwidth of the delay bands.
This way, the DEs are able to generate their delay bands at different wavelength, and
in the meantime there is no unwanted aliasing between those delay bands.
Furthermore, the selected FSRs should be as small as possible to minimize the total
optical bandwidth occupation of the system. For easy understanding, an example of
the principle is given in Figure 3.12. In this example, the schematic of a cascade of
three DEs with different FSRs and a possible arrangement of the delay bands and
wavelengths of the optical carriers are illustrated. The FSRs of these three DEs are
chosen to be prime-number multiples of a fixed bandwidth Af, namely FSR,= 2Af,
FSR,= 3Af, and FSR;= 5Af, so that the first condition for FSR selection is fulfilled.
Furthermore, Af is chosen to be larger than the bandwidth of the delay bands, so
that the second condition is also fulfilled. In this case, eight different delay levels
(including zero delay) are achieved at eight different wavelengths, and the total
optical bandwidth occupation of the system is 15Af.

|
FSR2 I FSR3 |

0" Ola-q

' iWave\en‘glh
FSR1=2Af ] 1 (Frequency)
FSR2=3af ' '

FSR3=5Af

BAF

10Af

15Af

Figure 3.12: Schematic of a cascade of three DEs with different FSRs (upper); a
possible arrangement of the delay bands and the wavelengths of the
optical carriers (lower).
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Although the DEs in the multi-wavelength OBFN are tuned to have their delay
bands at different wavelengths, the desired group delay response of a DE is still
characterized by Afgyw = Afs and Ty = —M_T, where Af; is the signal bandwidth
and M_T is the maximum time offset of the signal from the corresponding AE as in
Eq. (3.5) — Eq. (3.7) for the asymmetrical parallel-structured OBFN. Based on the
principle as shown in Figure 3.12, if AE 1 of the linear array antenna is regarded as
the reference AE for signal synchronization and the individual delay provided by DE
nis used for AE 2" 1 + 1 (n = 1,2, ..., N), the number of necessary ORRs of DE n
and the total number of necessary ORRs of the M-channel (M = 2V) multi-
wavelength OBFN can be calculated by

N, = [Round(7, - Afgw) + 1]pgn = [Round(—M_Tyn-1 - Afs) + 1] (3.20)
Npp(N,d,00,Af,) = XN_1 N,

= YN_,[Round(

ZS"‘(A‘Z&.A]@)+ 1] (3:21)
0

A numerical example corresponding to Eq. (3.21) is given in Example 3.7.

Example 3.7

Antenna specifications: M = 4; d = 25 cm; A8 = 60°
Signal bandwidth: Af; = 1 GHz

Minimum number of delay elements: N = 2

. o _2

N; = Round (25‘“(3"22;:5”0 1x10°)+1=1+1=2
. o _2

N, = Round (ZS‘“(BOQ:i;:S“" 1x10°)+1=2+1=3

NTT:Zg=1Nn:2+3:5

Comparing the above example with the examples in Section 3.2, it is clear that for
the same antenna specifications, the multi-wavelength OBFN requires less ORRs
than the single-wavelength OBFN, resulting in lower OBFN complexity. However,
the multi-wavelength scheme requires multiple laser sources and a multiplexer,
which increases the system cost. Moreover, the arrangement of the FSRs of the DEs
and the allocation of optical carrier wavelengths increases the difficulties in device
realization and system implementation drastically as the number of OBFN inputs
increases. Thus, the multi-wavelength OBFN can only allow a limited number of
inputs, which is a disadvantage for system scalability.
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Combined scheme

Instead of using the schemes listed above individually, one can also combine two or
more of them to construct an OBFN. The combined scheme could be more
advantageous than the individual schemes, especially when the number of antenna
elements is large. To give an example of this idea, let us consider an OBFN for a
16-element linear array antenna. One can use the multi-wavelength scheme to
minimize the number of necessary ORRs in the OBFN. However, this scheme would
require 16 lasers and 5 DEs with different FSRs, which means that a complicated
wavelength and FSR arrangements must be performed to provide required delays for
16 spectrally separated signal channels. Moreover, the corresponding FSR
requirements might demand very small ORRs, which bring challenges to the device
realization technology. Thus, in this case using the multi-wavelength scheme alone
would not be a practical choice.

Alternatively, one can use a combined scheme, for example to combine the binary-
tree scheme and multi-wavelength scheme. The antenna can be first divided into
four smaller 4-element linear sub-arrays as shown in Figure 3.13.

?\'I 7\2 )“3 Ay
sub-array 1 sub-array 2 sub-array 3 sub-array 4

® @ o e:stept

stage 1 stage 2
A Binary-tree combining structure | -
1| for 4-element sub-array | B In1 DE 1 DE 2
. —
I FSR1 [ | FSR2 |

3. [ Bnary-tree combining structure | JIin 2 | L
2| for 4-element sub-array 2 . PR
Out out

Multiplexer

Binary-free combining structure
25| for 4-clement sub-array 3 ~~In 3

© Binary-free combining structure _( In 4
4] for 4-element sub-array 4 N

Figure 3.13: Drawing of the OBFN based on combined scheme

For each sub-array, the single-wavelength binary-tree structure scheme is used. The
combination between the four sub-arrays is performed by the multi-wavelength
scheme. As shown in Figure 3.13, the corresponding OBFN consists of two stages.
The first stage has four 4-channel binary-tree combining structures, each of which
works with a different wavelength. Then the second stage has four inputs on
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different wavelengths. Thus, only two unequal-FSR DEs are needed in the second
stage as explained in the previous section. In this way, there will be a better balance
between the number of ORRs, the number of laser sources, and the difficulties for
device realization and system implementation. A numerical example showing the
number of necessary ORRs of this combined scheme OBFN in comparison with that
of a binary-tree structured OBFN is given in Example 3.8.

Furthermore, switches could also be added between the antenna and OBFN to
further reduce the number of necessary ORRs by approximately a factor of two.
However, this is only applicable if the eventual chip area and power consumption of
the entire system (OBFN + switch matrix) is significantly lower.

Example 3.8
Antenna specifications: M = 2K = 16 (K = 4); d = 25 cm; AG = 60’
Signal bandwidth: Af; = 2 GHz;
Binary-tree structured OBFN:

M 2sin(A6/2)-2k"1.d
Npp = ZII§=1§ . [Round(%
Combined scheme OBFN:
Sub-array dimensions: M’ = 2K’ = 4 (K’ = 2);d = 25 cm
Inter-sub-array distance: d' = 4d = 100 cm

No. of wavelengths: 4 (minimum No. of DEs for stage 2 of the OBFN: N = 2)
Nyr =

LAf) +1] =70

2sin(A0/2)-n-d’

. k-1,
024 Af,) + 1] + A [Round(
0

4 Zf;l 1;’—,: . [Round(
Af) + 1] = 62

Co

3.5 Optical combiner and phase shifter
Optical combiner

To achieve coherent optical combining, optical combiners are required in the OBFN.
The simplest implementation of an optical combiner is a directional coupler (DC).
However, it is difficult to realize a tunable DC with the used waveguide technology
(the waveguide technology will be further explained in Chapter 5). An alternative
solution for an optical combiner is to use a symmetrical MZI, which can couple the
light from two input ports to a common output port with a certain coupling ratio
determined by the phase difference between the two branches of the MZI. In
practice a symmetrical MZI can easily be made tunable by adding an optical phase
shifter in one of its arms. Moreover, it is tolerant to wavelength variations and
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fabrication errors [7], [8]. With tunable combiners one can remove the power
differences between the OBFN channels so that the contribution of every antenna
element to the output can be controlled. The tunable combiners can also be used to
achieve amplitude tapering for beam forming purpose [9]-[11].

Optical phase shifter

In case a beam former system is based on the single-wavelength scheme where the
optical carriers of all channels originate from a single laser, optical coherent
combining has to be performed in the OBFN [1]. Consequently an optical phase
synchronizer will be needed in one of the two input channels of each combiner in the
OBFN to synchronize the phases of the two optical signals. Then, there are three
kinds of tunable components in the OBFN, namely ORR-based delay elements,
MZI-based optical combiners, and optical phase synchronizers. In practice all these
three kinds of components achieve their tunability by means of using optical phase
shifters (OPSs) which provides additional optical phase shifts in the optical paths.
The full tuning range of the additional optical phase shift is [0, ..., 2]. The power
coupling ratio of an MZI can be tuned by changing the phase difference between the
two MZI arms as explained in Chapter 2. Actually OPSs are the only kind of tuning
elements required for an ORR-based OBFN, which in fact simplifies the system
design and device realization. An illustration of using OPSs for all tunable
components of an OBFN is shown in Figure 3.14.

MZI-based optical combiner

X " 35
N
L #
— L 1
in2 Optical phase ~~~~~~"—~~---—------

synchronizer

Figure 3.14: Schematic layout of a 2x1 OBFN using optical phase shifters
for all tunable components

3.6 Beam steering sensitivity

Since all tuning elements of the OBFN are based on the OPSs, the beam angle of the
beam former can be expressed in terms of the additional optical phase shifts of the
OPSs. It will be further explained in Chapter 5 that the OPSs in the OBFN are
realized by means of resistor-based heaters, and the phase shift of an OPS is
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controlled by the voltage supplied on the heater. Therefore, the beam angle of the
beam former can also be expressed in terms of the voltages on the heaters.
Knowing the relation between the beam angle and the voltages on the heaters, one
can perform the beam steering by properly adjusting the voltages. The sensitivity of
the beam steering to the heater voltage change determines the tuning precision of the
beam angle, and is therefore an important property of the beam former system using
the thermal tuning mechanism. To find out this beam steering sensitivity to the
heater voltages, one first has to obtain the relation between the beam angle and the
corresponding heater voltages according to the specifications of the antenna and the
beam former system. To apprehend how this relation can be derived in an easy way,
the simplified model of a2 X 1 beam former system is used here as an example,
which is shown in Figure 3.15.

beam angle ' AE 1
0 |
--------- d
|
®
1AE 2

Figure 3.15: Schematic of a 2 X 1 beam former

In this simplified model, the OBFN has only one ORR in the upper channel as the
delay element. The ORR has the roundtrip delay 7 and provides a time delay 7, for
AE 1 while AE 2 is regarded as the reference AE. Then, based on Eq. (1.4) and Eq.
(2.20), the beam angle 8 can be given by

0= arcsin((ﬂg_dﬂ) = arcsin((r_?%) (3.21)

where T = 7, /T represents the normalized group delay as explained in Chapter 2.
Further, we consider the ORR to have a low roundtrip loss and the effect of the loss
on the delay can be neglected for simplicity. In this case the roundtrip transmission
coefficient of the ORR equals 1 (r = 1), and 7;, can be given from Eq. (2.33) by

_ 1+/1-k
() = T

(3.22)

where k is the power coupling coefficient of the MZI-based coupler of the ORR.
Now we combine Eq. (3.22) and Eq. (2.16) and assume for simplicity that the MZI-
based coupler has perfect 3-dB DCs (kpc = 0.5), and there is no phase difference
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between the two arms of the MZI when the phase shift provided by the OPS is zero.
Then the relation between t and the additional optical phase shifts ¢ of the OPS in
the MZI can be given by

_ 1+y1-cos?(¢/2) (3.23)

- 1-cos2(¢p/2)

()

The plot of Eq.(3.23) is shown in Figure 3.16.

Since the phase shift ¢ of the heater-based OPS has a linear relation with the
dissipated power P of the heater [6], the relation between ¢ and the heater voltage
can be given by

2
p=C-P=C-% (3.24)

where R is the resistance of the heater and C is the factor indicating the conversion
efficiency from the dissipated power to the additional optical phase shift of the OPS.

200

150 +

100 +

Normalized group delay

50 A

0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Addtional optical phase shift ¢ (x 2r)
Figure 3.16: The relation between T of the ORR and the additional optical phase
shifts ¢ of the OPS

Then by combining Eq. (3.23) and Eq. (3.24), the relation between the ORR delay
and the voltage V is obtained:

\/f
(V) = 1+,/1—cos?(C-V?2/2R) (3.25)

1—/1—cos2(C-V2/2R)

Next, by combining Eq. (3.21) and Eq. (3.25), the relation between beam angle 6
and the voltage V is found:
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TR
6(V) = sin™! (23 cos(CVE/ 2R§—1)-T~c0/d) (3.26)

—/1—cos2(C-V2/2R

Now the beam steering sensitivity to the heater voltage can be obtained by taking the
derivative of Eq. (3.26) with respect to V:

de)

SV ==

(3.27)

In the above derivation process, several assumptions for the ideal situation are taken
to simplify the mathematics, such as no loss, ideal DC, and temperature-independent
resistance R. However, the principle of this simplified model is the same as that of
the practical case. A numerical example of the estimation of beam steering
sensitivity is given below.

Example 3.9

Antenna interelement distance: d = 1.18 cm (Ku-band antenna);

Beam steering range: [0, ..., 600]; Beam former architecture: Figure 3.15;

Roundtrip delay of the ORR: T = 0.07 ns; Heater resistance: R = 800 Q;

Heater conversion factor: C = 4 (to give 21 phase shift when 20 V is supplied on
the heater); Speed of light in vacuum: ¢, = 3 X 108 m/s.

Then using Eq. (3.26) and Eq. (3.27), 8(V) and S(V) can be calculated, which are
plotted in Figure 3.17 (a) and (b). It is shown that the beam steering sensitivity
increases with the voltage supplied on the heater. When the beam angle is 60 degree
(at 5 V), the beam steering sensitivity is around 50 degree/V, or equivalently 0.05
degree/mV.

60

o
o

50 4

N
o

40 1

[
o

30 1

20 A
20 A

Beam angle ¢ (degree)

Beam steering sensitivity S (degree/V)

0 1 2 3 4 5 0 1 2 3 4 5

Voltage on the heater (V) Voltage on the heater (V)
(a) (b)

Figure 3.17: (a) calculated 6 (V) and (b) calculated S(V) of Example 3.9
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3.7 Conclusions

Basically an OBFN consists of DEs and combining circuitry. In the single-
wavelength scheme, optical coherent combining will be performed in the OBFN,
which also requires optical phase shifters for the synchronization of the optical
phase between the OBFN channels. Based on the same antenna specifications,
several OBFN structures have been compared and the asymmetrical binary-tree
structured OBFN requires the least number of ORRs compared to its counterparts
for the single-wavelength scheme, resulting in the lowest system complexity, and it
can be used for both linear array (1-dimensional) and planar rectangular (2-
dimensional) PAAs. The switched scheme or multi-wavelength scheme may further
reduce the required number of ORRs in the OBFN. But on the other hand they need
additional signal processing circuitry or multiple expensive laser sources, and
increase the difficulty of system implementation, especially when the number of
OBFN inputs is large. Therefore, these two alternative schemes are only advisable to
be used when they can significantly lower the eventual system complexity by
reducing the number of ORRs significantly. Moreover, all the tuning elements in the
OBFN can be realized by means of optical phase shifters. When the optical phase
shifters are made by applying resistor-based heaters on the waveguide, the beam
steering of the beam former is achieved by properly adjusting the supplied voltages
on the heaters. A formula is derived to estimate the beam steering sensitivity to the
voltage change. As a resume, a list of the structural features of different OBFN
schemes for linear array antennas is given in Table 3.1.
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Table 3.1: Structural features of different OBFN schemes for linear array antenna

OBFN scheme for No. | No. of necessary ORRs Other signal
M-element linear array | of processing
antenna (M = 2K) laser | d: antenna interelement distance modules
AB: antenna beam scanning range
S.: Single-wavelength k: OBFN stage number
M.: Multi-wavelength N: number of DEs
s.: symmetrical Af;: signal bandwidth
a.: asymmetrical co: speed of light in vacuum
S. s. parallel structure 1 M2 sin(A6/2) - (M — m)d M-1
2 Z [Round( - Af)+1] | MZI-combiners;
m=1 0 M — 1 OPSs.
S. a. parallel structure 1 M 2sin(A6/2) - (m — 1)d Additional
Z [Round( - “Af) +1] channel
m=1 ° delay differences;
M-1
MZI-combiners;
M — 1 OPSs.
S. s. binary-tree 1 LSy sin(A8/2) - 21 - d M-1
structure Z 7% Z[Round(f “Af) +1] | MZI-couplers;
k=1 M — 1 OPSs.
S. a. binary-tree 1 M 2sin(A6/2) - 21 - d Additional
structure Z x [ROlmd(7 “Af)+1] | channel
k=1 delay differences;
M—-1
MZI-combiners;
M — 1 OPSs.
S. a. binary-tree 1 LSy sin(A6/2) - 21 - d M x M
structure + switch Z ok [Round(———————Af) +1] switch matrix;
=1 0 M-1
MZI-combiners;
M —1 OPSs.
M. different FSRs M ul 2sin(A0/2) -1 - d M x 1 multiplexer
Z[Round(cin Af)+1]
n=1
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Chapter 4

Advanced signal processing techniques for
optical ring resonator-based beam former
systems

4.1 Introduction

In the photonic beam former system Electrical/Optical (E/O) conversion and
Optical/Electrical (O/E) conversion must be performed before and after the optical
beam forming network (OBFN) respectively to convert the signals from antenna
element (AE) between electrical and optical domain. These two conversions are
implemented by means of optical modulation and detection, respectively. There are
several well-known optical modulation and detection techniques available for these
operations, such as optical double-sideband and single-sideband modulation; optical
direct and balanced detection. In this chapter possible schemes for optical
modulation and detection for the optical ring resonator-based (ORR-based) beam
former system are described and compared with respect to system complexity and
performance. After the comparison, a practical architecture for the beam former
system is determined, which involves frequency down-conversion technique, filter-
based optical single-sideband suppressed carrier (SSB-SC) modulation, and coherent
optical balanced detection. The advantages of using these techniques are explained
in the following sections. Then, some practical issues of the beam former system are
discussed. At the end of this chapter, the functional design of the FLY and SKY
beam former are described, which are both based on the practical architectures.

4.2 Laser source

The laser source is one of the essential components in the optical beam former
system. It provides the optical carrier for the modulation of AE signals. For the
ORR-based OBFN one important requirement for the laser source is that its spectral
bandwidth should be much smaller than the bandwidth of the modulating signals.
This requirement is meant to avoid unnecessary spectral broadening after the
modulation process. As explained in Chapter 2, when the OBFN is based on ORRs,
the OBFN complexity is directly related to the number of ORRs, and for the same
delay value the necessary number of ORRs increases with the bandwidth
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requirement. Thus, larger bandwidth of the modulated optical signal will require
more ORRs to achieve the same delay, and thus leads to higher OBFN complexity.
For practical reasons the OBFN complexity should be kept as small as possible.
Therefore, a narrowband laser source is required for the ORR-based beam former
system.

For the beam former system using only one laser source, another important reason
for using a narrowband laser source is related to the requirement of coherent optical
combining which is mentioned in Chapter 3. For coherent optical combining, the
laser source needs to generate an optical carrier with its coherence time much larger
than the maximum delay difference between the OBFN channels, so that the optical
carriers in all OBFN channels keep their phases correlated in the OBFN. The
coherence time of the optical carrier is inversely-proportional to the linewidth of the
laser source [1]. In this thesis the maximum delay difference under study is in the
order of nanosecond, therefore a laser with the linewidth in the order of megahertz
will be able to guarantee the sufficient coherence time of the optical carrier. Further
explanation about this relation will be given in Section 7.2.1.

4.3 Direct optical modulation

The most straightforward way for E/O conversion is to perform direct optical
modulation of a semiconductor laser. However, direct modulation has two
significant drawbacks. The first one is that modulating a laser source will cause
variations not only in the amplitude but also in the frequency of the optical carrier,
due to the frequency chirping effect [2]. Frequency chirping is undesired in the
ORR-based beam former system since it also causes spectral broadening. The
second drawback of direct modulation is that each AE requires a separate laser
source. This would cause optical beat interference (OBI) in the system output due to
the incoherent optical combining between the optical carriers provided by different
laser sources [3], [4]. The OBI occupies the same frequency band as the signal. As a
result, it would not be possible to filter out the OBI, and the output signal of the
system would be corrupted. If each laser source works on a different wavelength and
the wavelength intervals are much larger than the signal bandwidth, the OBI would
not fall into the signal band, but as explained in Chapter 3, the multi-wavelength
scheme is not only more costly but also difficult to implement for the PAA with
many AEs. Therefore, it is practical to use only one laser source in the beam former
system, if the corresponding complexity of the entire system is not a critical issue.
As described in Chapter 3, in this case the light generated by the laser source should
be split for all OBFN channels, and in each channel the E/O conversion can be
achieved by means of external modulation. The external modulation techniques that
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could be used for the ORR-based beam former systems will be further explained in
the following sections.

4.4 Optical DSB modulation and direct optical detection

As explained in the previous section, it is practical to apply external modulation for
each beam former channel instead of direct modulation. In this case the most
straightforward scheme for E/O and O/E conversion would be to use intensity
modulation (IM) and direct detection (DD) [5]. IM can be performed by means of
electro-absorption modulators (EAMs) [6] or Mach-Zehnder modulators (MZMs)
[7] and DD by using a photodiode [8]. A sketch of this scheme is shown in
Figure 4.1.

EOBFN(I‘) fou‘r(t)
OBFN———& "

Figure 4.1: Photonic beam former system architecture with optical intensity
modulation and direct optical detection

In each beam former channel, the intensity of the optical carrier is modulated by the
signals from the corresponding AE. Thus, the square-law effect is involved in this
process. The square-law effect means that even in case of perfectly linear IM, the
optical spectrum of the output signal of the modulator would consist of the optical
carrier line and an infinite number of sidebands. This is because when the intensity
of a signal is varying at one frequency, the signal field would consist of a component
of that frequency and an infinite number of harmonics [9]. For the beam former
system MZMs are preferred to the EAMs since MZMs have better performance in
linearity. Besides, MZMs are capable to provide chirp-free modulation [8]. The
voltage applied to an MZM consists of a bias voltage and a modulating signal s,,(t).
The E/O conversion of an MZM is illustrated in Figure 4.2. In the MZM output the
number of significant sidebands increases with increasing modulation depth. And
increasing the number of significant sidebands means increasing the required OBFN
bandwidth since the delay band should cover all significant sidebands to prevent
serious linear distortion.
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Figure 4.2: Illustration of E/O relation of an MZM.

In order to keep the delay bandwidth requirement and the distortion in the OBFN as
low as possible, the modulation depth should be such that only the first order
sidebands are significant. Correspondingly, the ORR-based delay elements in the
OBFN should provide a flat group delay response covering the optical carrier and
the two sidebands. This is illustrated in Figure 4.3. The mathematical expression of
this double-sideband (DSB) modulated optical signal and the corresponding system
output are derived in the following part of this section. Since in this chapter we
focus on the comparison of the beam former schemes in their signal spectrum
characteristics instead of detailed system performance, some assumptions are used to
simplify the derivations.

Imagine an N-element PAA receiver system. The received signal of each AE is first
amplified by a low-noise amplifier (LNA), resulting in signals s, (t),n =1,2,...,N.
When noise, interference, and channel distortion are ignored, these signals can be
written as delayed versions of some desired signal s(t), then s, (t) is given by

sn(t) = s(t = Ty) 4.1)

The delay values T;, depend on the beam angle, geometry of the PAA, and possible
differences in the lengths of the transmission lines. The desired signal s(t) is written
as a real bandpass signal [10]

s(t) = a(t)cosmfrpt + @(1)) 4.2)

Where frr is the carrier frequency of the RF signal, a(t) and ¢(t) are the time-
dependent amplitude and phase, respectively.
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Figure 4.3: (a) drawing of the modulating signal spectrum; (b) the spectrum of
modulated optical signal with desired group delay response.

To reveal the signal spectrum characteristics at different positions in the beam
former system, a field description of the laser output is used here for the signal
derivations instead of the intensity form. When the unmodulated laser signal has
very narrow linewidth (approximated as monochromatic), it can be described by a
complex bandpass signal E; with constant optical power P = |E|2/2 = (E, - E})/2
and optical frequency fop, which is given below,

EL. = V2Pexp(j2mfopt) (4.3)

Here, the laser intensity noise and phase noise are ignored. After the splitting of
laser signal E;, the portion for each channel enters the corresponding MZM for
modulation. Since in this beam former scheme the desired RF signal is recovered
from the OBFN output by means of DD whose operation requires the presence of
the optical carrier in the modulated optical signal [5], the MZM should keep a
significant optical carrier in its output, or in other words, the MZM bias points that
results in strong optical carrier suppression (around V; in Figure 4.2) should be
avoided. Assume that the bias point and the modulation depth of the MZM are such
that second and higher order sidebands are much lower compared to the two first
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order sidebands, then the MZM can be modeled as an ideal amplitude modulator
[11], which relates its optical output E,,:(t) to its optical input Ej, (t) by

Equt(t) = @ [1+ o =52 Ein () (44)

n(®) lmax

where g, is an amplitude coefficient determined by the bias point and insertion loss
of the MZM, and y,, is the modulation index (y,, < 1).

Assume a laser power splitting loss Lgp, then the modulated optical signals E;, (t)
can be given by

p (t)=q—n[1+)/ ELIONE P
w0 = = I O

2P _
= |- [qnexp(j2nfopt)
SP

+%Pna(t —Ty) - {exp(2n[(for + fre)t — freTn] +i@(t — T))

+exp(2n[(for — fre)t + freTnl — jo(t — T))}] (4.5)

where Pn = qnyn/la(t)lmax-

To know if the desired RF signal can be obtained after DD, the output of the OBFN
should first be derived. When optical losses and the ripples of the delay elements are
neglected, and coherent combining is performed which gives no combining loss, the
transfer function from input # to the output of the OBFN can be written as

Hn(f) = exp{j¢n(f)} (4.6)

where the desired phase response in the frequency range of interest is given by

Pu(f) = Oy (for) = 21 ] 1a(v) dv = By(for) = 20(f ~ for)tn  (47)

where 7, is the generated delay of OBFN channel n, which follows 7, > 0,
Tp + T, = Tco, where T¢g is considered to be the common total delay for all beam
former channels.

Based on Eq. (4.5) — Eq. (4.7), the optical signal at the output of the OBFN can be
written as
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/ 2P
Eogen(t) = L—SPEXP(JZWfOFt) :

YN exp(jn(for)) - [qn + pna(®) cos(2nfret + @(0))]  (4.8)

where the effect of T¢g on the RF phase is not taken into account since it is the same
for all the channels. The corresponding output power can be calculated by

1 1 *
Pogen = 5 |Eogen (D)1 = 5 EoprnEdmrn (4.9)

Obviously, the maximum signal amplitude (power) is achieved when the optical
signals are combined in phase, which means besides the delay synchronization of the
AE signals, the optical carrier phases @, (for) should all have the same value. After
the coherent combining, the O/E conversion is performed by detecting the output
power of the OBFN with a single-end photodiode. If the photodiode has a
responsively Rpp, the output current of the beam former system is given by

1 2 RppP 2 1 2.2
Iouyt(t) = RppPogrn = ERPDlEOBFN(t)l = L—SP[QN +EPNa () +

2QuPya(t) cos(2nfrrt + @(t)) +%P,\2,a2 (t)cos(4mfrpt + 2¢(t))] (4.10)

where Qy £ 271;[:1 qn and Py = Zgzl Pn-

Looking in the bracket of Eq. (4.10), it is clear that the output current consists of a
DC term (first term), a baseband term (second term), a desired RF term (third term),
and a double-frequency term (last term), as illustrated in Figure 4.4.

A
= Desired RF term
— o
o5 Baseband
o Double-frequency
E % &DC terms term
g2
>0
0 fre 2fre f

Figure 4.4: Drawing of the spectrum of system output current /o4(?), in case of
DSB optical modulation and single-end direct optical detection.
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The DC term corresponds to the power of the optical carrier, whereas the desired RF
term results from beating between the carrier and the sidebands. The baseband term
and double-frequency term result from self-beating and mutual beating of the
sidebands, respectively, and therefore have a spectral width which is twice the RF
bandwidth. It can be verified that the relative bandwidth of the RF signal must be
less than one octave, so that the terms will not spectrally overlap, and the desired
term can be selected by means of bandpass filtering.

In this scheme the minimum optical bandwidth required in the OBFN is equal to
twice the maximum frequency of the modulating RF signal as shown in Figure 4.3.
In case of high-frequency phased array antennas (PAAs), for instance a linear array
antenna for 30 GHz K,-band satellite communication, several disadvantages exist in
the corresponding beam former system. First of all, fast modulators and detectors
(whose operation bandwidth must be larger than 30 GHz) must be used for the E/O
and O/E conversion, which will heavily increase the system cost. Secondly, a very
large number of ORRs is needed to meet the bandwidth requirement (> 60 GHz),
which will result in an excessively complex OBFN and also immensely complex
tuning electronics because of the excessive wiring to all the tuning elements. A
numerical calculation showing this disadvantage is given in Example 4.1. Moreover,
when the number of ORRs is large, it will be difficult to fit them in a chip with
limited area (more details about device realization will be given in Chapter 5).

Example 4.1

Antenna type: linear array

Antenna diameter: d = 1 m

Beam scanning range: A6 = 60°

Bandwidth of modulated optical signal: Af; = 60 GHz

Maximum time difference between two most outer AEs:
_ d-sin(46/2)

T
max co

Based on the Eq. (2.44), the required number of ORR for compensating T, over Af; can
be estimated by

1-sin(30°
N = Round(Ty,ax * Afs) + 1 = Round( ;1:1(03 )

X 60 x 10°) + 1 = 101

4.5 RF frequency down conversion

As explained in Chapter 2 and 3, the system complexity is related to the bandwidth
requirement for the OBFN. To lower this bandwidth requirement means to reduce
the bandwidth of the modulated optical signal. One way to achieve this is to apply
frequency down conversion (FDC) to an intermediate frequency (IF) range prior to
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E/O conversion [12]. This can be performed by means of mixing the AE signals
S, (t) with a common local oscillator (LO) signal cos(2mfiot), and low-pass-
filtering. Then the resulting signal for every AE is given by

sn(t) = a(t — Tp)cos@nfip(t — Tp) — 2nifioln + @t —Ty))  (4.11)

where fir = frr — fLo 1S the new center frequency. Consequently, the sidebands in
Figure 4.3 will now be closer to each other. When fir is made much lower than fgp,
the total optical bandwidth of the modulated optical signal will be considerably
reduced. An additional advantage obtained from FDC is that lower-speed optical
modulators and detectors can be used. However, two disadvantages exist in this
approach. For one thing, mixing mutually delayed AE signals with a non-delayed
oscillator signal results in a phase offset (21tf;,oT},) that no longer corresponds to the
delay offset. In other words, the down-converted signals are no longer delayed
versions of one another (s;,(t) # s'(t — T,,)). The OBFN output becomes

Eogpn(t) = ’2LSII:,LCO exp(j2Tfort) - Xn=1 eXp(f‘Dn(fOF)) :

[1+ ppa(t)cos(2mfipt — 2mfi0T, + @(t))] (4.12)

As a result, FDC has resulted in IF phase offsets (21f;oT},) after delay equalization,
which may result in destructive interference, and hence ruin the correct operation of
the PAA. This could be avoided by phase-shifting the individual LO signals by
values 2mf; T, but this would complicate the beam forming circuit, as T,, depends
on the direction of the incoming beam. A second problem arises when the AE
signals are down-converted to an IF range with a relative bandwidth of more than
one octave. Direct detection will then make the IF beating term spectrally overlap
with the baseband and double-frequency terms, resulting in intermodulation
distortion (IMD) as shown in Figure 4.5. One way to cope with this is to keep the
modulation index small, so that the baseband and double-frequency terms are small
compared to the desired term. However, this lowers the dynamic range of the
system.

4.6 Optical SSB-SC modulation

A more effective way to reduce the bandwidth of the modulated optical signal is to
remove one of the sidebands and the optical carrier by means of optical single-
sideband suppressed-carrier (SSB-SC) modulation, so that only one sideband
remains in the optical spectrum [13]. In this case the optical bandwidth equals the
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Figure 4.5: The spectrum of the beam former system output in case of frequency
down conversion prior to optical DSB modulation, with a relative IF
bandwidth larger than one octave.

RF bandwidth, which is the smallest that can be achieved in the sub-bands prior to
E/O conversion. Assume that the lower sideband and optical carrier are removed,
then based on Eq. (4.5) the mathematical expression of the SSB-SC signal can be
written as

1 [2P
En(t) = > L—Sppna(t =Ty

eXp(jZTf[(fOF + fre)t — freTnl +jo(t — Tn)) (4.13)

Its spectrum and the corresponding desired group delay response are illustrated in
Figure 4.6.

Desired group delay response

/ N

spectrum of optical
modulated signal
~
’
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fOFI'fRF fOF fOFI-"fRF f

o

Figure 4.6: Spectrum of optical SSB-SC modulation

With this approach the bandwidth requirement for OBFN is considerably reduced
compared to Figure 4.2. Suppose the RF bandwidth is, for example, one tenth the RF
carrier frequency, then the resulting optical bandwidth after removing one sideband
and optical carrier will be even less than 5 percent of the DSB bandwidth.
Obviously, applying SSB-SC modulation can significantly reduce the required
number of ORRs for the OBFN and hence reduce the complexity of the beam former
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system. In case of optical SSB-SC modulation the output of the OBFN can be
written as

1 [2P
Eogpn(t) = > L—Spa(t) .

Yh=1Pn exp(2(for + fre)t +jo(t) +j®n(for))  (4.14)
where the common delay T¢q has once again been omitted.

Optical SSB-SC modulation requires coherent detection, which implies that the
unmodulated optical carrier has to be re-inserted prior to optical detection. This can
be done by routing one output signal of the splitter after the laser around the OBFN,
and then combining it with the output signal of the OBFN Eggpy using a coupler. If
the same single-ended detection is performed as in the DSB modulation scheme, in
the output there will be no double frequency term that comes from the beating
between two sidebands, however, there will be again DC and a baseband term along
with the desired RF signal due to the re-inserted optical carrier and self-beating of
the sideband, and therefore bandpass filtering must be performed to remove them.
The output spectrum is shown in Figure 4.7. The advantage of this output signal
compared to that from the DSB modulation scheme is that only one beating product
at the desired RF frequency results, whereas DSB-modulated signals give two
beating products at the desired RF frequency, which are generally not in phase in
case of chromatic dispersion, resulting in RF power fading. For this reason, optical
SSB modulation has been previously proposed as a means to overcome the
bandwidth-limiting effect of chromatic dispersion in single-mode fiber-based Radio-
over-fiber (RoF) transmission systems [14] and chirped fiber grating-based optical
beam forming system [15]. However, for the beam former system the major
advantage of SSB-SC modulation is its bandwidth efficiency, which results in lower
requirement on the number of ORRs. The implementation of optical SSB-SC
modulation will be further discussed in Section 4.9.

1 Desired RF term
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Figure 4.7: Drawing of the spectrum of system output current /o(¢), in case of
SSB optical modulation and single-end coherent optical detection.
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4.7 Balanced coherent optical detection

To further improve the system, balanced coherent optical detection can be applied to
replace the single-ended detection. The corresponding beam former system scheme
is shown in Figure 4.8. In this scheme, a balanced detector is placed after the 2 X 2
coupler which is used to combine the unmodulated optical carrier and OBFN output,
and the two photodiodes detect the optical powers from the two coupler output ports
separately (P;, P,) and then subtract their output currents from each other. When the
coupler is assumed lossless and has uniform splitting, and the photodiodes are
assumed to have identical responsivities Rpp, then the output current gyt of the
balanced detector can be given by

1
Ioyr(t) = > Rep [P, — P,]

2

jEoBrN(t) |, EL(t)

V2 /2Lsp

EoprN(t) | JEL(t)

V2 2Lgsp

]

= —2]5% [Egpen (DEL(D) — Eoppn(DEL ()] (4.15)

1
—ERPD[

Insert Eq. (4.14) into Eq. (4.15), and assume that the optical phases ®,,(for) are
synchronized to a common value @, then the Eq. (4.15) reduces to

2RppPPN
Lgp

Ioyr(t) = a(t)sin(2nfret + @(t) + ®) (4.16)
Note that the desired RF terms in the two arms of the balanced detector are anti-
phase, so that the effect of the subtraction behavior of the balanced detector (see Eq.
(4.15)) is that these desired RF terms actually are added up instead of being
subtracted from each other, unlike the undesired DC and the double-frequency
terms. The spectrum of this Ioy7(t) is illustrated in Figure 4.9.

OBFN _EOBFN(t),_: l'our(t)

Figure 4.8: Photonic beam former system architecture with optical SSB-SC
modulation and balanced coherent optical detection




Chapter 4 77

Desired RF term

spectrum of
system output

o

far f

Figure 4.9: Drawing of the spectrum of system output current /,,,(7), in case
of SSB optical modulation and balanced coherent optical detection.

Obviously, balanced detection cancels the DC and baseband terms in Eq. (4.10),
which correspond to the left part of the spectrum in Figure. 4.4. The double-
frequency term is not there because the optical signal has only one sideband.
Therefore only the desired RF term remains. Owing to this absence of baseband and
double frequency terms in the output, the beam former system can deal with a
relative RF bandwidth of more than one octave, without having the IMD problem as
shown in Figure 4.5. An additional advantage of balanced detection is that the effect
of optical relative intensity noise (RIN) is significantly reduced owing to the
cancelation of DC and baseband terms. Generally, RIN and shot noise [16] are the
two kinds of dominant noises in an analog-optical link [17], thus reducing the effect
of RIN will surely benefit the signal dynamic range of the system [18]. Therefore,
balanced detection is strongly preferred over single-ended detection.

4.8 Combination of FDC and optical SSB-SC modulation

An even more advantageous scheme for the E/O and O/E conversion is to combine
FDC, SSB-SC modulation, and balanced coherent optical detection. As explained in
the previous sections, FDC before optical modulation lowers the bandwidth
requirement on the optical modulators and detector, optical SSB-SC modulation
minimizes the OBFN bandwidth requirement, and balanced coherent optical
detection avoids IMD and enhances signal dynamic range of the system.
Additionally, in this scheme the drawback of the previous FDC scheme is
circumvented: the IF phase offsets due to FDC prior to optical modulation can be
removed. Since the output signal after the balanced detection contains only one
beating product at the desired frequency, its phase is simply determined by the
optical phase difference between the modulated optical signals and the re-inserted
optical carrier signal. Therefore, IF phase offsets can be canceled by means of
simple optical phase shifters in the OBFN channels. Moreover, since in this scheme
a relative IF bandwidth of more than one octave will no longer result in the IMD
problem as shown in Figure 4.5, the IF range can be further shifted towards the
baseband, which even further relaxes the bandwidth requirements on the optical
modulators and detector.
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4.9 Implementation of optical SSB-SC modulation

To implement optical SSB-SC modulation in the beam former system, two possible
approaches are described below:

1) Filter-based approach: this is the most straightforward way to achieve
optical SSB-SC modulation, which consists of two steps. In the first step,
optical DSB modulation is performed by means of an MZM as described in
Section 4.4. Then in the second step, a dedicated optical sideband filter
(OSBF) is used to filter out the carrier and one of the sidebands. In this
approach the optical carrier can also be suppressed inherently by MZM
when the bias close to V; is used (see Figure 4.2), then the OSBF needs only
to filter out one of the sidebands, which will relax the slope requirements on
the OSBF characteristic.

2) Approach based on the phase-shift method: this approach is based on the
classical SSB generation technique, where two quadrature carriers are
modulated by a modulating signal and its Hilbert transform, respectively.
Several optical implementations are known, such as using a dual-electrode
MZM [19], hybrid amplitude and phase modulation [20], two parallel
MZMs [21], and a Sagnac loop with a unidirectional [22] or bidirectional
[23] travelling-wave MZM. The double MZM seems to be the only scheme
to offer distortion-free SSB-SC modulation, but on the other hand it requires
two MZMs per AE.

For our beam former system, the filter-based approach appears to be a practical
choice. The OSBFs can be placed directly after the MZMs, but then every AE would
require its own OSBF. However, since the OSBF and OBFN are both linear devices,
their order can be reversed, so that only one common OSBF is required. A practical
OSBF implementation is an MZI with an ORR in one of its arms [24]. This filter
architecture provides flattened passbands and broad stopbands, which matches this
application. Besides, this filter consists of the same kinds of building blocks as the
OBFN (ORRs and MZIs), thus in practice both OBFN and the OSBF can be realized
in one chip, which enables the system integration. The system architecture in case of
filter-based SSB-SC modulation and balanced coherent detection is shown in
Figure 4.10.

4.10 Practical issues

After the discussion in the preceding sections, an advantageous scheme for the E/O
and O/E conversion in the photonic beam former system has been achieved.
However, there are still some practical issues that have influence on the system
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OBFN ; our(t)

Figure 4.10: Photonic beam former system architecture in case of filter-based
SSB-SC modulation and balanced coherent optical detection

functionality and performance, and therefore should be taken into account for the
system design. Some major issues are discussed below:

Polarization matching

To combine optical signals, inside the OBFN and for carrier reinsertion, the
polarizations of the combining optical signals should be kept the same to achieve
optimal interference. This requires all the involved optical components to be
polarization-maintaining, or else polarization controllers must be used. However,
when the complete system is integrated on an optical chip, polarization matching
between the optical signals can be well maintained.

Optical phase stabilization

As explained before, coherent combining of the optical signals requires optical
phase synchronization, and the optical phases of the signals can be controlled by
means of optical phase shifters. However, in practice those optical phases will
fluctuate, especially when optical fibers are used in the system, resulting in power
fluctuation in the system output or fluctuation of the beam direction. This is because
the optical phase is very sensitive to the environmental changes in the signal path,
such as changes in temperature, vibrations, and mechanical stress. Therefore, some
measures are required for the optical phase stabilization in the beam former system.
For one thing, it would be an easy task to achieve optical phase stabilization if all the
optical components between the laser and the optical detectors, including
modulators, were integrated on a single chip. Otherwise, when optical fibers are
used in the system, a shielded setup surrounding the optical components can be used
to reduce the external thermal and mechanical disturbances. Furthermore, inside the
beam former system a possible solution for optical phase stabilization could be to
use a frequency dithering scheme, as proposed within the framework of coherent
optical code-division multiple access (OCDMA) techniques [25], but this has the
disadvantage that it requires a unique oscillator for each beam former input, which
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considerably complicates the feeding circuit. Other than frequency dithering, a
feedback loop from the system output back to the control of the OBFN phase
synchronizers can also be used to achieve optical phase stabilization. This feedback
mechanism could simply be based on maximizing the output signal power.
However, this approach may have difficulty in achieving agile phase
synchronization when the system has a large number of combining channels so that
the relation between the output signal power and all the phase synchronizers is very
complicated. Besides, this approach might not result in proper phase-locking when
interferers from undesired beam directions are present.

Imbalances in the optical detector

In the earlier discussion, the carrier reinsertion coupler and the photodiode pair were
assumed to be perfectly balanced, resulting in a theoretical output current Eq. (4.16)
that is a perfect mixing product of the optical output signal of the OBFN and the
unmodulated laser signal. In practice there will be slight imbalances, so that the
individual intensities of those two terms will also appear in the output current. This
will result in a residual DC level, residual IMD, and residual RIN. In general DC
level will not be a problem, and the residual IMD and RIN will be very small
compared to the desired mixing term. Likewise, the MZM will have some
imbalance, resulting in residual optical carrier power at the output of the modulator,
even when the MZM is biased at its minimum transmission point. This will also
result in residual DC level and residual RIN in the output current. It can be shown
that this will again be very small, as the carrier output power for commercial push-
pull MZMs at the minimum transmission point will be well below 1 percent of the
optical input power.

4.11 Functional design of FLY beam former

In this section the functional design of the beam former for the previously mentioned
FLY project is described. The beam former is based on the advantageous
architecture shown in Figure 4.10, including FDC, optical SSB-SC modulation and
coherent optical detection.

System requirements

As described in Chapter 1, in the FLY project an 8-element linear array antenna is
developed to receive signals from digital video broadcasting by satellite (DVB-S).
The intereclement distance of the FLY antenna is 1.18 c¢m, and the desired beam
scanning range is [—60°,60°]. DVB-S signals operate in the K,-band frequency
range 10.7-12.75 GHz. After down conversion by low-noise block (LNB) the
resulting IF signal for the OBFN is in the frequency range of 950-2150 MHz. Then,
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when this signal is modulated on an optical carrier, the bandwidth of an optical
sideband is 1.2 GHz and the frequency separation between the optical sidebands is
1.9 GHz. For the OBFN the DEs are required to provide a minimum bandwidth of
1.2 GHz to cover one sideband of the optical signal. The maximum delay ripple
should be kept in the order of tens of picoseconds, so that the corresponding phase
error in the delayed signals is lower than /16, and therefore its effect on the
antenna pattern is negligible [26], [27]. For the OSBF the bandwidths of the
passband and stopband are required to be at least 1.2 GHz and the bandwidth of the
transition band is required to be less than 1.9 GHz as shown in Figure 4.11.
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Figure 4.11: Bandwidth requirements for the DEs of OBFN and the OSBF for the
FLY beam former system

Design of OBFN

The single-wavelength, asymmetrical binary-tree structured OBFN scheme is used
for this application because of the advantages for both OBFN complexity and
system cost as discussed in Chapter 3. For an 8-element antenna the OBFN is
formed by a 3-stage binary tree. Based on Eq. (3.9) and the specifications of FLY
antenna, the required maximum delay values for the 3 stages turn out to be 68, 136,
and 272 ps, respectively. Then, using the ORR principles described in Section 2.4, it
appears that one ORR is needed for each DE in the first and second stage; and two
cascaded ORRs for the DE in the third stage in order to fulfill the delay
requirements. The corresponding OBFN structure is shown in Figure 4.12. The
complete OBFN consists of 8 ORRs, 7 optical combiners, and 7 optical phase
synchronizers. In total 31 tuning elements are required in the OBFN. As explained in
Chapter 3, 2 X 2 symmetric MZIs are used as the optical combiners in the OBFN.
Thus, in practice one output of each combiner is used for the OBFN circuitry and if
possible, the other one is made accessible from outside the chip, serving as a test
port for checking the functionality of the connected OBFN section.
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Figure 4.12: Structure of the OBFN for the FLY beam former
Design of OSBF

Besides the bandwidth descriptions of the OSBF given at the beginning of this
section, the OSBF is also desired to have a flat passband and a broad stopband
suppression. Based on the study on antenna patterns, the side lobes should be 25 dB
lower than the main beam to keep the interference signals negligible, which
correspondingly requires the OSBF stopband suppression to be at least 25 dB. A
preferable OSBF design scheme is to use a structure based on the same building
blocks as in the OBFN, so that it would benefit system integration. Eventually, the
OSBEF structure chosen for this application is an asymmetrical MZI with an ORR in
its shorter arm, which is shown in Figure 4.13. This OSBF requires a total of 5
tuning elements.

= Tuning element
Figure 4.13: Structure of the OSBF for the FLY beam former

The roundtrip delay of the ORR 7, should be twice as long as the path delay
difference of the MZI t; (the corresponding FSR of the filter is 1/74). The
advantages of such a filter are that it has flattened passbands and broadened
stopbands with steep transitions in between, its phase response introduces negligible
phase distortion to the signal [28], [29]. Based on the transfer matrix of the MZI
given in Eq. (2.15), the transfer matrix of the OSBF can be given by
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c —Js, | Hore (2 0 c —Js
HOSBF{ ’ ]}{ o () S _,-¢,}{ ; ]’} (4.17)
-Jjs, C, 0 rze’" |l —js, ¢

where Hogrgr(z) represents the z-transform of the ORR in the OSBF (see Eq. (2.17))
and \rz~1e /%4 represents the z-transform of the longer arm of the MZI in the
OSBF: r is the roundtrip magnitude transmission of the ORR; ¢4 is the additional
phase shift of the MZI. Then, the z-transform of the OSBF shown in Figure 4.13 is
given by

. @ —j [Vi—crz—te I®Pd4rz—2e=ibry [T r3z 3e("IPr—i%a)
z) = — -
OSBF 2 1+\/1-K,rz"2e~J%r

(4.18)

where k- is the power coupling coefficient of the ORR. Assume such an OSBF is
realized with negligible dimensions error and propagation losses (r = 1), the splitter
and combiner of the MZI are realized with perfect 3 dB couplers, and the additional
phase shift of the MZI ¢, is related to the additional roundtrip phase shift of the
ORR ¢, by ¢, = 2¢p4 + m, then the power transfer of the OSBF is given by [28]

2
[1/ 1—x, cos(3nf‘rd—%q,’)d)+cos(T[de—%¢d)]
2=k +2/1—Ky cos(AnfT;—2¢ ;)

|H(HI? = (4.19)
An illustration of one period of this power transfer is given in Figure 4.14. It shows
the trade-off between the width and suppression of the stopband. The performance
of this filter is independent of the FSR of the filter.
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Figure 4.14: One period of the ideal power transfer function of the filter.

Now the FSR of the OSBF and the widths of the passband and stopband should be
chosen such that one sideband of the modulated optical signal is passed (with
sufficiently low passband ripple), and the other sideband is sufficiently suppressed.
After calculation, an FSR of 6.7 GHz (FSR of the asymmetric MZI is 6.7 GHz; FSR
of the ORR is 3.35 GHz) and k,, = 0.78 are used for the OSBF. The corresponding
simulation result is shown in Figure 4.15.
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Figure 4.15: Theoretical power transfer of the OSBF

For the waveguide realization of the OSBF, it is likely that the roundtrip delay of the
ORR 1, is not exactly twice the delay of the longer arm of the MZI t; due to a small
delay deviation 7, in one of the delay paths. Figure 4.16 shows two numerical
examples of the OSBF power transfer for the case 7,./t4 # 2. The effect of this
mismatch between ORR and MZI appear to be that there is an additional periodic
modulation on the power transfer of the OSBF in the frequency domain. The
frequency period (FP) of this modulation is much larger than the FSR of the OSBF,
roughly by a factor equal to the ratio between 74 and 7,. However, as long as the
delay deviation 7, in the ORR or MZI is not significant (less than 10% of the
designed delay value), one can still obtain one FSR where the OSBF power transfer
is approximately the same as designed (in the middle of Figure 4.16 (a) and (b)).
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Figure 4.16: OSBF power transfers for (a) 7,./t4=2/1.125 and (b) 7,/t4=2.125/1.
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Design of the optical carrier reinsertion coupler

The optical carrier reinsertion coupler can be simply achieved by using a tunable
2 X 2 symmetric MZI-based coupler as those used in the OBFN. One input is
connected to the output of the OSBF, whereas the other input and the two outputs
should be accessible from outside of the chip, for optical carrier reinsertion and
balanced detection, respectively.

4.12 Functional design of SKY beam former
System requirements

As described in Chapter 1, the SKY antenna is designed for radio astronomy
application. It is a 4 X 4 16-element 2-D PAA. The antenna size is 50 cm X 50 cm
with the interelement distance of 16.67 cm. Since the purpose of the SKY beam
former is just to prove the concept of 2-D beam steering by means of the ORR-based
OBFN, a small beam scanning range [—5°,5] in both XZ and YZ plane is chosen,
which leads to low requirement for the number of ORRs in the OBFN. The signal
frequency range of this application is 400 MHz~1600 MHz. Then, when this signal
is modulated on an optical carrier, the bandwidth of one optical sideband is 1.2 GHz
and the frequency separation between the optical sidebands is 0.8 GHz. For the
OBFN the DEs are required to provide a minimum bandwidth of 1.2 GHz to cover
one sideband of the optical signal. Based on the same principle as that for the FLY
beam former, the maximum delay ripple should be kept in the order of tens of
picoseconds, so that the corresponding phase error in the delayed signals is lower
than 1t /16, and therefore its effect on the antenna pattern is negligible [26], [27]. For
the OSBF the bandwidths of the passband and stopband are required to be larger
than 1.2 GHz and the bandwidth of the transition band should be less than 0.8 GHz.

Design of OBFN

Similar to the FLY beam former, the single-wavelength, asymmetrical binary-tree
structured OBFN scheme is used for the SKY beam former because of the
advantages in both OBFN complexity and system cost. The SKY antenna consists
of 16 AEs, therefore a 16X1 OBFN with 4 binary-combining stages is required. The
layout of the OBFN and the mapping between the AEs and OBFN inputs are shown
in Figure 4.17 (a) and (b), respectively. Figure 4.17 (a) shows that the section on the
left-hand side combines the signals for every AE column (dashed boxes),
corresponding to beam form in the angle plane parallel to the AE columns. Then,
equivalently an AE row (dotted box) results after the column combination, and thus
the section on the right-hand side is used to combine the signals of this AE row,
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corresponding to beam forming in the angle plane perpendicular to the AE columns.
This way, the beam steering of the antenna can be performed in a 2-D manner. One
ORR is used in each binary section of stage 1 for the combining in both vertical and
horizontal directions, and a cascade of two ORRs are used in each binary section of
stage 2 for the combining in both vertical and horizontal directions. The OBFN
consists of 20 ORRs, 15 combiners, and 15 phase synchronizers. Correspondingly,
70 tuning elements are required in the OBFN.
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Figure 4.17: (a) Layout of 161 OBFN for a 4x4 PAA; (b) mapping between AEs
and OBFN inputs.
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Design of OSBF and optical carrier reinsertion coupler

The OSBF and optical carrier reinsertion coupler of the SKY beam former use the
same principle as that for the FLY beam former. However, the SKY OSBF is
designed with an FSR of 4 GHz to match the optical signal bandwidth
characteristics.

4.13 Conclusions

After comparing different schemes for E/O and O/E conversions, a suitable
architecture for photonic beam former systems was determined. This architecture
includes FDC, filter-based optical SSB-SC modulation, and balanced coherent
optical detection. It significantly relaxes the bandwidth requirements on the optical
modulators, detectors, and OBFN. As a consequence, cheaper modulators and
detectors with lower speed can be used in the system. For the OBFN lower
bandwidth requirement means lower number of necessary ORRs and therefore lower
OBFN complexity. Beside the advantage in the bandwidth requirement, this system
architecture enhances the signal dynamic range of the beam former and also
facilitates the system integration. Based on this architecture, the functional modules
of beam former systems for FLY and SKY project are designed.

References

[1] H. Misawa, S. Juodkazis, A. Marchinkeicius, V. Mizeikis, A. Yamaguchi, H.
Sun, S. Matsuo, “Laser microfabrication/manipulation of dielectric materials,”

Proceedings of 2000 International Symposium on Micromechatronics and
Human Science, 22-25 Oct., 2000, pp 23-33.

[2] G. Motosuqi, Y. Yoshikuni, Y. Itaya, “Spectral characteristics of a DFB laser
under high-speed direct modulation”, Electronic Letters, vol.. 20, no. 21, Oct.
1984, pp 849-850.

[3] Y.-Y. Won et al., “OBI noise reduction using gain saturated SOA in reflective
SOA based WDM/SCM-PON optical links”, Electron. Lett., vol.. 42, no. 17,
pp- 992-993, Aug. 2006.

[4] T. Minami, H. Nishimoto, M. Suyama, H. Kuwahara, T. Horimatsu, T. Touge,
“Optical amplification and modulation techniques for multigigabit IM/DD
long-haul transmission systems”, vol. 1, SUPERCOMM/ICC 90 conference
Record, 16-19 Apr. 1990, pp. 183-188.

[5] M. Stefanovic, A. Vidovic, “IM/DD optical system performance in the presence
of dispersion, timing jitter and Gaussian noise,” Proceeding of 5" International
Conference on Telecommunication in Modern Stellite, Cable and Broadcasting
Service, vol.ume 2, 19-21 Sept. 2001, pp. 493-495.




88 Advanced signal processing techniques for beam former systems

[6] S. Kaneko, M. Noda, Y. Miyazaki, H. Watanabe, K. Kasahara, T. Tajime, “An
electroabsorption modulator module for digital and analog applications,” J.
Lightwave Technol., vol.. 17, no. 4, Apr. 1999, pp. 669-676.

[7] B. Masella, X. Zhang, “Linearized Optical Single-Sideband Mach-Zehnder
Modulator for Radio-Over-Fiber Systems,” [EEE Photonics Technology
Letters, vol. 19, no. 24, Dec. 15, 2007, pp 2024-2026.

[8] K. K. Ng, Complete Guide to Semiconductor Devices, July 2002, 2" Edition,
ISBN 0471202401.

[9] D. Mills, R. L. Allen, Signal Analysis, 1% Edition, Jan. 2004, ISBN
0471234419.

[10] S. V. Kartalopoulos, Introduction to DWDM Technology, 1% Edition, Dec.
1999, ISBN 0780353994.

[11] R. L. Freeman, “Telecommunication System Engineering,” Wiley Seriers in
Telecommunications and Signal Processing, June 2004, 4™ Edition, ISBN
0471451339.

[12] Dong-Pil Chang, In-Bok Yom, Seung-Pal Lee, “Development of a receiver
downconvertor module for Ka-Band satellite payload,” [International
Microwave Symposium Digest 2003, vol.. 3, 8-13 June 2003, pp. 1589-1592.

[13] A. Nirmalathas, G. H. Smith, D. Novak, “sensitivity analysis of optical SSB
generation using a dual-electrode Mach-Zehnder modulator,” Proceeding of
International Topical Meeting on Microwave Photonics 1998, 12-14 Oct. 1998,
pp- 79-82.

[14] G. H. Smith, D.Novak, Z. Ahmed, “Techique for optical SSB generation to
overcome dispersion penalties in fiber-radio sysems,” Electron. Lett., vol. 33,
no. 1, pp. 74-75, Jan. 1997.

[15] A. Molony, C. Edge, L. Bennion, “Fibre grating time delay element for phased
array antennas,” Electronics Letters, vol.. 31, no. 17, 17 Aug. 1995, pp. 1485-
1486.

[16] S. B. Lowen, M. C. Teich, “Power-law shot noise,” /IEEE Transactions on
Information Theory, vol.. 36, no. 6, Nov. 1990, pp. 1302-1318.

[17] R. F. Kalman, J. C. Fan, L. G. Kazovsky, “A novel analog optical link with
high dynamic range,” IEEE Photon. Technol. Lett., vol.. 5, no. 6, June 1993,
pp. 725-728.

[18] T. K. Fong, M. Tabara, D. J. M. Sabido IX, L. G. Kazovsky, “Dynamic range
of externally modulated analog optical links: optical amplification versus
coherent detection,” IEEE Photonics Technology Letters, vol.. 6, no. 2, Feb.
1994, pp. 270-272.

[19] M. Sieben, J. Conradi, D. Dodds, B. Davies, S. Walklin, “10 Gbit/s optical
single sideband system,” Electron. Lett., vol.. 33, no. 11, pp. 971-973, May
1997.

[20] S. Shimotsu, S. Oikawa, T. Saitou, N. Mitsugi, K. Kubodera, T. Kawanishi, M.
Izutsu, “Single side-band modulation performance of a LiNbO; Integrated




Chapter 4 89

modulator consisting of four-phase modulator waveguides, ” [EEE Photon.
Technol. Lett., vol.. 13, no. 4, pp. 364-366, Apr. 2001.

[21] M. Y. Frankel, R. D. Esman, “Optical single-sideband suppressed-carrier
modulator for wide-band signal processing,” J. Lightwave Technol., vol.. 16, no.
5, pp- 859-863, May 1998.

[22] A. Loayssa, C. Lim, A. Nirmalathas, D. Benito, “Design and performance of
the bidirectional optical single-sideband modulator,” J. Lightwave Technol.,
vol.. 21, no. 4, pp. 1071-1082, Apr. 2003.

[23] R. Montgomery, R. DeSalvo, “A novel technique for double sideband
suppressed carrier modulation of optical fields,” /[EEE Photon. Technol. Lett.,
vol.. 7, no. 4, pp. 434-436, Apr. 1995.

[24] K. Oda, N. Takato, H. Toba, K. Nosu, “A wide-band guided-wave periodic
multi/demultiplexer with ring resonator for optical FDM transmission systems,”
J. Lightwave Technol., vol.. 6, no. 6, pp. 1016-1023, June 1988.

[25]R. A. Griffin, D. D. sampson, D. A. Jackson, “Demonstration of data-
transmission using cohereent coreelation to reconstruct a coded pulse
sequence,” IEEE Photon. Technol. Lett., vol.. 4, pp. 513-515, May 1992.

[26] A. Meijerink, C.G.H. Roelozffzen, R. Meijerink, L. Zhuang, D. A. 1. Marpaung,
M.J. Bentum, M. Burla, J. Verpoorte, P. Jorna, A. Hulzinga, and W. van Etten,
“Novel Ring Resonator-Based Integrated Photonic Beamformer for Broadband
Phased Array Receive Antennas-Part I: Design and Performance analysis,”
IEEE Journal of Lightwave Technology, vol.28, no. 1, pp. 3-18, January 2010.

[27] L. Zhuang, C.G.H. Roelozffzen, A. Meijerink, M. Burla, D. A. I. Marpaung, A.
Leinse, M. Hoekman, R. Heideman, and W. van Etten, “Novel Ring Resonator-
Based Integrated Photonic Beamformer for Broadband Phased Array Receive
Antennas-Part II: Experimental prototype analysis,” [EEE Journal of
Lightwave Technology, vol 28, no. 1, pp. 19-31, January 2010.

[28] K. Oda, N. Takato, H. Toba, and K. Nosu, “A wide-band guided-wave periodic
multi/demultiplexer with a ring resonator for optical FDM transmission
system,” J. Lightwave Technol., vol.. 6, no. 6, pp. 1016-1023, June 1988.

[29] C. K. Madsen and J. H. Zhao, Optical Filter Design and Analysis. New Y ork:
Wiley, 1999.




90

Advanced signal processing techniques for beam former systems




Chapter 5 91

Chapter 5

Beam former chip realization

5.1 Introduction

This chapter covers the design and fabrication of a beam former chip, which
includes the optical beam forming network (OBFN), optical sideband filter (OSBF),
and optical carrier reinsertion coupler for coherent optical detection. The chip is
realized in a complementary metal-oxide—semiconductor (CMOS) compatible Low-
pressure Chemical vapor deposition (LPCVD) planar waveguide technology
(TriPleX™ waveguide technology®). First, the design of the elementary building
blocks of the chip are described, namely the design of waveguide, power coupler,
and tuning element. Next, the mask designs of the FLY and SKY beam former chip
are presented. At the end of this chapter, the fabrication processes of the waveguides
and heaters, as well as the implementation of the power coupling between fiber and
chip are summarized.

5.2 Waveguide design

5.2.1 Design requirements
For the beam former chip realization, several waveguide properties are desired:

* Single mode waveguide

Due to the fact that different waveguide modes correspond to different propagation
speeds, an ORR will introduce multiple delays when there are multiple waveguide
modes present. Therefore, the single-waveguide-mode property is required for the
beam former chip to make sure that for a certain chip setting an ORR-based delay
element provides only one delay to the passing signals.

* Low insertion loss

The insertion loss of the chip consists of the coupling losses between fiber and
waveguide, and the waveguide propagation loss, both of which should be as low as
possible in order to maximize the optical power budget of the beam former.

* TriPlex™ waveguide technology is developed and patented by LioniX B.V. The Netherlands.
Address: P. O. Box 456, 7500 AL, Enschede, The Netherlands. Phone: +31(0)53 489 3827, Fax:
+31(0)53 201 1303, E-mail: info@lionixbv.nl
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* Small bend radius

The bend radius of the waveguide should be as small as possible in order to
minimize the required chip size. In the meantime, the bend loss (loss due to
waveguide bending) should be such that it can be regarded as a negligible
contribution to the waveguide propagation loss.

* Large group birefringence

For this beam former application, only transverse electric (TE) polarization is going
to be used in order to avoid that TE and the transverse magnetic (TM) polarizations
may result in different delays. Large group birefringence of the waveguide
guarantees that the undesired coupling from TE to TM polarization, if there is any, is
negligible.

5.2.2 Waveguide characteristics

For the beam former chip, silicon dioxide (silica) (SiO,)/silicon nitride (Si3Ny)
waveguides are used. As the wave-guiding layer, Si;N4 has large refractive index
(n=1.98 at 1550 nm) compared to SiO, (n = 1.46 at 1550 nm), enabling very small
bend radius and hence compact chips [1]. However, Si;N4has a major drawback of
large internal tensile stress, which limits its layer thickness to less than 350 nm. As a
consequence, Si;N, waveguides are usually designed with stripe geometries, which
suffers relatively large PDL due to the poor confinement of TM-polarization.
However, by combining SizN, layers with layers of SiO, which has large
compressive stress, the total stress of the composite layer stack is significantly
reduced. As a result, the thickness of the total stack can be considerably larger than
the critical layer thickness of SizN, alone [2]. This principle can also be used in the
lateral direction, to further reduce the overall stress in the waveguide. This results in
three different kinds of standardized single-mode waveguide geometries which
could be used for the beam former chips, namely non-symmetrical, A-shaped, and
box-shaped geometry (see Figure 5.1). In the latter two, the corresponding
waveguide is formed by a shell of SizN, filled with and encapsulated by SiO,. The
schematics of these waveguide geometries and the corresponding scanning electron
microscope (SEM) image of the realized waveguides are shown in Figure 5.1. The
measured waveguide characteristics for these three different geometries are
published in [3] and [4]. Here, they are given again in Table 5.1.

For the beam former chip, the box shape is preferred because of the fact that it does
not have remaining slab waveguides. This avoids crosstalk between waveguide
channels. Furthermore, since only TE polarization is required in this application and
the coupling from TE to TM polarization should be as low as possible, the
rectangular box shape is used for the waveguide geometry of the beam former chip
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Figure 5.1: Schematics of non-symmetrical, A-shaped, and box-shaped
waveguide geometries (top) and corresponding
SEM image of the realized waveguides (bottom)

Table: 5.1: Measured characteristics of three waveguide geometries at 1550 nm [4]

Non- A-shaped | Box-shaped
symmetricall geometry1 geometry2
Propagation loss in case of the
best waveguide sample (dB/cm) 0.12 0.10 0.06
Insertion loss without spot size
converter (dB) * 8.0 1.4 0.6
. N P
Polarization dependent loss (dB) 0.20 012 038
Group birefringence ~1x10"" «1x107 «1x10”
Minimal bend radius (um)’
@ bend loss 7x107 dB/cm 400 750 500

: chip length 3 cm
%: chip length 6.25 cm
*: here, small core fibers were used (mode field diameter of 3.5 pm)

*: it represents the ratio between the maximum and minimum transmission with
respect to all possible states of polarization.

: the value 7x10~ dB/cm is used here for the measurement in order to guarantee that
the possible fabrication deviation will not make the bend loss exceed 0.01 dB/cm
whose effect is considered to be negligible compared to the average waveguide

propagation loss of 0.1 dB/cm.
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instead of the square box shape, and additionally different nitride layer thicknesses
are used between top/bottom and sidewalls. The cross-section design of this
waveguide and the corresponding SEM image of the realized waveguide are shown
in Figure 5.2. The designed waveguide characteristics are given in Table 5.2.

2 um
]
90 nm
1pm
SisN 40 nm e
SiO 13Na SkU  ¥38, 888 8. Skm

Figure 5.2: Schematics of rectangular box-shaped waveguide geometry for the
beam former chip (left) and corresponding SEM image of the realized

waveguide (right)

Table 5.2: Designed waveguide characteristics for beam former chips
Waveguide mode Single mode (TE)
Propagation loss (dB/cm) <0.1
Fiber—chip coupling loss per facet (dB) ' 5
Bend radius (um) 700
Bend loss (dB/cm) <0.01
Effective index 1.48
Group index 1.51

! Standard polarization maintaining fiber for 1550 nm is used

5.3 Design of FLY and SKY beam former chips

In chip realization, the waveguide geometry shown in Figure 5.2 is used to realize
different systematic modules of the beam former chip (OBFN, OSBF, and optical
carrier reinsertion coupler). In turn, these systematic modules are constructed out of
several common elementary building blocks, such as optical phase shifters (OPS),
power couplers, and feedback loops. The final mask layouts of the FLY and SKY
beam former chips are determined by the designs of these elementary building
blocks.

5.3.1 Design of optical phase shifter

As explained in Chapter 3, optical phase shifters are the basic tuning elements in the
beam former system. For the beam former chip, a thermo-optic tuning mechanism is
used for the tuning elements [5]. It provides a tuning speed in the order of sub-
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millisecond, which is much slower than its electro-optic counterpart [6], however,
for beam former application it is fast enough. Besides, it is simple to implement, and
it introduces very low extra loss in the waveguide. In comparison, the electro-optic
material, such as liquid crystal, introduces higher attenuation [6], and the material
discontinuity between the waveguide cladding and liquid crystal would cause light
mode profile mismatch due to the difference in refractive index. Consequently, extra
loss is introduced. Thermal-optic tuning is performed by means of heaters placed on
top of a section of waveguide as shown in Figure 5.3, which is nothing else than a
piece of metal with certain resistance. On the FLY and SKY beam former chips, the
heaters and leads are made of chromium and gold, respectively. An example of
heater circuitry layout is shown in Figure 5.4 (the arrows represent the flow of the
heat).

Heater (resistor)

cladding

Thermal
oxidation

Si substrate
Heat sink

Figure 5.3: Cross-section of the OPS based on a thermo-optical tuning mechanism

waveguide
heater
lead

Figure 5.4: An example of heater circuitry layout

When a voltage is applied across the length of a heater, the electrical power is
dissipated in the form of heat. This heat will cause a local temperature change,
which consequently changes the effective index of the waveguide N,. The change of
N, over a section of waveguide will introduce an extra phase shift to the propagating
light. It can be proved that this extra phase shift varies linearly with the dissipated
power of the heater [7]. Based on simulation results, the heater with length of 2.2
mm, width of 20 um, and thickness of 69 nm has 800 Q resistance, and when 20 V is
applied to it (0.5 W power dissipation), 2 extra optical phase shift results, and in
the meantime the heater temperature rises to around 100 °C above room
temperature, which remains far from the heater-damaging point (around 250 °C
above room temperature).
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5.3.2 Design of tunable optical power coupler

For the beam former chip tunable 2 X 2 symmetric Mach—Zehnder interferometers
(MZIs) are used as the power couplers of the ORRs, optical combiners in the OBFN,
and the optical carrier reinsertion coupler. As explained in Chapter 2, such an MZI
consists of two 3 dB couplers and an OPS section in-between. In practice directional
couplers (DCs) are used as the 3 dB-couplers, since DC introduces lower loss than
its counterparts such as two-mode and multi-mode interferometers [8] and it is
simply formed by two parallel waveguides which can be easily realized with the
previously mentioned waveguide technology. Several MZI samples with different
DC coupling lengths were measured on the MZI coupling tuning range, and the DC
coupling length of 175 pm results in the largest MZI coupling tuning range
Kmzi = [0,..., 0.97]. Using Eq. (2.12) the corresponding DC coupling coefficient kp¢
can be calculated (assuming the two DCs in the MZI have the same coupling
coefficient) to verify the DC design. Based on the measured MZI coupling tuning
range, the calculated kp for different DC coupling lengths is shown in Figure 5.5.
The DC coupling length of 175 pm is chosen for the beam former chip. Besides, the
designed DC has a waveguide gap of 2.5 pm and a total length (including wave-
splitting sections) of approximately 1 mm. Based on this and the dimensions of the
OPS heater, the corresponding MZI has a total length of approximately 5 mm.
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Figure 5.5: Calculated kp for different DC coupling lengths

5.3.3 Design of ORRs

In order to save chip area, the ORRs are desired to be as small as possible. However,
the size of an ORR is limited by the minimum bend radius of the waveguide (700
um) and the length of the MZI coupler (5 mm). Therefore, when the area-optimized
race-track shape is used for the ORRs, the minimum ORR circumference appears to
be 11.2 mm. Using Eq. (2.3), the corresponding FSR of the ORR turns out to be
13.6 GHz around the wavelength of 1550 nm.
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5.3.4 Design of OSBF's

For the OSBF, two tunable MZI couplers are used in the asymmetric MZI structure
of the entire module. Again using Eq. (2.3), it can be calculated that for 6.7 GHz
FSR of the FLY OSBEF the length difference between the two MZI arms is 28.9 mm
and the circumference of the ORR is 57.8 mm, whereas for 4 GHz FSR of the SKY
OSBEF the length different between two MZI arms is 48.4 mm and the circumference
of the ORR is 96.8 mm.

5.3.5 Design of chip mask layout

When the designs of the elementary building blocks are finished, the next step is the
design of the chip mask layout. In this step the software MaskEngineer” is used. A
geometrical requirement to the optical waveguide layout is that all branches from the
inputs to the OBFN until the output of the OSBF have equal path length and equal
optical losses. Although this is not very critical for correct system operation as the
channel length can be adjusted in the RF path and the optical loss differences can be
compensated by means of the optical combiners as explained in Chapter 3, it does
significantly simplify the chip characterization.

To minimize the cost of manufacturing and maximize the manufacturing yield, the
number of chips per wafer should be as large as possible. Therefore, the footprint of
a chip should be minimized. Another general method used to increase the yield for
such a complicated chip is the step-by-step approach: first the designed elementary
building blocks are fabricated and characterized, and then the obtained empirical
data is used to optimize the entire system design.

The last requirement on the mask design is that the input and output waveguides of
the chip have a standard pitch of 250 um, so that the chips can be pigtailed to
commercially available fiber array units (FAUs). For the designed waveguide,
polarization maintaining fibers (PMFs) are required for the coupling in order to
guarantee the designed TE polarization of light, so that the maximum coupling
efficiency can be achieved.

* FLY beam former chip

A photograph of the fabricated FLY chip and the mask set design are shown in
Figure 5.6 (a) and (b), respectively. The chip size is 66.0 mm X 12.8 mm; five of
these chips can be accommodated on a 10 cm-diameter silicon wafer. Each chip has

> MaskEngineer is a commercial software product of PhoeniX B.V. The Netherlands. Adress: P. O.
Box 545, 7500 AM, Enschede, The Netherlands. Phone: +31(0)53 483 6460, Fax : +31(0)53 433 7415,
E-mail: info@phoenixbv.com
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39 heaters, 8 input waveguides and 10 output waveguides (system output and test
ports), and underneath the lower row of bond pads there are some test structures of
DCs and waveguides.

The optical waveguide layout was optimized for minimum chip footprint and for
minimum optical path length differences and optical loss differences between the
branches. The chip footprint was minimized firstly by flipping the rings of the
ORRs, as shown in close-up in Figure 5.7, and secondly by folding the ring and MZI
branches of the OSBF, as presented in close-up in Figure 5.8. The optical path
length differences and optical loss differences between the branches were minimized
firstly by making the design of the OBFN as symmetrical as possible. Secondly, the
number of straight-to-bend transitions and the total angle of bent parts have been
made equal for all channels in the OBFN and for the two pathways in the OSBF
(both MZI branches and the ring). In the design process, optical crossing should be
avoided as much as possible as they will introduce crosstalk between channels.
Waveguide crossings are therefore only allowed between non-essential waveguides.
The FLY beam former chip contains three of such waveguide crossings, marked
with black circles in Figure 5.8. Additionally, in the center of the OBFN (see Figure
5.7) there are two waveguides that are not essential for the device operation, but
could not be lead to the output waveguide section without crossing essential
waveguides. Therefore, they are terminated by stray light absorbers, which are
formed by a linear taper leading to a very small waveguide width, an 80 degree-
angled waveguide end and a metal disc on top in order to attenuate the light leaking
away. Because this waveguide-end angle is smaller than 90 degrees, the light that is
still present after the stray light absorber will not result in additional interference due
to Fabry-Perot resonances of substrate modes at the chip edges.

* SKY beam former chip

The SKY beam former chip is constructed with the same elementary building blocks
as the FLY beam former chip, and the chip mask set design is also based on the
same method. However, the SKY beam former chip contains 16 channels, 20 ORRs,
and an OSBF with larger dimensions. Therefore, larger chip area is required to
accommodate all those components, which corresponds to the chip size of 85 mm X
25 mm. With this chip size, only three chips can be accommodated on a 10 cm-
diameter silicon wafer. A photo of the fabricated SKY chip and the mask layout of
the chip are shown in Figure 5.9 (a) and (b), respectively. The chip has 16 inputs, 10
outputs (system output and test ports), and 79 heaters. Figure 5.10 indicates the
waveguide layout of the SKY beam former chip.
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5.4 Chip fabrication

5.4.1 Waveguide fabrication

* LPCVD process

The applied waveguide technology uses the low pressure chemical vapor deposition
(LPCVD) process to grow the required waveguide layers [9]. LPCVD is widely used
for deposition of silicon oxide, nitride and poly-silicon layers. It enables relatively
simple deposition of a layer of the required material, and the relatively slow
deposition rate allows for precise control of the layer thickness and material
characteristics. LPCVD processes at sub-atmospheric pressures, which tend to
reduce unwanted gas-phase reactions and improve layer uniformity across the wafer.
The deposition rate of LPCVD is mainly determined by the operation temperature
and material. During the deposition process, fresh resource gas keeps filling in the
reactor tube for the gas depletion by the reaction, however, the induction of fresh
resource gas plays only a subordinate role for deposition rate. LPCVD allows many
wafers to be processed at the same time, which can be arranged side by side in the
gas flow. Therefore, LPCVD has significant advantage in production cost over other
chemical vapor processes (such as plasma enhanced chemical vapor deposition,
usually in short PECVD [10]). Besides, simple and reliable operation, uniform
thickness of the product, and high reproducibility are also advantages of LPCVD.
However, to guarantee a stable deposition process, LPCVD requires an operation
temperature higher than 600 °C.

A schematic drawing of an LPCVD oven is shown in Figure 5.11. The base of the
device is a quartz tube placed in a spiral heater. The operation steps are briefly
described in Table 5.3.

Pressure
sensor 3-zone furnace
/ Wafers
(side view)
— " Pump
H '\%
\
Gas inlet Quartz
Load door tube

Figure 5.11: A schematic drawing of LPCVD oven




104 Beam former chip realization

Table 5.3: LPCVD operation steps

Step Process description
1 Load reactor tube with an array of wafers placed in a quartz holder.
2 Evacuate the air in the tube to the pressure of 0.1 Pa and flush the tube

with pure nitrogen to remove the remaining oxygen.

w

Heat up the tube to 800 °C with temperature stability within +1 °C.

4 Enter resource gas in the tube. (Regularly, the resource gas consists of
reactive gas and gas for dilution, which spread inside the tube and flow
on the surfaces of the heated wafers. The operation pressure range is
from 10 to 1000 Pa.)

The factors that have influence on the thickness, uniformity and film content of the
product are the wafer position, temperature profile in deposition zone, reactor
geometry, deposition time, operation pressure, and the quantity and content of
resource gases or vapors. In practice, all these factors need to be well controlled to
guarantee the quality of the product.

* Fabrication steps

The applied waveguide technology involves one photolithography step only [11],
which results in reduction of cost of fabrication and increase of yield. Although the
details of the fabrication process are proprietary to LioniX B.V., the process is
schematically described and illustrated in Table 5.4 and Figure 5.12, respectively.

5) Lithography

1) Si substrate 8) LPCVD Si;N, deposition (2)

2) Thermal oxidation

|
1,
[k

9) Local removal of Sigh,

6) Dry etching waveguide

3) LPCVD Si,N, deposition (1)

.-
E

10} Top cladding deposition

4) TEQS deposition 7) Remaval of the resist

| -
E

Figure 5.12: Schematics of the chip waveguide fabrication process
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Table 5.4: Schematical description of the chip waveguide fabrication process

Step | Process description

1 Apply P-type, single-side polished, 100 mm diameter Si wafer for substrate.

2 Form 8 pm-thick lower cladding layer by thermal oxidation on Si wafer.

3 Create the Si;N4 bottom of the waveguide outer core with a thickness of 90
nm by LPCVD.

4 Create SiO, layer of 1 um by means of Tetraethyl orthosilicate (TEOS)-to-
SiO, chemical conversion.

5 Perform contact photolithography to obtain image printing of the waveguide
layout on top of the SiO, layer.

6 | Apply the optimized reactive ion etching (dry etching) process to achieve
the Si0O, inner core of the waveguide.

7 The dry etching stops at the lower cladding layer. Then the remaining
photoresist is removed.

8 Create the Si3Ng top and sidewall of the waveguide outer core with
thickness of 90 nm and 40 nm by LPCVD, respectively.

9 Remove the unneeded Si;N, locally to achieve the box-shaped geometry.

10 | Deposit and passivate the top cladding layer, which has the thickness of

> 5um. In this step, a combination of TEOS deposition (1 pm) and
PECVD SiO2 (= 4 um) is used to speed up the process. At the end of the
fabrication process, the whole layer stack is annealed at 1150 °C to reach its
final stable characteristics.

5.4.2 Heater fabrication

After the waveguide fabrication, the heaters of the beam former chip are fabricated
by placing chromium and gold on the chip. The heater fabrication process is
described and illustrated in Table 5.5 and Figure 5.13, respectively.

Table 5.5: Descriptions of the heater fabrication process for the beam former chip.

Step | Process description

1 Coat the chip with a photoresist layer.

2 | Perform lithography according to heater positions.

3 Create a ~70 nm-thick chromium layer by means of sputtering.

4 Remove the remaining photoresist together with the chromium on top of it
by means of the lift-off process.

5 Coat the chip with a photoresist layer again.

6 Perform lithography again with a second mask according to the lead
circuitry layout.

7 Create a 1-2 um-thick gold layer by means of sputtering.

8 | Remove the remaining photoresist by means of the lift-off process.
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Figure 5.13: Illustration of the heater fabrication process for the beam former chip
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5.5 Coupling between fibers and chip

Another important issue for the chip realization is the fiber-chip coupling. High
efficiency, low cost, and good reliability are required for the coupling
implementation. For the beam former chip, the techniques with butt-coupling and
active alignment are used.

Active alignment can be regarded as a close-loop control process, in which the
system parameters such as coupled light power are monitored and fed back to a
controller that adapts the alignment state accordingly [12]. This way, the maximum
power coupling can be achieved. Using active alignment means that there is no need
for processing steps in the chip fabrication such as the making of on-chip alignment-
grooves. This is an advantage for the research on the chip fabrication since the
fabrication process itself is not standard and can be changed. Active alignment is
applicable for simultaneous alignment of multiple fibers. In this case the fiber array
units (FAUs) are required. If the spacing between the fibers matches to the
waveguide facets, the alignment of the two outer fibers suffices for aligning the
entire fiber array. Furthermore, polarization maintaining fibers (PMFs) are required
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due to the polarization-dependency of the waveguide (TE polarization/electrical
field in horizontal direction). A scanning electron microscope (SEM) image of
PMFs on the dedicated V-groove array is shown in Figure 5.14.

Figure 5.14: SEM image of PMFs in a V-groove array for the beam former chip

In our application butt-coupling is more preferable than the other coupling
techniques such as prism-coupling and grating-coupling [13] because of the simple
implementation and good coupling efficiency, and also the fact that the optical chip
can easily be sawn or cleaved and if necessary be polished. After performing the
butt-coupling and active alignment, the FAUs (PMFs) are glued to the beam former
chip, as shown in Figure 5.15 (the chip is placed on top of a copper base, and its
heater bondpads are reached via metal pins). Since there is only a very thin layer of
glue between FAUSs and the chip, the loss caused by the glue can be neglected. A
coupling loss of 5 dB/facet is observed from measurements, which matches the
designed value shown in Table 5.2. This large coupling loss is caused by the
mismatch in mode field diameter (MFD): the PMF has a modal profile with an MFD
of approximately 10 microns, and the fabricated waveguide has an MFD of
approximately 3 microns. However, this coupling loss can be significantly lowered
by tapering the nitride layers in the waveguide and in that way increasing the modal
profile. Then, the corresponding coupling loss is expected to be in the order of 0.5
dB/facet. Although this process is currently being fine tuned at LioniX (with very
promising results), the aim of this beam former chip realization is to practically
verify the beam former concepts explained in the previous chapters instead of
pursuing the best chip performances. Therefore, the waveguide tapering is skipped
in the current waveguide fabrication process to avoid possible yield issues. An even
better solution for future implementation would be to completely avoid fiber
pigtailing and directly integrate the light sources via another packaging technology
such as flip chipping of Vertical-Cavity Surface-Emitting Laser (VCSELS) [14],
[15].
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region

; pin holder

Figure 5.15: Picture of the FAUSs pigtailed to the beam former chip

5.6 Conclusion

The beam former chip includes OBFN, OSBF, and the optical carrier reinsertion
coupler. The applied waveguide technology allows propagation loss less than 0.1
dB/cm and minimum bend radius of 700 pm for bend loss up to 7x10~ dB/cm,
which benefits the chip quality and compactness. Since the waveguide fabrication is
based on LPCVD process and requires only one photolithography step, low
fabrication cost and simple implementation are achieved. Thermo-optical tuning
mechanism is chosen for the beam former chip, which provides sufficient tuning
speed, introduces very low extra loss in the waveguide, and brings no
implementation difficulty. Chromium and gold are used for the heaters and leads,
respectively. Active alignment and butt-coupling technique are used for the coupling
between the chip and fibers, which are easy to implement, independent of
waveguide fabrication process, and reliable for achieving maximum power transfer.
Moreover, glue is used for the pigtailing of PMF FAUs to the beam former chips,
which is characterized by good stability and negligible loss.
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Chapter 6

Control system for the beam former chip

6.1 Introduction

As described in the previous chapter, the beam former chip is controlled thermal-
optically, and the chip tuning is performed by means of resistor-based heaters.
Therefore, a dedicated heater controller is required for the tuning purpose. In
addition to that, a chip temperature control setup is also needed in the system to
prevent the deviation of tuning parameters caused by the temperature change of the
chip. Beside the hardware for the control system, an automatic tuning algorithm is
required to translate the desired beam angle of the antenna into the voltages supplied
to the heaters. In this chapter, the control system for the beam former chip is
described.

6.2 Heater controller

6.2.1 Design requirements

The heater controller is supposed to supply voltages to all the heaters on the chip at
the same time. Therefore, the heater controller must have as many voltage outputs as
the heaters, namely 38 outputs for the FLY chip and 79 outputs for the SKY chip (as
shown in Chapter 5). To achieve the complete tuning ability of the chip, the
maximum output voltage of the heater controller must guarantee that the heaters
(optical phase shifters) in the chip can generate additional optical phase shifts in the
full tuning range [0, ..., 2] as explained in Chapter 3. In Chapter 5 it is mentioned
that the heaters are designed to generate 2m additional optical phase shift at 20 V.
However, the properties of the fabricated heaters may have small deviations from
the designed values. Therefore, the maximum output voltage of the heater controller
is set to be 30 V to guarantee that all the heaters can reach their full tuning range. It
is explained in Chapter 3 that the beam angle can be expressed as a function of the
voltages on the heaters. Therefore, the minimum voltage tuning step of the heater
controller determines the minimum beam steering step. Based on Example 3.9 and
the antenna specifications described in Chapter 4, it can be deduced that when the
minimum voltage tuning step of the heater controller is 10 mV, the required
minimum beam steering step of lower than 1 degree can be achieved for both FLY
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and SKY antennas. Furthermore, to reduce the chance of over-current damage in the
ground line of the heater circuitry, the heater controller should operate in such a way
that half of the heaters are supplied with positive voltages and the other half negative
voltages. It is preferred that the heater controller is able to operate both
independently and together with a PC. Therefore, a microcontroller is needed for the
heater controller, which is able to calculate the heater voltages according to the
desired beam angle of the PAA and communicate with a PC. Besides, data store-
recall ability is also required for the heater controller to save and load fixed heater
voltage settings. Table 6.1 gives an overview of the design requirements of the
heater controller.

Table 6.1: Heater controller design requirements

No. of outputs 38 outputs for the FLY chip; 79 outputs for SKY chip.

Maximum output voltage | 30 V

Maximum current 37.5 mA (for the designed heater resistance of 800 (1)

Maximum power 1.1 W (for the designed heater resistance of 800 Q)

Output voltage precision | 10 mV

Output voltage sign 50% outputs supply positive voltages and the other
50% negative

Operation mode Mode 1: Self-calculation; Mode 2: PC-calculation

6.2.2 Configuration of the designed heater controller

According to the design requirements described in the last section, a dedicated
heater controller was made, the configuration of which is shown in Figure 6.1. The
essential components used in this configuration are listed in Table 6.2.

DAC PCB

e

LCD FRAM

Microcontroller

SPI

SR

ARM7 [ SPI

_, L DAC PCB

UART —= | Flash

Tl ToPC

e

Figure 6.1: System configuration of the heater controller
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Table 6.2: Essential components of the heater controller

Components Descriptions

Microcontroller NXP LPC2138 with 60 MHz ARM?7 core, and
512 kB on-chip Flash memory.

Digital-analog converter (DAC) 32-channel, 14-bit DAC with output range

[0,...,5V].

Operational amplifier (OA) Boost factor 6; 50% OAs for positive voltage
and the other 50% negative

Serial peripheral interface (SPI) Allowing data communication between one
microcontroller, multiple DACs, and storage
memory.

Ferroelectrical random access | Storing and recalling heater tuning settings
memory (FRAM)

6.3 Heater voltage calculation

To obtain the correct heater voltages for the desired beam angle of the PAA, the
calculation steps listed in Table 6.3 must be conducted. The first step is to calculate
the optical parameters (k's and ¢'s) of the beam former chip. In this step, the optical
parameters are found by optimizing the generated delay responses of the ORR-based
OBFN with respect to the desired delay responses derived from the beam angle 6
[1], [2]. The desired and generated delay responses can be calculated using the PAA
and ORR principles explained in Chapter 1 and 2. The formulas for the optimization
process are given in Appendix A. In the second step, the k's and ¢'s are translated
into the phase shifts of the tuning elements/optical phase shifters (OPSs) explained
in Chapter 3. Based on the required phase shifts the corresponding heater voltages
can be calculated using the heater principle explained in Chapter 5. However, these
calculated heater voltages cannot directly be used. This is because thermal or
electrical crosstalk may exist between the heaters due to the possible heat flow in the
chip or the imperfection of the heater circuit. Therefore, in Step 3 a dedicated
algorithm is used to adjust the heater voltages such that the crosstalk effect can be
compensated. This algorithm is given in Appendix B. Furthermore, it is explained in
Chapter 4 that the optical phase synchronization is required between the OBFN
channels so that the signals of different channels can be combined coherently to
achieve the maximum signal output power. Therefore, a dedicated OPS is used in
each OBFN channel as the phase synchronizer. However, the optical phases are very
sensitive to mechanical disturbances and ambient temperature changes, and
therefore may fluctuate undesirably. To deal with this phase fluctuation, a feedback
mechanism is used in Step 4 of the calculation process to adapt the corresponding
OPSs continuously such that the optical phase fluctuation is corrected and the OBFN
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output power is optimized. The Genetic algorithm and Hill Climbing algorithm are
used in this optimization process [3]. A block diagram showing these calculation
steps is given in Figure 6.2.

Table 6.3: Heater voltage calculation steps

Step 1 Calculate the optical parameters (k's and ¢'s) of the beam former chip
according to the desired beam angle of the PAA.

Step 2 Translate the optical parameters into heater voltages according to the
principle of the optical tuning element.

Step 3 Adjust the heater voltages to compensate the crosstalk between the
heaters.

Step 4 Continuously adapt the heater voltages with a feedback mechanism to
overcome the fluctuation of the optical parameters.

Beam angle 6
, crosstalk
calculation .
compensation
) . heater voltage
i'sand @'s voltages modification output
translation

optimization process
Figure 6.2: Block diagram of heater voltage calculation steps

6.4 Chip temperature stabilization

When the voltages are supplied to the heaters, the heat generated by the heaters may
cause chip temperature change, which introduces optical phase fluctuation and
consequently deviates the optical parameters of the chip. Therefore, a dedicated
setup is needed under the chip to stabilize the chip temperature. A schematic of this
setup is shown in Figure 6.4. A heat conducting base is placed under the chip with
direct contact to the chip bottom side. Peltier elements and a negative temperature
coefficient (NTC) resistor are placed under and inside the heat conducting base,
respectively, and are connected to a temperature controller. This way, a close loop is
formed as shown in Figure 6.4. Furthermore, the Peltier elements are placed on top
of a cooling platform which works as the heat sink of the entire setup. The
temperature controller receives the temperature feedback from the NTC resistor, and
then adjusts the Peltier elements such that the chip temperature keeps stable. When
using the heat conducting base with relatively large heat capacity, the chip
temperature change is much less sensitive to the heat dissipated by the heaters, and
so is the optical phase fluctuation. The relation between the optical phase fluctuation
A and chip temperature change AT is given by:
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— dne do — a2
Ap = dar  dn, AT =

:'LR AT (6.1)

where a = dn,/dT is the sensitivity of the effective index to the chip temperature;
dp/dn, =2m- Lg/A is the sensitivity of the optical phase shift to the effective
index; Lg is the roundtrip length of the ORR and A is the wavelength. For the fixed
value of total power dissipation, the larger the volume of the heat conducting base is,
the smaller the chip temperature fluctuation is, and there the smaller the optical
phase fluctuation is. Furthermore, the operation power limit of the Peltier elements
must be larger than the maximum total power dissipation of the heaters, in order to
guarantee the temperature stabilization. Based on the heater design mentioned in
Chapter 5, the maximum power dissipation per heater is 0.5 W. Therefore, the
operation power limit of the Peltier elements can be chosen to be 20 W for the FLY
chip (38 heaters), and 40 W for the SKY chip (79 heaters).

connection to heat controller

Mchip

NTC resistor
heat flow copper substrate |:'— -

Temperature
controller

I Peltier element

[ E—
Water cooling to

drain heat from

Peltier element

Figure 6.4: Schematic of the chip temperature stabilizing system

6.5 Conclusions

The beam former chip using thermal tuning mechanism requires a heater controller
to perform the tuning process. The heat generated by the heaters may change the
chip temperature and consequently cause optical parameter fluctuations. To solve
this problem, a dedicated chip temperature stabilization setup is used, which consists
of a heat conducting base, Peltier elements, a temperature controller, an NTC
resistor and a heat sink. Then, when the operation power limit of the Peltier elements
are larger than the maximum power dissipation of the heaters on the chip, the
temperature of the chip can be kept stable.
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Chapter 7

Chip characterization

7.1 Introduction

Two photonic beam former demonstrators using the realized FLY and SKY beam
former chips as the core of the system were constructed at National Aerospace
Laboratory (NLR) and Netherlands Institute for Radio Astronomy (Astron),
respectively. The demonstrators are based on the practical architecture described in
Chapter 4. The purpose of these demonstrators is to verify the concepts described in
the previous chapters. Therefore, the corresponding measurements on the
demonstrators were performed. This chapter starts with the measurements on the
elementary building blocks of the beam former chip. In this part the setup and steps
for the chip measurement are first described, and then the measurement results on
different components of the FLY and SKY chips, from the elementary building
blocks to the system modules, are shown. Next, RF-to-RF measurements on the
FLY beam former chip are presented. In this section, the desired functionalities of
the photonic beam former system, such as optical sideband suppression, RF-to-RF
delay generation, signal coherent combining between different beam former
channels, and optical carrier reinsertion, are demonstrated. Finally, an experiment of
antenna beam steering using the FLY photonic beam former demonstrator is
presented at the end of this chapter.

7.2 Characterization of beam former chip

In this section the measurement setup and the characterization of the beam former
chip are described. The chip characterization includes the measurement of the
optical loss and the characterization on the components of the chip, such as the
measurements of the extinction ratio of the Mach-Zehnder Interferometer (MZI)
coupler, the group delay spectrum of the optical beam forming network (OBFN),
and the power transfer function of the optical sideband filter (OSBF).

7.2.1 Measurement setup

For the characterization of the beam former chip, the frequency response
measurement (power and group delay response) is an essential task. To perform this,
a network analyzer (NA) is needed, which provides a single RF frequency signal to
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the system under test, and then obtain the response by comparing the corresponding
output of the system to the input in both magnitude and phase. In our case the
system under test not only includes the beam former chip but also an optical
modulator and an optical detector for the E/O and O/E conversion as explained in
Chapter 4. In order to obtain the frequency response of the beam former chip, one
has first to calibrate the system to the state when the optical modulator and optical
detector are directly connected to each other without the chip between them. Then,
when the chip is added in the setup, its frequency response can be measured directly.

To obtain the frequency response of a certain part of the chip over the frequency
range of interest, one way is to sweep the frequency of the NA signal over that
frequency range. However, in this case the measurement frequency range is limited
by the overlapping frequency range of the network analyzer, Mach-Zehnder
modulator (MZM), and optical detector. In our setup, this overlapping frequency
range is limited by the optical detector which works up to 12 GHz. More
importantly, for this frequency sweeping approach, optical single sideband (SSB)
modulation is required. Otherwise, for optical double sideband (DSB) modulation
two sides of the modulated optical signal will experience the chip response at two
different frequency positions, respectively, then after optical detection the resulted
signal has the contributions from both frequencies, and therefore does not reflect the
correct response of the chip. In comparison, optical SSB modulation results in only
one sideband, which will experience the chip response at one frequency. However,
as explained in Chapter 4, the implementation of optical SSB signal will increase the
complexity of the measurement setup.

To achieve a measurement frequency range larger than the maximum frequency
range of the measurement system (for example a measurement frequency range as
large as the 14 GHz FSR of the beam former chip) and in the meantime to achieve a
lower complexity of the measurement setup, the wavelength-sweeping approach can
be used instead of the single frequency-sweeping approach. In this case, the signal
from the NA is fixed at a certain frequency, and different frequency positions in the
required frequency range for the measurement are obtained by changing the
wavelength of the optical carrier. When the frequency of the NA signal is much
lower (for example 100 times lower) than the frequency range of interest in order to
achieve good measurement resolution, optical DSB modulation can be applied to
simplify the measurement setup because it requires only an MZM as explained in
Chapter 4. Owing to the use of low frequency NA signal (for example, a 50 MHz
NA signal can be used for 6.7 GHz measurement bandwidth which is the FSR of the
OSBEF), the required operation speed of the optical modulator and optical detector is
significantly reduced, since there is no longer the need to match the bandwidth of
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those devices to the required measurement bandwidth. Figure 7.1 shows the setup
for chip measurement, which is based on the wavelength-sweeping approach.

network analyzer

RF out RF in
EM 4 : A
laser *50 MHz > * -
Mzl optical EDFA  optical
§Z PMF —— PMF | chip | zq/59 detector
A N/ power
t[current A coupler I meter

1 .
control heater optical
< {pc] _ _ _glectrical
controller electrica

Figure 7.1: Measurement setup for beam former chip characterization.

Based on this setup, the RF amplitude and phase responses of the signal channels in
the chip can directly be measured, and the group delay response can be obtained by
means of the phase-shift method [3]. In the phase-shift method, an RF signal with a
certain frequency fgrg is applied to the input of the system under test; then the
network analyzer measures the phase shift A¢gp of the RF signal between the output
and the input of the system. In order to avoid RF phase ambiguity, the frequency frg
is chosen such that A¢rr < 27 results. Based on the phase shift A¢prr and the
frequency frg, the corresponding group delay 7, can be obtained by means of
calculation. The corresponding formula for this calculation is given by

A
- PRF
9 2nfrr

(7.1)

Based on Eq. (7.1), the sensitivity of the group delay to the phase shift can be
derived, which is given by
_ d‘rg _ 1
T9 T dAgrr  27fRr

(7.2)

It can be seen that the sensitivity increases when frg decreases. This implies that
lower frg will lead to larger noise in the measured delay value for the same level of
the phase noise in the measurement system. Therefore, when choosing frp for the
measurement system, Eq. (7.2) should also be taken into account in order to
guarantee the measurement accuracy.

In this measurement setup, the optical carrier is generated by an EM4 high-power
14-pin distributed feedback laser: EM253-080-057 with 80 mW maximum output
power. The operation wavelength of the laser is in the region around 1550 nm, and
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the linewidth of the laser Av is 1 MHz. According to [1], [2], the coherence time of
the laser 7. can be calculated by

To=— (7.3)

In our case 7, = 0.32 X 107 s. Multiplying 7, by the speed of light ¢, produces the
coherence length L, = 7. - ¢y ® 100 m, which is by far longer than the maximum
optical path length difference of the beam former system, and hence satisfies the
requirement on the laser source as explained in Chapter 4. To achieve wavelength
tunability of the laser, the method of changing the injection current is used. An
Avanex PowerLog FA-20 MZM is used to modulate the optical carrier, which has
an operation bandwidth of 20 GHz. The modulating signal is a 50 MHz single
frequency signal generated by an Agilent N5230A PNA-L network analyzer. This
frequency is chosen to achieve both the measurement accuracy and easiness as
explained in the beginning of this section. Because of the polarization dependency of
the waveguide of the chip (explained in Chapter 5), PMF connections are used
between the laser output, modulator, and chip input, so that the chip is characterized
with the required transverse-electric-polarized light whose polarization lies in the X-
axis direction of the waveguide cross-section. As explained in Chapter 5, different
parts of the chip can be measured separately by accessing the corresponding input
and output ports of the chip. The heater controller is connected to the chip for the
tuning operation. At the output of the beam former chip, a 2 X 2 3-dB optical fiber
coupler is used to split the output signal into two paths. One fiber output is
connected to a Hewlett Packard E§153A optical power meter, and the other is used
for RF detection. The RF signal is detected using a 12 GHz-bandwidth Emcore
2860E optical detector with a build-in transimpedance amplifier, and led to the
network analyzer for measurement. If the optical signal is too low for detection due
to the losses in the chip and the other parts of the optical path (details of optical
losses in the beam former chip will be further explained in Section 7.2.7), an
erbium-doped fiber amplifier (EDFA) can be used to boost the optical power.

7.2.2 Measurement steps

The performance of the beam former chip depends on the correct functioning of its
building blocks. When a building block is malfunctioning, the total device will not
work either. Therefore, several test chips with the separate building blocks for
different parameters were fabricated in the same waveguide technology before the
design and fabrication of the beam former chip, so that those building blocks could
be individually characterized and the measurement results have been used to
optimize the beam former chip. The measurement steps to characterize a chip are
listed in Table 7.1.
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Table 7.1: Chip characterization steps

Step | Task Descriptions

1 Check the functionality | Test if the components provide the required
of the components in the | functionality as their datasheets describe and if
measurement setup. they have sufficient stability to guarantee

accurate measurements.

2 Check the quality of the | First, measure the output power or spectrum of a
in- and out-couple fibers | single-fiber link. Then, measure the output
(in case of unpigtailed | power or spectrum of the link formed by the in-
test chips). couple fiber to out-couple fiber, where the

centers of two cleaved fibers are aligned and
brought into contact. The fibers must be re-
cleaved when there is a large difference (> 0.2
dB) with respect to the first measurement.

3 Measurement of the chip | The chip insertion loss consists of the
insertion loss. propagation loss of the waveguide and the

coupling losses between fibers and chip.

4 Measurement of the | First check the spectrum of the coupler output.
extinction ratio of the | Then, the maximum and minimum bar-port
bar-port and cross-port | output power of an MZI coupler can be reached
of tunable MZI couplers | by changing the phase difference between the

two MZI arms. The cross-port is complementary
to the bar-port.

5 Measurements of the | The group delay responses of the OBFN
group delay of the | channels can be obtained by means of the phase-
ORRs. shift method.

6 Measurement of the | The power transfer of the OSBF can be obtained
power transfer of the | by performing wavelength step measurement
OSBF. with optical power meter [1].

7.2.3 Measurement of the insertion loss of the chip

The insertion loss is an important criterion for the performance of the chip, the value
of it determines the usability of the realized chip. To measure the insertion loss
accurately, all the MZI couplers in the measured waveguide channel should be tuned
such that the loss is minimized. This means the bar-port connections are required for
the MZI couplers. This is because when a tunable MZI coupler has two DCs with
equal coupling coefficient, the MZI can be tuned to have 100% power transmission
via bar-port connection as explained in Section 2.3.2. For instance, the measurement
on the FLY beam former chip (the
Chapter 4) shows the minimum insertion loss of approximately 12 dB, which is
based on a channel including only one MZI coupler (in bar state) in its path. In this
case the light is coupled into the top channel of the OBFN which has no ORR as

design of which is described in
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shown in Figure 5.1, and then after the first MZI coupler, the light is coupled out of
the chip via the MZI bar-port output. The chip insertion loss has the contributions of
two times the coupling loss between fiber and chip (fiber-chip and chip-fiber
coupling loss), and propagation loss in the waveguide. In principle the values of
these two kinds of losses can be obtained by measuring the output power of different
lengths of the waveguide (cutback method). This must be a straight line in a
logarithmic graph where the slope gives the waveguide propagation loss in dB/cm.
When this straight line is normalized to the output power of the fiber-to-fiber
measurement, the extrapolated value at zero waveguide length gives the total losses
of fiber-chip and chip-fiber couplings. For the beam former chip, the values of fiber-
chip coupling loss and waveguide channel loss can also be calculated from the loss-
delay relation of a ring resonator. This calculation will be further described in
Section 7.2.7.

7.2.4 Characterization of the MZI coupler

Since the tuning range of the MZI couplers determines the tuning range of power
coupling coefficient k¥ of the ORRs, measurements were carried out on a test
waveguide where a tunable MZI coupler was connected via its bar ports (as
explained in Chapter 2, the tuning range of k of the ORRs can be calculated from
the bar-port power extinction ratio of the MZI). Although not shown here, the
spectrum of the MZI coupler output appears to be approximately constant over the
14 GHz measurement bandwidth. This is because the DCs that constitute the MZI
couplers can be regarded as frequency-independent devices when the frequency
range is in the order of tens of gigahertz. The measured bar-port power extinction
ratio of the MZI coupler n in dB is approximately 13 dB, corresponding to a
minimum power transmission of 0.06. This means that the tuning range of the power
coupling coefficient k of the ORRs (tuning range of the cross-port power
transmission of the MZI couplers) would be from 0 to 0.94 (= 1 — 0.06). Based on
Eq. (2.16), one can find out the power coupling coefficient of the DC kp from the
measured value of 7 (in dB). The corresponding equation is given below

kpe(m) = 2 (1 + 10%0) (7.4)

In our case kpc = 0.38 or 0.62. This is because the DC with coupling coefficient of
Kpc or 1 — kpc results in the same value of n as can be seen in Section 2.3.2.
Moreover, 1 also indicates the capability of the optical combiners in the chip to
compensate the power difference between its two input ports. In this case the optical
combiners are capable to compensate power difference up to approximately 13 dB.
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7.2.5 Characterization of the ORR-based OBFN

As explained in Chapter 3, the most important function of the OBFN is to
synchronize the signals from different AEs by providing proper delays. For the
verification of the OBFN delay generation, several test ORRs and OBFNs were
realized before the fabrication of the final beam former chip. Those test chips were
fabricated using the same waveguide technology and with the same ORR
dimensions as the final beam former chip, in order to make sure that the measured
ORR performances are repeatable in the final beam former chip.

First, several group delay measurements were performed on one, two, and three
cascaded ORRs. The results are shown in Figure 7.2, 7.3, and 7.4, respectively,
which demonstrate the tunability of the ORR-based delay elements and the inherent
trade-off between the peak delay, bandwidth, and delay ripples. In the case of three
cascaded ORRs, flattened group delay responses were achieved with a maximum
delay value of approximately 1.3 ns (which corresponds to 39 c¢cm physical distance
in air) for a bandwidth of 0.6 GHz and a maximum delay ripple of approximately 50
ps (1.5 cm physical distance in air). The group delay measurements shown in Figure
7.5 demonstrate the “squeezing” method for delay ripple reduction, which is
explained in Chapter 2. It is shown that the delay ripples can be reduced at the cost
of bandwidth. Figure 7.6 shows a group delay response of the three cascaded ORRs
and the corresponding power transfer. It can be seen that the power transfer
expressed in dB varies in the same manner as the group delay response, which
verifies the loss-delay relation described in Chapter 2: the delay is generated by the
structural enhancement of the delay path length in the ORR, and the loss due to the
waveguide attenuation is proportional to this delay path length.
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Figure 7.2: Measured group delay responses of one ORR for different values of k4
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Figure 7.3: Measured group delay responses of two cascaded ORRs for different
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Figure 7.4: Different delay values measured on three cascaded ORRs
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After the measurements on separate ORR-based delay elements, several
measurements were performed on an OBFN test chip. The chip contains an 1 X 8
asymmetrical binary-tree structured OBFN (which can also be used as 8 X 1 OBFN
due to device reciprocity). The OBFN is designed with linearly increasing number of
ORRs in each stage, which guarantees that the OBFN channels are able to provide
linearly increasing delay values for linear PAA applications. The architecture of the
OBFN and the corresponding waveguide layout of the chip are shown in Figure 7.7
(a) and (b), respectively.
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Figure 7.7: (a) Architecture of the 1 X 8 OBFN; (b) the corresponding waveguide
layout of the test chip.

Figure 7.8 demonstrates that group delay response at output 8 for the channel with
three ORRs (ORR 9, 10, and 12) is the sum of the group delay responses of two
individual delay sections: two cascaded ORRs (ORR 9 and 10) and ORR 12. The
delay section with two cascaded ORRs was separately measured by using the lower
input of coupler 17 and out 7; ORR 12 was accessed from the lower input of coupler
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19. Note that, due to the measurement approach, the measured group delay response
of each individual delay section contains not only the contributions of ORRs but also
the contribution of a certain length of straight waveguide lying between the input and
output of the measured channel. Therefore, in Figure 7.8 the peak delay of three
ORREs is slightly lower than the sum of the peak delays of the two individual delay
sections. To verify the accuracy of the delay measurements on the OBFN channels, a
delay setting for three outputs of the OBFN (out 2, 3, and 4) were created, and then
the measured group delay responses at the three outputs were compared with the
corresponding simulation results, which are shown in Figure 7.9. The comparison
shows a good agreement between the measured and simulated group delay values.
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Figure 7.8: Measured OBFN channel group delay responses at output 4 and the
two individual delay sections in the corresponding delay path
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Figure 7.9: Comparison between measured and simulated group delay responses
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Furthermore, a delay setting for the complete OBFN was made by properly tuning the
ORRs in each delay section in order to demonstrate the desired OBFN functionality.
The achieved delay setting is shown in Figure 7.10, which provides linearly
increasing delays for out 1 to out 8 at the same time. The achieved delay responses of
8 channels cover a common delay band. Out 1 is connected to the OBFN channel
without ORR, and is considered here as the zero-delay reference.

This delay setting corresponds to the application of an 8-element linear PAA. The
result also shows that a delay value of around 1.2 ns (36 cm physical distance in air)
can be achieved with 7 cascaded ORRs for a bandwidth of 2.5 GHz and the
maximum delay ripple of approximately 0.1 ns (3 cm physical distance in air).
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Figure 7.10: A delay setting of the 1 X 8 OBFN in the test chip

7.2.6 Characterization of the OSBF

With the same approach as for the OBFN, an OSBF test chip was fabricated before
the final design of the beam former chip. For practical reasons, the test OSBF was
designed with a smaller ORR and a corresponding shorter path length difference
between the MZI arms than the required ones for FLY and SKY beam former chip
(see Chapter 4). Thus, a larger FSR of 40 GHz resulted. Figure 7.11 shows both the
measured and simulated OSBF power transfer, and the measurement shows good
agreement with the simulation. The measurement proves that this type of filter (MZI
+ ORR) is able to provide a flat passband and 25 dB stopband suppression for the
bandwidth characteristics: -3 dB passband accounts for approximately 50% of the
FSR, transition band 7.5%, and stopband 35% at -25 dB.
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Figure 7.11: Measured and simulated OBFN power transfer
(according to 0.5 dB/cm waveguide loss)

7.2.7 Characterization of the FLY beam former chip

* OBFN

As described in Chapter 4, the FLY beam former chip is designed for an §-element
linear PAA. Therefore, the OBFN is required to provide linearly increasing delays
on channel 1 to channel 8 (see Figure 4.14). In order to create proper OBFN delay
settings for the beam forming purpose, every channel was first tuned to its minimum
delay. Next, the achieved minimum delay was regarded as the zero delay reference
of the corresponding channel. As explained in Chapter 3, the common zero-delay
plane for the OBFN channels can be achieved by using additional fixed delay offsets
in the RF or optical paths. The corresponding delay setting (zero delay for all
channels) was regarded as the minimum delay setting. Based on the minimum delay
setting, another two delay settings were created, which are shown in Figure 7.12 (a)
and (b). These two delay settings provide linearly increasing delays over the optical
bandwidth of 1 GHz, which correspond to two different beam angles for the antenna.
The delay steps between two neighboring channels for the two settings are
approximately 20 ps and 40 ps, respectively, which correspond to physical distances
of 0.6 cm and 1.2 cm between two neighboring AEs.
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Figure 7.12: Two delay settings of the FLY OBFN with delay step size of
(a) 20 ps and (b) 40 ps between the neighboring channels.

As described in Chapter 4, the FLY antenna has an AE spacing of approximately
1.2 cm. if one of these settings is used for the 0 degree beam angle (broadside), the
other setting would steer the beam by approximately 30 degree. Note that the
achieved bandwidth in the second delay setting in Figure 7.12 is smaller than the
designed 1.2 GHz. This is because the achieved tuning range for k of the ORRs is
not the desired [0, 1] but a smaller range [0, 0.94] as mentioned in Section 7.2.2,
which resulted in a 40 ps increase in the minimum delay of the ORR-based delay
elements. Hence, the ORRs needed to provide higher maximum delays than in
theory to achieve a desired delay tuning range, which eventually resulted in the
smaller delay bandwidths.

* OSBF

As described in Section 4.11, the OSBF of the FLY beam former is designed for a
FSR of 6.7 GHz. The measured OSBF power transfer is presented in Figure 7.13.
The passband, transition band, and stopband have widths of approximately 3 GHz, 1
GHz, and 1.7 GHz, respectively, and the stopband suppression is 25 dB, as desired.
However, the measured width of the stopband is slightly smaller than the theoretical
width (30% FSR = 2 GHz). This is because the achieved filter parameters have
slight deviations from the simulated values. As explained in Section 4.11, the FSR
of the ORR should be half of that of the asymmetrical MZI, and correspondingly the
roundtrip length of the ORR should be twice the length difference between the two
MZI arms. However, in the fabricated chip the ORR and the asymmetrical MZI of
the OSBF can have small optical path length deviations. This optical path length
deviation can be established from the period of the additional modulation on the
OSBF power transfer. The measured OSBF power transfer over 4 nm wavelength
range is shown in Figure 7.14 (a), which appears to be periodically modulated. The
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period is about 125 GHz, which is roughly 20 times as large as the designed FSR of
6.7 GHz. Using the theory described in Section 4.11, one can conclude that there is
an optical path length deviation of the ORR or of the MZI, which is about 5% (1/20)
of the designed unit delay length of the OSBF (length difference between two MZI
arms). Furthermore, the close-up version of the OSBF power transfer in Figure 7.14
(b) shows that the distance between two neighboring dips (resonances of the ORR)
is less than the designed FSR of 6.7 GHz, which means that the roundtrip length of
the ORR Lg = co/ng - Afgsg is longer than the designed value, according to Eq.
(2.9). This is probably because the bends of the ORR cause a small deviation in n.
As a consequence, the width of the stopband of the OSBF had to be slightly
decreased for the desired 25 dB suppression. However, this is not a problem for the
system functionality, as the required bandwidth is only 1.2 GHz.
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Figure 7.13: Optimized OSBF power response of FLY chip
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Figure 7.14: (a) OSBF power transfer; (b) close-up version of the OSBF
power transfer.
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e Optical losses in the chip

As mentioned in Section 7.2.1, the waveguide loss of the beam former chip can be
estimated by means of the cutback method. However, this method requires
destructive measurement on the chip: the waveguide length is adjusted each time by
cutting part of the chip off. Alternatively, a non-destructive way to estimate
waveguide loss is to use the relation between delay and loss of ORR (which has
been explained in Chapter 2). According to this relation, the waveguide loss Py, .y,
of the beam former chip can be estimated by

P = - e 2
where Py ch and 7 ¢, are the measured optical power in dB and group delay at the
output of an OBFN channel, respectively. Figure 7.15 shows the measurement
results of Poy¢ o and 74 cpof an OBFN channel with one ORR in its path. Based on
this measurement, the waveguide loss is estimated to be approximately 0.6 dB/cm.
Then, by subtracting the total waveguide loss 0.6 dB/cm X 7 cm = 4.2 dB from the
measured minimum insertion loss of 12 dB, the total coupling loss is estimated to be

roughly 8 dB (4 dB coupling loss per facet).
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Figure 7.14: Measured optical power and group delay at the output of an
OBFN channel

Furthermore, the relation between delay and loss also implies that the maximum
insertion loss of the chip occurs when the delay elements in the OBFN channel are
tuned to their maximum delay setting. For example, if input 8 of the OBFN is tuned
to a total maximum delay of 560 ps (which corresponds to roughly 11 cm distance in
the chip), the total additional loss contributed by the ORRs is roughly 7 dB. This
was verified by measurements. Due to the propagation loss in the waveguide, the
passband loss of the OSBF is roughly equal to 2 dB as shown in Figure 7.13.
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Therefore, the total optical loss (loss from both OBFN and OSBF) in different
channels of the chip, excluding intrinsic splitting and combining losses, can vary
from roughly 14 to 21 dB.

To overcome this optical loss, an EDFA was used after the chip output, which
boosts the optical power by 20 dB. However, this would certainly not be desirable in
a final photonic beam former product, because of the associated additional costs, and
also because of the additional noise that would be introduced. However, recent
improvement in the waveguide technology has resulted in chips for different
purposes with waveguide loss well below 0.1 dB/cm [4], [5], and by effectively
tapering the waveguides, the fiber-chip coupling losses to well below 1 dB per facet
[5]. Therefore, in the future the beam former chip will have better performance with
respect to optical losses. An even better solution is to completely avoid fiber
pigtailing and directly integrate light sources and detectors via an integration
technology such as flip-chip technology.

Moreover, the optical combiners in this chip are good enough to compensate the loss
differences between the combining branches, since for the maximum delay setting,
the resulted maximum loss difference between combining branches in this chip is
roughly 4 dB (which may occur at the last optical combiner before the OBFN
output, shown in Figure 4.14), and the optical combiners are capable to compensate
power differences up to approximately 13 dB as described in Section 7.2.4.

7.2.8 Characterization of the SKY beam former chip

* OBFN

Using the same principle as for the FLY chip, first a minimum delay setting was
made for the SKY OBFN, and the minimum delay in each channel was regarded as
the zero delay reference of that channel. When a common zero-delay plane is
achieved for all the channels (the differences between those minimum delays are
compensated in the RF signal paths). Next, based on the mapping between the AEs
and OBFN inputs shown in Figure 4.19, another OBFN delay setting for
demonstrating the beam steering ability of the antenna was created. The measured
group delay responses of the OBFN channels are shown in Figure 7.15, where each
sub-figure shows the group delay responses for a different column of AEs in the
array (see Figure 4.19). For each column of AEs, the corresponding delays increase
linearly from the minimum one (thick line) with the step size of approximately 110
ps (3.3 cm physical distance in air) for the delay bandwidth of approximately 1 GHz.
This corresponds to the beam steering in the angle plane which is parallel to the AE
columns. Furthermore, the minimum delays (thick lines) for AE column 1 to 4 are
also tuned to increase linearly with the step size of approximately 110 ps. This
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facilitates the beam steering in the angle plane which is perpendicular to the AE
columns. This way, the 2-D beam steering is achieved.
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Figure 7.15: Group delay responses of the SKY OBFN channels for 2-D beam
steering; (a) to (d) shows the group delay responses for AE column
1 to 4 (see Figure 4.19), respectively.

* OSBF

As described in Section 4.12, the OSBF on the SKY beam former chip is designed
for a FSR of 4 GHz. The optimized filter power transfer is presented in Figure 7.16.
Using the same principle as for the FLY OSBF, the response is normalized to the
response corresponding to the input-output configuration that skips the OSBF in the
path. The measured passband, transition band, and stopband have widths of
approximately 1.7 GHz at -5 dB, 0.55 GHz, and 1.2 GHz at -27 dB, respectively,
and the stopband suppression is 25 dB. Similar to the FLY OSBF, the measured
bandwidth characteristics are slightly different from the theory, which is probably
because of the deviation in n,. However, this is not a problem for system
functionality since the filter response still satisfies the 1.2 GHz bandwidth
requirement.
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Figure 7.16: OSBF power transfer of SKY beam former chip

* Optical losses in the chip

The SKY chip is of the same quality as the FLY chip. However, the waveguide
channels on the SKY chip are on average 2 cm longer than those on the FLY chip,
thus the corresponding minimum chip insertion loss is roughly 1 dB higher
(measured to be approximately 13 dB). Furthermore, the ORR losses and power
splitting losses of the SKY chip are slightly higher due to the larger maximum delay
requirement and one more signal combining stage in the OBFN. However, the
optical loss differences between the channels are still well below 12 dB, and hence
can be compensated by the optical combiners in the chip.

7.3 RF-to-RF measurements on the beam former system

After characterizing the chips, a demonstrator of a complete beam former setup was
built according to the practical scheme described in Chapter 4. The FLY beam
former chip was used as the core of the setup. The laser source, MZMs, and optical
detector were the same as used for the chip characterization. The optical connections
were made by means of PMF patch cords and PMF splitters. Since the purpose of
this setup was not to measure the best achievable system performances but to prove
the concepts of beam forming using ORR-based delay elements and optical single-
sideband modulated signals, a single optical detector was used in the setup for
simplicity, instead of a balanced detector. In this case, the signal-to-noise ratio of the
system output would be lower due to the optical intensity noise from the remaining
DC component, as explained in Chapter 4.

The phase shift in each optical fiber link of the optical beam former needs to be
stabilized in order to enable constructive coherent optical combining in the OBFN.




136 Chip characterization

This requires both mechanical and temperature stabilization of the fiber patch cords
and splitters. To achieve this, all the optical components between the laser and beam
former chip were placed on top of a metal plate, which was placed inside a custom-
made Styrofoam box, together with the optical chip. Eventually this stabilized the
optical phases within acceptable limits for a few minutes, which turned out to be
sufficient to be able to perform the measurements.

In the following three subsections the desired functionality of the system is
demonstrated by presenting measurements of the spectrum of the modulated optical
signal, the RF-to-RF phase response from one beam former input to the output, and
the RF-to-RF power response when coherently combining four beam former input
signals.

7.3.1 Sideband suppression

Based on the optimized OSBF power response, a demonstration of sideband filtering
and carrier suppression of a modulated optical signal was performed. To match the
OSBF bandwidth characteristics as shown in Figure 7.13, an NA signal with a
frequency sweeping from 1 to 2 GHz was applied to one of the MZMs. The OSBF
response was shifted in frequency such that one sideband of the modulated optical
signal fits in the passband and other sideband in the stopband. For this
demonstration the optical heterodyning technique was used to measure the optical
spectrum [6]. This was performed by combining the chip output with the output
signal of a tunable laser (Santec TSL-210), using a 3-dB fiber coupler. The
wavelength of the Santec laser was tuned close to the wavelength of the EM 4 laser,
so that a part of the spectrum of the detector output is a frequency-shifted version of
the RF spectrum of the modulated optical signal, where the frequency shift
corresponds to the center frequency of the tunable laser as illustrated in Figure 7.17.

Bandwidth of RF spectrum analyzer

A part of the spectrum of Spectrum of the modulated
the detector output '_optical signal

Femmmm e — ey e m—rm—————————

| lower /N upper A 1 lower /N upper
| sideband | sideband | sideband | sideband

0 fEM 4'fSantec fSantec fEM 4 f

Figure 7.17: lllustration of optical heterodyning technique
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The spectrum was measured by means of an Agilent MXA N9020A signal analyzer,
using the ‘Maximum Hold’ option in order to visualize all modulating frequencies
while sweeping the modulating signal in the chosen 1 to 2 GHz frequency range.
The results are shown in Figure 7.18. The solid line corresponds to the spectrum that
was obtained when the OSBF was tuned such that one sideband is suppressed, while
the dashed line corresponds to the spectrum that was obtained when the OSBF was
turned off (resulting in the spectrum before filtering process). The dotted line is the
measured optical power transfer of the OSBF. The results clearly show that the
OSBEF is able to suppress one sideband of the signal by roughly 25 dB and leave the
other sideband unchanged. The peak between two sidebands is a shifted version of
the frequency line of the EM 4 laser, which was supposed to be suppressed by the
MZM according to the scheme of the beam former system explained in Chapter 4. In
this case the laser frequency line remains because the bias of the MZM was shifted
away from the desired minimum bias point due to the bias drift of the MZM. The
peak between the two sidebands is roughly at 7 GHz, which equals the frequency
difference between the two lasers. Furthermore, this peak appears to have a
bandwidth of about 200 MHz, which means that the center wavelength of at least
one of the lasers is slightly drifting.
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Figure 7.18: Measured spectrum of the modulated optical signal with (solid line)
and without (dashed line) sideband-filtering. The dotted line is the
optical power transfer of the OSBF (also shown in Figure 7.13).

7.3.2 RF-to-RF delay generation

The schematic of the setup for the demonstration of RF-to-RF delay generation of
the beam former system is shown in Figure 7.19.
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Figure 7.19: Schematic of the setup for RF-to-RF delay generation

Again, the RF signals sweeping from 1 to 2 GHz were applied to the MZM. One
fiber splitter was placed after the laser, with one of its outputs connected to the
MZM. The output of the MZM and the second output of the splitter were connected
to Input 8 of the OBFN (4 ORRs in the OBFN channel) and the carrier re-insertion
circuit, respectively. The output of the chip was amplified by the EDFA and led to
the optical detector, which was connected to the network analyzer. Three different
delay settings were made on the connected OBFN channel, for 0, 0.40, and 0.63 ns,
respectively (based on the zero delay reference). The generated delay band of each
delay setting was shifted to cover the lower sideband of the modulated optical signal
as shown in Figure 7.20 (a). The OSBF suppressed the upper sideband, as illustrated
in Figure 7.18. Signal recovery was performed after the combining between the
delayed sideband and the unmodulated optical carrier (coherent optical detection).
Using the network analyzer, the phase difference between the modulating signal and
the recovered signal at the detector output was measured as a function of frequency,
for the three different channel delay settings. Figure 7.20 (b) shows the
corresponding RF-to-RF phase responses (solid lines). The dashed lines are the
desired responses for the corresponding delay values. The minimum delay setting
was again used as the zero reference. Besides some ripple, the obtained phase
responses show a good match to the desired ones: the measured phase error is below
10/m radians. The periodic variation of the ripples indicates that the ripples are
mainly attributed to the undesired Fabry-Perot effect in the setup. The FSR of the
ripples is approximately 40 MHz, which corresponds to a Fabry-Perot distance of
2.5 m. This distance matches the length of fibers used in the setup, which means that
this undesired Fabry-Perot effect is probably due to the slight reflections between
the various fiber connectors in the optical signal path. However, the fiber
connections can be removed when the full beam former is integrated on a single
chip, including splitters and modulators. In this case, if the Fabry-Perot effect still
exists, it will be not significant since the Fabry-Perot distance will be very short in
the chip.
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Figure 7.20: (a) The created three delay settings for input 8; (b) measured RF-to-
RF phase response for one path of the optical beam former, for three
different delay settings (solid line). The dashed lines represent the
corresponding ideal (linear) phase responses.

7.3.3 Coherent signal combining

The schematic of the setup for the demonstration of coherent signal combining of
the beam former system is shown in Figure 7.21. For this demonstration the same
NA signal frequency sweeping (1 to 2 GHz) was used. The power of the NA signal
was set to 12 dBm. This NA signal was split by means of three -3-dB RF splitters,
and applied to the RF inputs of four MZMs. The output of the laser was split for the
optical inputs of these four MZMs and the carrier re-insertion circuit of the chip, by
means of four -3-dB fiber splitters. The optical outputs of the MZMs were connected
to the OBFN Inputs 1, 2, 4, and 8. The modulated optical signals were combined in
the OBFN, filtered, combined with the unmodulated optical carrier, detected by
means of the optical detector and routed back to the network analyzer. Since it was
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expected that after coherent signal combining between the OBFN channels, the
power of the detected signal would be much higher than the noise level (the signal
power is supposed to have a gain of 6 dB by each time of doubling the number of
inputs), the EDFA was not added in the setup. Consequently, four paths can be
identified between the output and input of the network analyzer, all of them being
partly in the electrical domain and partly in the optical domain. The differences
between the lengths of these paths (mainly due to differences in RF cable lengths)
were removed by properly tuning the ORR-based delay elements in the OBFN.

[
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Figure 7.21: Schematic of the setup for coherent signal combining

Then, the optical phase shifters in the OBFN were tuned such that the maximum
output power was achieved after the combining of the delay-synchronized
modulated optical signals. The power transfer from the input of the RF splitting
network to the output of the beam former was measured as a function of frequency,
and is shown by the top line in Figure 7.22. Then, two outputs of the RF splitting
network were disconnected from the MZMs and terminated, and the system output
was measured again. In this case, the RF signal applied to the two of the inputs of
the beam former maintains the same input power level. This measurement was also
repeated for the other two inputs, by reconnecting the outputs of the RF splitting
network and moving the terminators. The two resulting curves are the two middle
ones in Figure 7.22. Finally, the RF signal was applied to the four MZM inputs
individually by connecting only one of the outputs of the RF splitting network and
terminating the other three. The respective measurement results are shown by the
four bottom curves in Figure 7.22.

The measured curve illustrates that there was roughly 6 dB increase in RF power
level at the output after each time of doubling the number of RF inputs and correct
optical phase tuning. This demonstrates that the RF signals were coherently
combined in the beam former. The ripples in the signal response were again caused
by Fabry-Perot resonances, as described in the previous section.
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Figure 7.22: Measured RF-to-RF power response from the input of the RF splitting
network to the output of the optical beamformer, when one, two, or
four outputs of the RF splitting network are connected to the beam
former inputs.

7.4 Demonstration of antenna beam steering

At the end of this research work, an experiment of antenna beam steering using the
photonic beam former demonstrator was performed to demonstrate the concept of
antenna control by means of an ORR-based beam former. The FLY Ku-band PAA
was used in this experiment [7], which was developed by NLR®. A picture of the
back side of the antenna is shown in Figure 7.23, which actually consists of 8 X 8
stacked Ku-band AEs.

Figure 7.23: A photo of the back side of the FLY Ku-band antenna. The antenna
elements in each column are combined using a combiner feed network.

® National Aerospace Laboratory (NLR). Address: Voorsterweg 31, 8316 PR Marknesse, P.O.Box 153,
8300 AD, Emmeloord, the Netherlands. Telephone: (+31) 527 248444,
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However, in order to match the 8-input beam former system, a combiner feed
network was used for this antenna. This feed network consists of 8 combiners, each
of which combines a column of AEs as shown in Figure 7.23. This way, the 8 X 8
array antenna reduces to an 8-element linear array antenna for beam steering in one
direction, and hence can be controlled using the 8-input beam forming system (FLY
photonic beam former). The measured and simulated radiation patterns of this
antenna for a frequency of 11.7 GHz are shown in Figure 7.24 (both the simulation
and measurement are performed in NLR).
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Figure 7.24: Simulated and measured antenna patterns of the 8-element FLY
Ku-band antenna for frequency of 11.7 GHz, obtained by NLR.

Based on this antenna and the beam former demonstrator, the setup for the beam
steering experiment was built, which is shown in Figure 7.25. Photos of this setup in
the antenna test chamber of NLR are shown in Figure 7.26. For implementation
simplicity, a directional radiator was used to simulate the satellite, which radiates the
waves in a fixed direction. The radiator was fed with a 10.7 GHz Ku-band
unmodulated carrier. The receive antenna was fixed on a rotatable base in order to
achieve different relative angles of the incident waves. For frequency down-
conversion, eight Invacom SPV-55SM low noise blocks (LNBs) with 10 GHz local
oscillation frequency were connected to the outputs of the eight AEs to convert the
received Ku-band signal into the operation frequency band of the beam former (the
LNBs are phase-synchronized by means of a 10 MHz reference signal generated by
a common oscillator, and the resulting frequency after down-conversion is 700
MHz). Before the MZMs, power control units were used to keep the power of
modulating signals at a proper level. For the photonic beam former (FLY chip), the
three OBFN delay settings presented in Section 7.2.7 were used (minimum/zero




Chapter 7 143

delay setting and the other two settings shown in Figure 7.12). However, for this
experiment, the lengths of the RF paths in the setup were adjusted such that the
delay setting with the 20 ps delay step corresponded to the 0 degree beam angle
(broadside), then the other two delay settings with 0 and 40 ps delay steps would
steer the beam to the two opposite sides of the antenna normal by 30 degree,
respectively.
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Figure 7.25: Setup for the antenna beam steering experiment

(b)

Figure 7.26: Photos of setup for the antenna beam steering experiment:
(a) directional radiator; (b) FLY Ku-band PAA; (c) beam
former and measurement equipments.

Due to an unexpected accident, two channels of the system became inaccessible for
the measurements. Therefore, only 6 functioning channels were involved in the final
experiment instead of the designed 8 channels. The simulated antenna pattern for 6
active AEs is shown in Figure 7.26. Figure 7.27 shows the spectral measurements of
the system output, which were obtained when the 6-element antenna was rotated to
make the incident waves change from the antenna main-beam direction to the
direction of the first sidelobe. The measured signal magnitudes were approximately -
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20 dBm for the main beam, -40 dBm for the null point, and -32 dBm for the first
sidelobe. The signal magnitude difference between the main beam and the null point
is about 20 dB, which is a bit lower than the simulated result in Figure 7.26. This is
because of the slight phase deviations of the AEs in the measurement setup. For each
beam angle measurement, the optical phase synchronization in the OBFN was
performed manually to guarantee the maximum system output. The measured beam
angles for the three OBFN delay settings are shown in Table 7.2. The results show a
beam steering effect of 27° when changing from the delay setting for the broadside
beam angle to one of the other delay settings. This measured beam steering effect is
slightly smaller than the designed 30 degree. This is due to the fact that the delay
responses are not ideally flat in the delay band (as shown in Figure 7.12), so that a
single frequency RF signal may experience a point in the delay band where the delay
step is smaller than the average delay step of the whole delay band. For this setup,
the antenna must be rotated for the ‘left side’ and ‘right side’ settings in order to
point its main beam to the radiator, and in the mean time the RF cables connected to
the antenna must be bended differently to allow this rotation. However, this will not
be an issue for a real PAA system, since a real PAA system does not involve
mechanical movements. Nevertheless, this experiment successfully demonstrated the
ability of the beam former demonstrator to steer the beam of the antenna.

90 (b)

Figure 7.26: Simulated antenna pattern for 6 active AEs: (a) main beam in
broadside direction; (b) main beam pointing to 30 degree.
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Figure 7.27: Screen shots of the system output for different incident wave
directions: (a) direction of main beam; (b) direction of first null point;
(c) direction of first sidelobe.

Table 7.2: Beam steering measurements for the three different OBFN delay
settings shown in section 7.2.7

Setting\pattern Main beam First null point First sidelobe
Broadside 0’ 25°/335° 37°/323°
Left side 27 60°/4° 72°/352°
Right side 333° 358°/308° 10°/296°

7.5 Conclusions

The components on both FLY and SKY beam former chips have been proven to
function correctly. The minimum insertion losses of these two chips are
approximately 12 and 13 dB, respectively, which are still too high for real photonic
beam former implementation. However, those losses have a 10 dB contribution from
the fiber-chip coupling, which can be significantly reduced when waveguide
tapering to the fiber mode profile is performed. The waveguide propagation loss is
0.6 dB/cm, which will be further reduced for the future chips since the recent
improvement in the waveguide technology has reached a waveguide loss below 0.1
dB/cm. The DCs for the tunable MZI couplers of the chip have a power coupling
ratio deviation of approximately 0.1 from the ideal value of 0.5. This deviation
results in slight reduction in the tuning range of the ORR couplers and the OBFN
combiners. However, this is not a critical issue for system functionality, because the
required tuning range of those devices can still be fulfilled. The current DC coupling
ratio allows the OBFN combiners to compensate the power difference up to 12 dB
between the two combing branches, which is more than enough for both the FLY
and SKY system. The realized ORRs are able to provide continuous tunable delay.
For a test channel using 7 ORRs, a delay value of 1.2 ns (36 cm physical distance in
air) was achieved for a bandwidth of 2.5 GHz and the maximum delay ripple of 0.1
ns. Furthermore, linearly increasing delays on different channels of a test OBFN
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were achieved, which matches the desired OBFN functionality. The power transfer
of a test OSBF was also in good match with theory. Due to fabrication errors, the
OSBFs on FLY and SKY chip have slight deviations in its ORR roundtrip length
and the length difference between the MZI arms; however, the optimized filter
responses still fulfill the corresponding system requirements. To demonstrate the
beam steering ability of the FLY and SKY beam former chips, several delay settings
were created on the corresponding OBFNs. For the FLY antenna, three delay
settings were created which provide approximately 0 ps, 20 ps and 40 ps delay steps
between the neighboring AEs, respectively. These three delay settings can be used
for beam angles of -30, 0, and 30 degree, respectively. For the SKY 2-D array
antenna, two delay settings were created which provide approximately 0 ps and
110 ps delay steps between the neighboring AEs, respectively. These two delay
settings can be used for beam angles of 0 and 10 degree, respectively, in both
vertical and horizontal directions. After the device characterization, the FLY chip
was used in a beam former demonstrator. Using this demonstrator, some RF-to-RF
measurements were performed, which demonstrate the functionalities of the beam
former chip: optical sideband suppression, RF-to-RF delay generation, and coherent
signal combining. Last but not least, an experiment of antenna beam steering was
performed on the FLY beam former demonstrator at NLR, and three optically
controlled beam angles of -27, 0, and 27 degree were achieved. Finally, the
measurements and demonstrations presented in this chapter verify the device
functionalities, and prove the concept of PAA control using ORR-based beam
former system.
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Chapter 8

Conclusions and future directions

8.1 Conclusions

In this thesis a photonic beam former concept has been discussed that enables
squint-free, continuous steering of broadband receive PAAs. It employs filter-based
optical SSB-SC modulation, optical ring resonator (ORR)-based broadband time
delay, coherent optical combining, and coherent optical detection. This photonic
beam former concept provides the advantages of large instantaneous bandwidth,
continuous tunability of the PAA reception angle, immunity to electromagnetic
interference, reduced system complexity, enhanced signal dynamic range, and
potential for integration as a compact, light-weight device.

The core of the beam former is an ORR-based optical beam forming network
(OBFN) where the signals received from different antenna elements are
synchronized using the delay lines formed by individual or cascade of ORRs, and
subsequently combined using a signal combining circuitry. A single ORR is able to
generate a delay which is even higher than its unit delay. By changing the power
coupling coefficient of the ORR, the delay value can be tuned continuously. The
delay band of an ORR is centered at the resonance frequency, which can be shifted
by changing the additional roundtrip phase shift of the ORR. A single ORR provides
limited bandwidth. The higher the peak delay at the resonance frequency is, the
smaller the bandwidth will be. This is because the group delay response of an ORR
is obtained by taking the negative derivative of the corresponding phase response,
and therefore the area under the group delay response over one free spectral range is
a constant of 2m. This delay functionality is independent of the physical dimensions
of the ORR. Bandwidth enhancement can be achieved by using a cascade of
multiple ORRs. By properly setting the resonance frequencies and the delay values
of the individual ORRs in the cascade, a flattened delay band can be achieved with
enhanced bandwidth which is roughly proportional to the number of ORRs.
However, delay ripples exist in the generated delay band, which introduces
distortion to the signals. To reduce the delay ripples, one can add more ORRs in the
cascade or reduce somewhat bandwidth by setting the resonances frequencies of the
individual ORRs closer to each other. Therefore, a cascade of multiple ORRs has
tradeoffs between delay value, delay ripple, bandwidth, and the number of ORRs. In
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practice an ORR introduces loss, and the total loss of the ORR-based delay element
increases with the delay value.

In the scope of this thesis, the single-wavelength OBFN scheme is used, where the
optical carrier of each channel is the split of the light generated by a CW laser, and
therefore coherent signal combining is needed to achieve signal intensification. This
requires the coherence time of the laser to be much larger than the largest delay of
the OBFN, and also requires additional optical phase shifters in the signal combining
circuitry to synchronize the phases of the optical carriers. By each time combining
of two channels with equal signal power, the output signal will be intensified by 6
dB. After comparing several possible OBFN architectures, it appears that the
asymmetrical binary-tree structured OBFN requires the least number of ORRs
resulting in the lowest system complexity, and it can be used for both linear arrays
(1-dimensional) and planar (2-dimensional) PAAs.

Apart from the OBFN the E/O and O/E conversions are also required for the
photonic beam former. A practical architecture for the entire beam former system
has been found, which includes frequency down-conversion (FDC), optical sideband
filter (OSBF)-based SSB-SC modulation, optical carrier reinsertion and balanced
coherent optical detection. The FDC significantly relaxes the bandwidth
requirements on the optical modulators; the SSB-SC modulation relaxes the
bandwidth requirements on the OBFN and detectors; the use of coherent optical
detection enhances the signal dynamic range of the beam former. Further, this
system architecture also facilitates the system integration, since the OBFN, OSBF,
and optical carrier reinsertion circuitry can be realized using a few common optical
components, which can be integrated in one chip. Beam former chips including the
above three modules have been realized in TriPlex™ planar waveguide technology,
which is based on a CMOS-compatible LPCVD process featured by low loss and
low cost. Thermo-optical tuning mechanism is used for the chip, which provides
sufficient tuning speed, introduces negligible additional loss in the waveguide, and
brings no difficulty in implementation. However, in this case an additional
temperature control setup must be used to stabilize the chip temperature during the
tuning process.

The feasibility of the proposed beam former concept has been demonstrated by
means of the measurements on the fabricated beam former chips, and on the
experimental beam former setup including the electro-optical and opto-electrical
conversions outside the chip. The beam former chips are designed for the
wavelength of 1550 nm. The minimum insertion loss of the chips is approximately
12 dB. The components on both FLY and SKY beam former chips prove to function
correctly. The realized ORRs are able to provide continuous tunable delays. A set of
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linearly increasing delays on different channels of a test OBFN are achieved, which
matches the desired OBFN functionality. For a test channel using 7 ORRs, a delay
value of 1.2 ns (36 c¢cm physical distance in air) is achieved for a bandwidth of 2.5
GHz and the maximum delay ripple of 0.1 ns. A test OSBF was tuned to its
optimized response, which is also in perfect match with theory. Three delay settings
with 0 ps, 20 ps and 40 ps delay steps between the neighboring channels are created
on the FLY beam former chip, which corresponds to the theoretical beam angles of -
30, 0, and 30 degree, respectively. Likewise, two delay settings with 0 ps and 110 ps
delay steps between the neighboring channels are created on the SKY beam former
chip, which corresponds to the theoretical beam angles of 0 and 10 degree,
respectively. Further, the FLY beam former chip was implemented in a complete
beam former system (the beam former demonstrator built at NLR”). With this setup,
some RF-to-RF measurements were performed, which demonstrate the
functionalities of the beam former chip: optical sideband suppression, RF-to-RF
delay generation, and coherent combining. Finally, an experiment of antenna beam
steering was performed on the FLY beam former demonstrator using the three delay
settings mentioned above, and three optically controlled beam angles of -27, 0, and
27 degree are successfully obtained. The presented measurements and
demonstrations verify the device functionalities, and prove the concept of PAA
control using ORR-based beam former system.

To upscale the beam former, one possible way is to use a beam former chip allowing
more inputs. Thanks to the binary-tree combining structure, a beam former chip with
doubled number of inputs can be easily designed by simply extending the binary tree
with one more stage. Another way to upscale the beam former is to use multiple
beam former chips and possibly multiple lasers and detectors. In this case the entire
PAA is first divided into multiple sub-PAAs, each of which is processed by an
individual beam former chip. Then, the outputs of those beam former chips are
further processed by another or more beam former chips until the signals received
from all antenna elements are combined together. Here, a multi-wavelength OBFN
scheme can be used. However, this subject is outside the focus of this thesis.

8.2 Future directions

Photonic beam former using multiple wavelength

This thesis focuses on the photonic beam formers using a single wavelength. In the
single wavelength case, one beam direction is formed at a time. This facilitates only

7 National Aerospace Laboratory (NLR). Address: Voorsterweg 31, 8316 PR Marknesse, P.O.Box 153,
8300 AD, Emmeloord, the Netherlands. Telephone: (+31) 527 248444,
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the RF communication between two points. However, a photonic beam former has
also the ability to work with multiple wavelengths simultaneously, where each
wavelength can result in a different beam direction. In this case the directions of the
beams are mutually related because all the wavelengths are processed using the
same OBFN. Therefore the independent tuning of each wavelength is not
achievable. Nevertheless, such a multi-beam system facilitates the RF systems
where the communication between one and multiple points is required
simultaneously. Moreover, as mentioned in Chapter 3, the photonic beam former
using multiple wavelengths may reduce the OBFN complexity. Therefore, the
photonic beam former using multiple wavelengths can be an interesting subject for
further study in the future.

Entire photonic beam former in one single chip

It is expected that in the future an entire photonic beam former can be integrated in
one single chip. So far, the photonic beam former has only the OBFN and OSBF
integrated in a chip. The other optical components in the system, such as the laser,
optical modulators, and optical detector, are all individually packaged devices and
are interconnected using optical fibers. For those packaged optical devices
packaging accounts for a large part of the device cost. Therefore, when the entire
photonic beam former is integrated in one single chip, the total system cost will be
significantly reduced. Moreover, the integration will not only reduce the physical
dimensions of the beam former, but also increase its robustness to mechanical and
thermal disturbances since the use of optical fibers is omitted. For this integration,
the vertical-cavity-surface-emitting-laser and flip-chip techniques can be used for
the light source, and hybrid integration techniques can be used to join different
optical components together.

Electrical tuning mechanism

The current beam former chip is designed with the thermo-optical tuning
mechanism. In this case the system power consumption may become an issue when
the beam former system requires a large number of tuning elements (heaters).
Besides, a powerful cooling platform must be used to prevent the chip temperature
fluctuations. As mentioned in Chapter 5, the electro-optical tuning mechanism may
also be used for the beam former chip. In this case, the optical parameters are
controlled by the electrical fields supplied on the tuning elements, which do not
influence the chip temperature. Electro-optical tuning mechanism also allows much
higher tuning speed than the thermal tuning mechanism. However, adding electro-
optical material in the beam former chip may cause higher waveguide propagation
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loss. Therefore, the feasibility of using electro-optical tuning mechanism for the

beam former chip still needs to be further studied.
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Appendix A

Optical parameter optimization

As explained in Chapter 2 and 3, when the beam angle and antenna specifications
are given, the desired group delay response of each OBFN channel 7(w) or the
corresponding phase response @(w) are determined ( 7(w) is the first order
derivative of ¢(w)). Then, the parameters of the tuning elements in the optical chip,
¢'s and k's, should be optimized such that the real responses generated by the
ORRs, t(w) or ¢(w), approximate the desired responses. For the optimization
process, first the desired and real responses are sampled at K equally spaced
frequency points over one FSR, then three optimization criteria can be used, namely
delay criterion, phase criterion, and power criterion [1].

Delay criterion

The delay criterion is to optimize the system by means of minimizing the delay error
of the system. The delay error of the system pg is calculated by means of the
Riemann sum of the squared delay error functions, which is given by

o = (Zhalr) - 200 (A1)

Then pg can be minimized by Root Mean Square Error (RMSE) approach [2].
Phase criterion

In this case the system is optimized by minimizing the phase error of the system.
The phase of the system is the integral of the corresponding delay. The phase error
Up is also calculated by means of the Riemann sum of the squared phase error
functions, which is given by:

by = Jz:;mm B = [SEAISh 20—t (A2)

where f; is the sampling frequency. Then u;, can be minimized by RMSE approach.
Power criterion

This criterion maximizes the total output power of the system and evaluates the
performance of the M-channel OBFN. The power error fiq, is calculated by the
following equation




156 Optical parameter optimization

Hpow = Zik=1[M — |Zi=1exp(i@m (k) — j@m (k)17 (A.3)

where m indicates the channel number and the first M in the bracket represents the
desired amplitude summation of all M channels. Here, the amplitude tapering is
ignored. Therefore, the desired amplitude of each channel is equal and is considered
to have unity value in order to simplify the equation. It is easy to recognize the part
of the phase error in this formula, which is given in Eq. (A.2). But this time the
complex exponentials of the phase errors of all channels are summed up, and its
absolute value represents the actual amplitude summation of all the channels. Then
the power error 4, can be minimized by MMSE approach.

Comparing these three criteria, the delay criterion is most straightforward and
easiest for calculation. However the delay error does not play a direct role in the
system output power. It is the absolute value of the sum of the channel phase vectors
that determines the output power. Moreover, as far as the antenna pattern is
concerned, the rise of side lobes which determines the normalized residual null level
(output signal level for an undesired direction) does not directly depend on the delay
error but on the phase error [3], [4]. Therefore, by using the phase criterion, the
negative effect of antenna side lobes can be minimized. Even so, the phase criterion
still cannot guarantee the maximum output power of the desired signal.
Theoretically, the power criterion leads to the best system performance. However,
the optimization process requires a non-liner programming (NLP) solving method,
such as semi-quadratic programming method [5], which increases the calculation
workload of the optimization process. Therefore, the selection of proper
optimization criterion depends on the requirements on system performance and the
calculation workload of the optimization process.
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Appendix B

Heater crosstalk compensation

It is explained in Chapter 3 that all the tuning elements in the beam former chip are
based on optical phase shifters (OPSs). Therefore, the optical parameters need to be
translated to the phase shifts ¢s of the OPSs, and then the heater voltages can be
calculated from ¢s. In practice the actual phase shift ¢, of the OPS n can be
expressed by

Pn = @p, t Apy, (B.1)

where @, is the initial phase shift of the OPS when no voltage is supplied on the
heater, and Ag, is the intentional phase shifts obtained by supplying a certain
voltage I}, on the heater. From Eq. (3.24), A¢@,, can be given by

Ap,=C-P,=5-V? (B.2)

where S = C/R (R is the resistance of the heater and C is the factor indicating the
power conversion efficiency). However, when crosstalk exists between the heaters,
the intentional phase shift of OPS n, A8,,, depends not only on heater n but also on
other heaters. In this case A8, is given by

App =Sp1 VE+Sua Vi + 4 Spn Vi + 4 Spn-1Vi-1 + Sun Vi (B3)

where N is the total number of heaters, §; ; indicates the influence of heater j on the

OPS i. Then, based on Eq. (B.3), a voltage-phase relation matrix can be obtained,
which is given by

S11 S12 e S1N-1 Sin ]
Ap,q S21 S22 o Syn-1 Sow VE
AD=| i |=]| : : : : =S-V? (B4)
Apy Sv-115n-12 = Sn-in-1Sn-1n]| |V
Svi Snz - Swn-1 Sww

Then, based on Eq. (B.4), the heater voltages with the crosstalk compensation can be
calculated by

VZ=S1.Ap=S"1.(d—D,) (B.5)

Here, S and @, are the characteristics of the beam former chip, and can be obtained
by means of measurement.
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