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General Introduction

Microwave radio systems are frequently used in broadcasting and in telecommunications
transmissions, providing over-the-air end-to-end delivery of thousands of individual
information channels. In wireless communication, signal processing functionalities in micro or
millimeter-wave are implemented using digital electronics. However, the speed and bandwidth
of such methods are limited by the electronic sampling rate.

Microwave photonics (MWP) technology [1] was introduced to overcome the complexity and
limitations of electronic devices. It has been defined as the study of high speed photonic devices
operating at micro or millimeter-wave frequencies and their applications in microwave or
photonic systems [2], MWP is a discipline which combines microwave engineering and
optoelectronics [3]. The aim of this study is to leverage the features of photonic technologies
to provide functions in microwave systems that are complex to carry out directly in the
radiofrequency (RF) domain. Such features include high-speed transmission, broad operation
bandwidth, low loss, constant attenuation over the entire microwave frequency range, small
footprint, lightweight, and strong resistance to electromagnetic interferences.

The typical schematic of a microwave photonic system is depicted in Figure 1. It comprises
two fundamental units, a transmitter and a receiver. In the transmission unit, the microwave
signal is transported via the intensity-modulated envelope of a propagating optical wave. An
optical signal is generated from an optical source, often a semiconductor laser diode. This
optical wave is then externally modulated by an RF signal through an electro-optic modulator,
the output of which is then fed into an optical signal processor. The optical processed signals
are then captured by a photodetector (Pd) at the reception unit that performs an optical to
electrical conversion (O/E) and retrieves the electrical information contained in the optical
carrier. This conversion enables the microwave signal propagation and processing to be
explicitly implemented in the optical domain.
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Transmitter Electrical path
..................................................................................... Optical path
RF input : _
signal L Receiver ..
| Fiber : :
Optical Optical ((. Optical Signal RF
CW Modulator | Processor output

Figure I Microwave photonic system.

The capabilities of a microwave photonic system include the generation, distribution, control
and processing of microwave signals [4]. MWP is key to achieve frequency conversion [5],
reconfigurable filtering [6] [7], the ability to control both phase and amplitude independently
[8], and the ability to realize phase shifting and true time delay (TTD) [9] [10] [11]. MWP
applications are targeting higher operation at high frequencies and functionalities that demand
small and light devices with a low power consumption. In this context, wideband tunable
microwave phase shifters and TTD are key elements in MWP.

Achieving true time delay is extremely valuable for embedded systems, satellite
communication and radars. TTD operation implies a perfectly proportional evolution of the
phase shift of microwave signals with respect to their frequency. The main applications for
TTD are phased-array antennas (PAAs) and microwave photonic filters [12]. In broadband
phased-array antennas, if an array is supplied via wideband signals, and a constant phase shift
is produced from element to element, the beam pointing will vary based on the frequency
components. This gives credence to the notion that the far-field pattern of the antenna is
affected when the microwave frequency is scanned over a wide range, this phenomenon is
called beam squinting [13].

The implementation of wideband tunable microwave phase shifters and TTD, with application
in optically fed phase array-antennas, is difficult in the microwave domain. The association of
photonic and microwave technologies to achieve these delay lines increases the capabilities
and design freedoms of photonic components over conventional electrical transmission
systems, while benefiting from a high immunity to electromagnetic interferences and low
losses of optical fibers. One of the most promising photonic approaches is the Coherent
Population Oscillation (CPO) in a semiconductor optical amplifier (SOA), which allows the
tunability of a phase shift/delay based on the SOA bias current or the input optical power, and
suits the requirement in terms of high-speed reconfiguration, low power consumption and small
footprint.

The main goal of this research is to achieve a TTD at a high frequency. This can be done
through a two-stage approach; the first stage consists of a tunable optical phase shifter at high
frequency, based on microwave photonics approaches, using Up-converted CPO in a SOA.
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The second stage consists of using a tunable RF phase shifter, based on an RF filter, which will
correct the non-linearity responses of the first stage. The idea of the association between an
optical phase shifter and an RF phase shifter was originally introduced by Perrine Berger [14].

This thesis is a joint doctoral research effort at the Lab-STICC UMR CNRS 6285 which brings
together the skills in photonics that is conducted at Ecole Nationale d’Ingénieurs de Brest
(ENIB), with the expertise in microwave of the Université de Bretagne Occidentale (UBO). In
this work, we use semiconductor optical amplifier, using the up-converted coherent population
oscillation (up-CPO) technique to produce a tunable phase shift as a function of the frequency
of the signal, cascaded by a microwave phase shifter in order to linearize the SOA response
over a wide RF bandwidth. This work is the first step to provide a proof of concept
demonstrating that the “Up-CPO” technique associated with a microwave device could allow
the generation of a tunable delay for microwave signals on the optical channel. The effort was
undertaken in order to analyze, design and link the optical and the RF stages. This research was
financially co-supported by Brittany Region (France) through an ARED “Allocations de
Recherche Doctorale” project and the UBO.

The thesis is organized as follows: after the introduction, the chapter one describes the
difference between phase shifts and true time delays. It provides an overview of the state of the
art for the implementation of phase shifters in electrical and optical approaches. It represents
different types of true time delays based on optical approaches. A brief summary of various
approaches of phase shift and true time delay is also given.

Chapter two presents a tunable microwave photonics phase shifter that is based on CPO and
Up-CPO effects in SOA. Theoretical responses of a tunable phase shifter based on CPO for
linear and nonlinear SOAs are computed first by small-signal analysis, then experimental
results are obtained for four different SOA structures. A new technique of optically controlled
RF phase shifts using cross gain modulation (XGM) is presented. The generation of tunable
phase shift or delay at high frequencies, based on Up-CPO technique in “linear” and
“nonlinear” SOAs is modeled by a small-signal development and validated by experimental
results.

Chapter three presents the proposed hybrid optical-microwave structure so-called “TTD hybrid
structure” to correct the nonlinear response of the first optical stage (Up-CPO in a SOA) and
to generate a TTD system. The second stage consists of two RF phase shifts. First, a tunable
RF phase shifter is designed, based on an RF filter which correct the nonlinearity responses of
Up-CPO in SOAs. This stage is known as “hybrid correction structure”. Secondly, an analog
tunable RF phase shifter (RF-PS) that employs an all-pass topology phase shifter is designed
in order to induce a phase offset, based on transmission lines and varactors diode. RF-PS is
placed after the tunable RF filter, so that the phase offset can be tuned. The theoretical analysis
of the filter based on microstrip transmission line is presented. Simulation results of the tunable
RF phase shift and tunable RF filter are given. We present the simulation results of the hybrid
correction structure. By combining the first optical stage with the second RF stage (tunable RF
filter and RF-PS), we show by simulation in this chapter that a TTD can be achieved.
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Chapter four describes the building blocks of the proposed hybrid correction structure, which
correspond to the association of the phase shift based on Up-CPO (explained in chapter 2) and
the tunable RF folded filter (proposed in chapter 3). Measured results of the tunable RF filters
are given. The measured results of the hybrid correction structure are presented. Finally, we
present and discuss the simulation results based on experimental data of the proposed hybrid
correction structure. This chapter is followed by a general conclusion and an outlook.
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1.0 Introduction

This chapter first presents the difference between phase shifter (PS) and true time delay (TTD).
Secondly, it provides a review of state of the art for the implementation of phase shifts or delay
lines by employing optical and electrical approaches. Section 1.2.1 presents the following
electrical approaches: switched-line phase shifter, loaded-line phase shifter, and reflection type
phase shifter. While the following microwave photonic phase shifters based on optical
approaches are shown in section 1.2.2: dispersive fibers, fiber Bragg gratings (FBGS),
stimulated Brillouin scattering (SBS), coherent population oscillation effects in SOA (CPO)
and Up-converted CPO (Up-CPO). Finally, true time delay based on several optical approaches
are presented: TTD based on FBG Prism, TTD relying on separate carrier tuning (SCT), such
as, SCT using SBS delay line with fiber Bragg grating, SCT using two SBS system, and SCT
using Dual-parallel Mach-Zehnder modulator.
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1.1 Phase shifter and true time delay for array antenna

1.1.1 Definition of phase shifter and true time delay

In this section, we explain the main differences between phase shifter (PS) and true time delay
(TTD), this concept was discussed in [1]. Phase shifter is used to change the transmission phase
angle of an input signal, they ideally provide an output signal that is equal in amplitude to the
input signal. The input signal is shifted in phase at the output based on the phase shifter’s
selected offset. Therefore, phase shifting can be described as adding a phase offset ¢ s 10
the input RF signal S;,,. Spectrally, the output signal can be given as:

Soue(F) = 1011} Si(f) (L1)
The frequency response of the phase shifter in Eq. (1.1) is:
H¢(f) = eJPosfset (1.2)

with magnitude equal to 1, and phase response equal to ¢, .. for all frequencies. We notice
from (1.2) that the phase response is constant with respect to the RF frequency. The amplitude
and the phase responses of the phase shift are illustrated in Table 1.1.

Adversely, when applying a true time delay (7) to the input RF signal S;,,, the output signal,
spectrally, is given by:

Souelf) = ), S e (13)

The frequency response of the phase shifter in (1.3) is:

Hppp (f) = e /27T = g=6() (1.4)

With magnitude equal to 1, and phase response of ¢ (f) = —2mf7, we can see that from (1.4),
the phase response (¢) is proportional to the RF frequency. The amplitude and phase response
of the TTD are illustrated in Table 1.1.

Table 1.1 shows that the amplitude is constant and flat over the whole frequency range for both
phase shifter and true time delay. At a single frequency, both types have the same interpretation
of the phase shift, thus the delay can be computed either by the time delay or by the phase
shifter, they are related through ¢ = —2nf, 7, where £, is the signal frequency. When the
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frequency is altered, phase shifting and time delaying lose their common interpretation, leading
to different functions and resulting in a different dependence of the phase shift on the
frequency.

In phased array antennas, it can be assumed for true time delay, that all frequency components
of the microwave signal are pointed at the same fixed direction. It is important to note that the
features of an ideal true time delay are a flat magnitude response, and a linear relation between
the phase shift and the frequency. Consequently, a constant delay is then required over the
frequency.

Table 1.1 Amplitude and phase response in frequency domain for phase shift and TTD.

Phase shifter True time delay S
Sin Hy ) Sout Sin Hoyrp (F) out
= efd’offset = e—jZTl:fT
4]
A
Amplitude
response
> f
fn
- 1A
A ase Phase = 21 Af
Phase response Goffset = constant
> f ; f
0 Jn 0 B
(a) Phase shifter (b) TTD

A response comparison between the phase shifter and the TTD is performed in [1], through
estimation of the error. The total phase error &, is given by:

gtOt(f) = |¢offset| Fg (1.5)
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> f
0 fmin fc fmax fn

Figure 1.1 Illustration of error.

where fractional bandwidth signal is F = lfm“x;—f’”w fc is the carrier frequency, fmin = fz —

g, fnax = f- + ; and the signal bandwidth B = f,.x — fmin-

The assumption for TTD and PS to be similar is valid only for a small phase error (Figure 1.1),
in case where Fgz << 1. Therefore, for very narrowband applications, phase shift and TTD can
perform the same function.

1.1.2 Beam squint

The squint phenomenon is described as the position of the array factor’s main lobe being
oriented at different angles for different microwave signal frequencies. This means that the
energy associated with different frequencies is oriented in different directions [2]. In other
words, beam squinting means that main antenna lobe points to 6, + A6 at frequency fy+ Af
instead of 6,, which was the pointing direction at frequency f;, as shown in Figure 1.2. As a
result, a receiver would experience a decrease in the gain of the RF signal frequency spectrum,
which distorts of the waveform in direction 6, limiting the bandwidth of the system, and the
occurrence of reception errors.

Gain‘

fo

[

0 8, 6, +A8 O

Figure 1.2 illustrated beam squint.

Figure 1.3 illustrates the schematic diagram of beam steering using a phase shifter, where a
linear array of 2 elements A and B, is separated by distance d.
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® ®©
T d )
Y S

Figure 1.3 Beam steering (a) using a phase shifter, and (b) using a delay line. [2]

The phase shift difference A¢g between neighboring elements to form the steering angle 6 is
given by:

A = 21 d si;l(B) (1.6)

where A is the wavelength of the radiated microwave signal.

The beam steering direction is then given by:

ﬂ) (1.7)

— cin—1

0 =sin (an

It can be seen from (1.7) that the beam steering direction (8) is a function of the microwave
wavelength (1). Thus, phase shifter based beamformer systems can only operate for
narrowband signals. From the far-field radiation pattern of the array factor in Figure 1.4(a), we
can see that the orientation of the main-lobe varies with the feed signal frequency. This
phenomenon significantly hampers the performance of the system. An advantage of a constant
time delay is that beam steering is independent of the frequency; this can be achieved by

replacing the phase shifter with a delay line with length AL = % as shown in Figure 1.3(b).

The beam steering direction is then given as in [2]:

0 =sin™?! (%) (1.8)

Equation (1.8) shows that the beam steering angle is independent of the microwave signal
frequency and dependent on the true time delay. Figure 1.4(b) shows that the orientation of the
main lobe using TTD does not vary with the feed signal frequency while the contrary is
observed when using phase shifter.
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Figure 1.4 Beam patterns of 3 microwave frequencies with (a) phase shifter, (b) true-time
delay, Blue: 12 GHz. Red: 15 GHz. Black: 18 GHz. [3]

1.2 RF and Photonic phase shifters/true time delay

True time delay refers to a system’s ability to apply a delay or a linear phase shift on input RF
signals, independently of the RF frequency. In this section, we analyze two principal methods
for implementing delay lines for true time delay. The first and second methods employ an
optical and an electrical approach, respectively. True time delay based on several optical
approaches are presented.

1.2.1 Phase shifter based on electrical approaches

Phase shifters are essential components in a phased array for adjusting the phase of each
antenna path and steering the beam. A Phase Shifter is simply a two-port device that changes
the phase of any incoming RF signal. Ideally, it changes the phase of the transmission (phase
of Sz1) of a network while keeping the insertion losses (amplitude of Sz1) constant. The
requirements of phase shifters ideally includes a broad phase-control range (360°) and low
insertion losses on a wide frequency range. The main types of RF phase shifters, such as
switched-line, loaded-line, and reflection-type phase shifters, are analyzed in this section.
These phase shifters are well described in the literature [4] [5] [6] [7].

1.2.1.1 Introduction to phase shift based on transmission lines

The origin of phase shift relies on a simple fact derived from the transmission line theory: a
wave traveling along a transmission line has a phase shift between its output and input voltages
that is dependent on the characteristic impedance and the length of the line [7].

An RF signal with frequency f (=w/2m) which travels through a transmission line, of a distance
Al with propagation velocity V;,, will have a time delay:



-21- CHAPTER 1. IMPLEMENTATION OF PHASE SHIFT BASED ON RF AND OPTICAL
APPROACHES

Al Al BAl
Time delay (seconds) = — =——=—— (1.9)
( ) =TT

where [ is the phase constant and is given by 8 = w/V,, (w) is the angular frequency, Al is
the distance travelling by the signal, and 4 is the guide wavelength.

Time delay can be expressed in term of phase shift A¢ as:

A
Time delay (seconds) = AP (1.10)

2nf

Substituting (1.9) into (1.10), gives the corresponding phase shift:

Al
Ap = 2m— (1.11)
/1.9

Therefore, by switching the transmission lines of different lengths, different values of phase
shift are obtained. Figure 1.5 shows the RF signal experiences with different time delays by
switching several transmission lines of different lengths (Al,, Al; and Al,).

ALyt ALt AL 4

Amplitude

+

LN S e IS,

Figure 1.5 Delay/phase shift experienced by RF signal travelling through transmission
line.

Group delay is defined as the average delay time that a specified narrow range of frequencies
experiences when passing through a circuit. It is proportional to the rate of phase shift at each
frequency of interest, and is expressed as:
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1 A¢

360° Af (1.12)

Group delay (seconds) = —

1.2.1.2 Topologies of phase shifters

Depending on the control mechanism, phase shifters can be categorized into two types, analog
and digital. Analog phase shifters are variable devices, offering continuous variable phase shift
that varies between the prescribed ranges of a minimum to a maximum value. They are usually
controlled by a voltage control to get the desired phase shift. Varactor diodes are used for
achieving continuously variable phase shifts [8]. Generally, modifying the voltage affects the
capacitance of the varactor diode to change the reactance of the circuit and achieve a variable
phase shift of the RF signal. Digital phase shifters are realized by using PIN diodes [9] or
micro-electro-mechanical [10] systems (MEMS). They are used as a variable impedance or
high-frequency switches (on/off) to achieve the desired phase shift. Digital phase shifters can
only target a specific set of discrete phase shift values and cannot supply an arbitrary phase
shift.

1.2.1.3 Switched-line phase shifter

A switched-line phase shifter is a simple way to implement microwave phase shifters, as it uses
a simple time delay difference between two direct paths to achieve the desired phase shift. The
basic configuration for a 1-bit phase shifter is illustrated in Figure 1.6. As can be seen, two
signal paths are possible, and single pole double throw switches (SPDT) are used to route the
signal between one of the two transmission lines of different lengths. SPDT switches can be
realized in a wide variety of ways, using FET, diode, or MEMS. One of the two transmission
lines is considered a reference line (1) and the other a delay line (1;). The differential path
between the two lines determines the amount of phase shift.

IN SPDT s S SPDT ouT

e —

Figure 1.6 Basic schematic of switched-line phase shifter.

The phase shift A¢ is the phase difference between the two states, which is given by (1.11):
Ap =21 ﬁ—l, with Al = 1; — L. As an example, to obtain 180° phase shift, the required physical
g

length difference should be Al = A, /2. In this type of phase shifter, the insertion loss is mainly
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due to the switches. An advantage of the switched-line phase shift is its linear relation between
phase and frequency.

An N-bit phase shifter is made by cascading each 1-bit phase shifter with different delay line
lengths. The main problem with multibit phase shifters is the significant variation of return loss
across the phase states that can limit the accuracy of their phase. A 3-bit switched-line phase
shifter using a MEMS series switch was demonstrated in [7], where each bit comprises a delay
line generating the required amount of 45°, 90°, and 180° phase shift, respectively, and a
reference line (refer to 0°), with switching elements in both directions delay and reference lines.
In order to generate 270° phase shift, the second and third bits must be selected. However, to
generate 180° phase shift only third section should be selected.

A flat wideband phase shift response was invented by Bernard Schiffman, published for the
first time a phase shifter using a 1,/4 wavelength coupler section [11]. Figure 1.7 shows the
standard 90° Schiffman phase shifter. It consists of a switched line with two SPDT switches,
one reference line of length 3L, and two other parallel coupled lines of equal length L = A,/4,
directly connected to each other at one end. The phase shift is determined by the phase
difference of signals transmitted through the coupled section of length L and the reference line
of length 3L, provides a flat 90° phase difference over a fractional bandwidth as 5:1 in
microwave range.

Reference line : 3L (270°)

IN SPDTJ 3 SPDT out
o —=e. J.—.
L (90°)

Figure 1.7 Schiffman phase shifter.

1.2.1.4 Loaded-line phase shifter

The second transmission line type is the loaded-line phase shift. Figure 1.8 illustrates the basic
loaded-line phase shifter that comprises a transmission line having a characteristic impedance
ZrL, an electrical length 6;, and two equal two-state susceptance (imaginary part of admittance)
B, and B, connected in shunt with the main transmission line. The loading susceptance of these
elements is controlled by switching diodes to shorten or lengthen the transmission line
electrically. The required phase shift A¢ corresponds to the transition load elements B, to B,,
which causes the input signal to experience a particular phase shift. The lumped-elements
loaded-line phase shifter is used for low frequencies, while for higher frequencies, the loaded-
line phase shifter based on short-circuited stubs is used.
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Transmission line
Input Z11L, 0, Output

_I—_

Figure 1.8 Loaded-line phase shifter, switch here is to choose between two lines of
different length and impedance.

For B; (i =1, 2), the transmission phase can be given from [12] [13]:
¢; = cos 1(cos, —B;Zr, sin(8,)), i=1,2 (1.13)

The required phase shift due to the switching between two states (the susceptance values B;
and B,) is:

Ap =1 — ¢ (1.14)

When the length of the main transmission line is around 4,/4, the drawback of reflection from
the loaded-line producing the phase shift can be overcome, therefore the maximum bandwidth
is achieved [14] [15] [16] [17]. This type of configuration is used for phase shift values up to
45° with a flat phase response from 1743 MHz to 1924 MHz [18]. For a higher phase shift,
several phase shifters of the same type can be cascaded. In [19], two 45° phase shifters are
cascaded to achieve the 90° phase shift over 10% frequency band within the L band. However,
the circuit size is doubled because a 4,/4 transmission line is required for each phase shifter.

Depending on the values of B;, loaded-line phase shifters can be separated into three classes
[12] [13]:

e C(lass I: By # B, and B; # 0, the corresponding phase is nonzero and unequal.
e C(lass II: B; or B, = 0, this mode is called a load—unload since the line load is
conceptually applied to and removed from the line.
e C(lass III: By = —B,, the loading is switched between complex-conjugate values. The
line length is necessarily 8; = 90°, and the loading switches the phase by A¢/2.
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1.2.1.5 Reflection type phase shifter

The third kind of phase shifter is the reflection type phase shifter (RTPS). RTPS are presented
in [20] [21] [22], they are mostly based on 90° branch-line couplers, where the two ports
(through and coupled) are loaded with reflective loads Z,. as shown in Figure 1.9.

The quadrature coupler is an hybrid coupler that provides a 3dB power split for the two output
arms with a 90° phase difference in the outputs of the through and coupled arms. The hybrid
90° coupler is a microwave circuit that is typically implemented using microstrip lines. The
input signal from port 1 is split into two equal parts between the through port 2 and coupled
port 3 with a 90° phase difference. Each part of the signal is then reflected by a load with an
input impedance (Z,.), which is different from the characteristic impedance of the coupler (Z,),
inducing an additional phase shift  caused by the loads, which is equal to the phase of the load
reflection coefficient (), assuming that the two reflective loads and the 90° coupler are
lossless. The two reflected signals from each load combine in-phase at the output, which is the
isolation port. However, the two reflected signals reach the input port with 180° out of phase,
canceling each other. The desired phase shift is obtained by varying the impedance values of
loads, thus varying the transmission phase.

For lossless reflective loads, the final phase shift between the input and isolated (output) ports
varies with the load impedance values of 4, which can be calculated as:

Ap = —90° — 2tan~* (Z) = = 90° — T (1.15)
I is the reflection coefficient of Z, normalized by Z,,.

If the load impedance varies from Zr max to Zr.min, the corresponding phase shift can be calculated
as:

_ Zr,max _ Zr,min
Ap =2 [arctan (_zo ) arctan (_zo )] (1.16)
where Z, 0 and Z, ., denote the maximum and minimum reflection impedances,
respectively.

Instead of changing the load impedances, they are replaced by a variable reactance, such as a
varactor diode. Therefore, a variable phase shifter is obtained, with minimum and maximum
varactor capacitances C,,;, and Cy,q,. The load impedance can be expressed by Z, ,,in =
1/jwChpin and Z, oy = 1/jwChq,. By cascading two stages of RTPS, a full span 360°
continuous phase shift from 11~13 GHz [21] and across 58~64 GHz [22] is achieved.
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Figure 1.9 Schematic of the RTPS using 90° hybrid coupler and loaded lines.

1.2.1.6 Summary of RF phase shifter approaches

Table 1.2 presents the compared performance characteristics of the different types of the RF
phase shift. It shows that different kinds of RF phase shifters do not have the same properties,
reflection types have a simple architecture, and that switched-lines and loaded-lines tend to
have a relatively large size. Switched lines and reflection types allow a large phase shift with
a wide bandwidth, while loaded lines have a good behavior for smaller phase shifts. All
comparisons between various type of phase shifter have been discussed in [23].

Table 1.2 Typical qualitative performance of integrated phase shifter approaches.

1 stage
Type of PS Maximum  Bandwidth Size Power Loss Tunability
phase
Switched-lines 0 Large Large  Medium  Small D.C
Loaded-lines 45° Medium Large High Small D.C/
Varactor
RTPS 180° Large Medium High Small D.C/

Varactor

D.C: Digital control, technology for these RF phase shifts is printed circuit.
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1.2.2 Microwave photonic phase shifter and true time delay based on optical
approaches

Optical approaches used for implementation of TTD rely on optical delay lines. In a MWP
delay line, either an intensity or phase modulator is needed to implement electrical to optical
conversion, and a photodetector (Pd) is needed to convert the optically time delayed signal to
an electrical signal. Different techniques have been proposed to implement MWP delay lines
or phase shifts, these technigques can be implemented based on fiber optics such as dispersive
fibers, fiber Bragg gratings (FBGs) and stimulated Brillouin scattering (SBS). The following
subsection provides a review of the state of the art of MWP phase shifters which is the essential
element for implementing TTD. Slow and fast light effects in stimulated Brillouin scattering
(SBS) offer compact solutions used in microwave phase shifting and in TTD lines. In this
section, TTD based on FBG Prism is presented. Besides, the recent generation of TTD relying
on separate carrier tuning (SCT), such as, SCT using SBS delay line with fiber Bragg grating,
SCT using two SBS system, and SCT using Dual-parallel Mach-Zehnder modulator are
presented.

1.2.2.1 Dispersion fiber delay lines

The phenomenon in which phase velocity of a wave depends on its frequency is known as
dispersion, a medium that possesses such properties is known as a dispersive medium [24].
An optical fiber, such as a single-mode fiber (SMF) or a dispersion-compensating fiber (DCF)
can be used as dispersive elements.

Figure 1.10 depicts the structure to implement a tunable delay line using a dispersive fiber
(DF). An input optical signal with a tunable wavelength from a tunable laser source (TLS) is
sent to a Mach-Zehnder modulator (MZM), which is modulated by an electrical radio
frequency (RF) signal. At the output of the MZM, the modulated optical signal is launched
across the length of the dispersive fiber. Different wavelengths would experience different time
delays because of the chromatic dispersion. Finally, the delayed signal is detected using a

photodetector.
@ RF output
MZM Pd

DF

TLS

\ 4
\ 4

RF input

Figure 1.10 Tunable MWP delay line structure by using a length of DF.

The delay at different wavelengths with a wavelength 1, + A4 in a dispersive fiber can be
expressed as in [24] [25] :
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T =19+ LDAA (1.17)

with the time delay (z,) at reference wavelength (4,), (L) the length of fiber, (D) the dispersion
parameter of fiber, and AA is the spectral width of the light source.

Tunability can be achieved by changing the optical carrier wavelength or the length of the
dispersive fiber. Furthermore, tunable MWP delay lines based on dispersive fibers have been
used to implement true time beamforming in a phased array antenna [26].

1.2.2.2 Stimulated Brillouin scattering based microwave photonic phase shifter

Stimulated Brillouin scattering (SBS) in fiber optics relies on nonlinear interactions between
counter-propagating optical waves, single sideband modulated carrier with pump and Stokes
waves in an optical single mode fiber. The application of SBS for phase shifting mechanisms
was first introduced by Loayssa and Lahoz [27].

The illustration of the working principle of SBS is shown in Figure 1.11, where the frequencies
of the two optical waves are symmetrically up and down shifted from that of the optical carrier
by (), which is approximately equal to the Brillouin frequency shift (v},). Pumpl acting as
an SBS pump wave (upper sideband) leads to a gain resonance in the vicinity of the optical
carrier (Brillouin gain (b)), while Pump2 (lower sideband) acting as an SBS Stokes wave leads
to a loss resonance in the vicinity of the optical carrier (Brillouin loss (a)).

Pump?2 Carrier Pumpl
Sideband
Optical signal I
spectrum

~

ve-Q e v, i+ Q° Frequency
i Brillouinloss . % :
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Figure 1.11 Spectral distribution of Brillouin gain and loss resonances and the associated
optical phase shifts.



-29- CHAPTER 1. IMPLEMENTATION OF PHASE SHIFT BASED ON RF AND OPTICAL
APPROACHES

It can be noticed from Figure 1.11, on one hand, that the optical carrier is inside the narrowband
spectral region (loss/gain spectral) providing a phase shift that can be tuned in a range greater
than 2 [28]; on the other hand, RF sidebands are placed outside the SBS band, therefore no
phase shift occurs on it.

Tunable phase shifting is obtained by changing the frequency differences (f,) among the pump
waves and the carrier signal. Besides, it can be varied through changing the pump power [29]
[30]. Moreover, if the two pumps have identical power, the amplitude gain/loss will exactly
compensate for any detuning of their central resonance frequency, and the phase change will
sum up [30]. The phase shifting results from the phase response of the Brillouin gain that varies
linearly around the peak gain frequency. The bandwidth of MWP phase shifter based on SBS
is limited by the bandwidth of the optical transmitters/receivers installed [28] [29] [30].

An experimental configuration of tunable RF phase shift using SBS in optical fibers [27] [28]
is presented in Figure 1.12. The input optical signal is launched through two paths, the first
goes through an optical single-sideband (OSSB) modulator while the second goes through a
Mach-Zehnder electrooptic modulator, which is driven by an RF frequency (f,) in order to
generate a double sideband suppressed carrier signal (DSB-SC) [31]. The two sidebands of
DSB-SC act as two pump waves. A circulator is used to counter-propagate this DSB-SC signal
with the OSSB modulated carrier in dispersion shifted single-mode fiber (DS-SMF). In DS-
SMF, SBS interaction takes place between the optical carrier and the two sidebands. A
photodiode (Pd) is used to convert the OSSB modified signal back to RF signal. The RF phase
shift can be tuned by adapting the frequency detuning (f,) of the SBS gain/loss from the carrier.
The phase shifter based on SBS can be considered an essential building block of true time delay
function.

fe~p

DSB-SC Pump & Stokes

Modulator
Laser @ Optical cartier v
OSSB N\ > @ Pd
Modulator DS-SMF Cir:ljfator RF
output

RF input

Figure 1.12 Experimental configuration of tunable RF phase shift using SBS in optical
fibers.
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1.2.2.3 Fiber Bragg grating based microwave photonic phase shifter

Fiber Bragg grating (FBG) is an optical reflector constructed in a short segment of optical
fibers that reflects particular wavelengths of light while transmitting all others. The optical
wavelength reflected along the FBG is decided by the refractive index. This is achieved by
inducing permanent periodic changes in the refractive index of the core of an optical fiber. The
formation of permanent gratings in an optical fiber was first demonstrated in [32]. The
Schematic is shown in Figure 1.13.

The schematic diagram of the microwave photonic phase shifter based on tilted FBG (TFBG)
is shown in Figure 1.14. TFBG have a periodic refractive index modulation along the fiber
axis, but different from FBG. In TFBG, there is a tilt angle between the grating plane and fiber
cross-section, leading to more complex mode coupling. The grating period along the fiber axis
A is different from that perpendicular to grating plane 4g, and their relationship can be
expressed as 4 = Ag/c0s8,;, where 6,; represents the tilted angle. Due to the existence of a tilt
angle, two coupling modes are generated from this angle. One is between the forward direction
and backward direction. The other is between the cladding and the counter-propagation
direction. As a result, two wavelength resonances (Bragg resonance and cladding resonance)
are created, which are given by [33] as:

_ 2neff,core /\g (1-18)
B cosOy;

1, = (neff,cladding+neff,c0re) Ag (1-19)
ct cos8y;

where 1; is Bragg resonance wavelength, 1., is the resonance wavelength of
cladding, (n.ff.core) aNd (n.rfcaaaing) @re the effective refractive indices of the core and the
cladding mode, respectively. Based on Kramers-Kronig relations, a change in the amplitude
results in a change in the phase (¢), and consequently leads to a change in the group delay. A
tunable phase shift/time delay can be achieved by slightly tuning the wavelength [33].
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Figure 1.14 TFBG based microwave photonic phase shifter, OSSB: optical signal-
sideband, Pd: photodetector.

1.2.2.4 CPO effects in SOA based microwave photonic phase shifter

Coherent population oscillations (CPO) is a phenomena that can give rise to resonances much
narrower than the relaxation rate of optical coherences [34]. The former happens in a two-level
system (TLS), by applying an optical pump at the angular frequency (wo) and a probe at (wo +
Q), the total optical intensity is then modulated in amplitude at the detuning frequency (€2).
When (Q) is set at low frequency, which is much less than the inverse of population lifetime
(1), the population inversion is modulated in antiphase with respect to the incident optical
intensity as illustrated in Figure 1.15(a). This implies that the gain is also modulated by
antiphase. These leads to a dynamic variation of the optical gain, inducing in turn a phase shift.
On the other hand, when () is set at a high frequency, which is much greater than (z~1), the
population is too slow to perceive the fast modulation of the optical intensity. Thus, the
population inversion and the gain are not modulated, as illustrated in Figure 1.15(b). The
population oscillation is significant when the detuning frequency is smaller than the inverse
carrier lifetime. Therefore, the bandwidth CPO is limited by the inverse of the carrier lifetime
(z™1) to few hundreds of MHz.
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Practically, it is not necessary to use two separate lasers as the pump and probe as they can be
generated by using a single laser with temporal modulation [36].

@) 2n (b)
Q
1 1 1 |
i i Input \ A
\/W optical \/!
; : »t intensity
E L E |
A 1 1 A : :
E2 1— P— e —— e — Population E2 T® S
E1 1s g o - E1l

Figure 1.15 Principle of CPO illustrated in a gain medium of two levels (E1 and E2), (a)
at low frequency, (b) Q at high frequency. [36]

The schematic structure of CPO based phase shifter is shown in Figure 1.16 where SOA is used
as a gain medium. Phase shifters based on CPO effects in SOA can be achieved by injecting
an intensity-modulated optical signal into an SOA at a modulation frequency at low frequency
(below the carrier density cut-off frequency). Therefore, the carrier density oscillating at the
frequency modulation leads to a dynamic variation of the optical gain, inducing a phase shift,
after photodetection the output signal is phase-shifted relative to the input signal. CPO effects
are controlled by the average optical gain. Both the optical input power and the electrical
injection current can be used to tune the phase shift. CPO in SOA can support both true time
delays and broadband microwave phase shifters at low frequencies.

Biasing current

}

SOA

_‘__

e RF output

MZM Pd

\ 4

Laser

RF input

Figure 1.16 Schematic diagram of CPO based phase shifter.
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Several works have been done on tunable phase-shifting based on CPO configurations in SOA
[36] [37] [38] [39]. In experiments based on CPO in SOA, the gain dynamics limit the RF
phase shift to a few tens of degrees and the available RF bandwidth to a few GHz. Besides,
phase shifts up to 2 have been reached when cascading several stages based on SOAs [40]
[41].

Instead of using cascaded SOAs, optical filtering of the red-shifted modulation sideband (low
sideband) before detection is used, it enables a significant increase in phase shifts up to 180°
[36] [42] [43]. The large phase shift obtained by red sideband filtering is accompanied by a
significant RF signal reduction. Moreover, the enhancement of phase shift in an SOA by forced
coherent population oscillations (forced CPOs) has been experimentally demonstrated by
modulating SOA’s current, so-called forced SOA, and without the need of sharp optical filter
[44].

The operating frequency provided by CPO is limited by the inverse of the carrier lifetime to a
few hundreds of MHz [45]. To overcome this limitation, up-converted CPO in an SOA noted
by Up-CPO is used, leading to the generation of time delays on signals of up to THz [46].

1.2.2.5 Up converted CPO effects in SOA based microwave photonic phase shifter

The generation of true time delays at a high frequency, that is a linear relationship between the
RF phase shift and the RF frequency with an adjustable slope is done by Up-CPO.

A schematic description of Up-CPO principle is shown in Figure 1.17. The principle of Up-
converted CPO [46] is to combine CPO and cross gain modulation (XGM) that it is achieved
by injecting two optical modulated signals into the SOA. A first optical signal P;,, at
wavelength A1 is modulated at a high frequency (fi), with fi >> 1/(27z) where z is the
dynamic carrier lifetime. Thus, the carrier density in the active region and the SOA optical gain
is not affected by this modulation. On the other hand, the second optical signal Pin2 at
wavelength A is modulated at a low frequency f> with f. << 1/(2zw). Therefore, the carrier
density oscillating at f> leads to a dynamic variation of the optical gain. Thus, through XGM,
the high frequency modulated signal P;,; is modulated by P;,,, and intermodulation products
at high frequency f = f; + f, are generated.

After photodetection by Pd, the output RF signal at f = f1 + f, provides information on the phase
shift, which can be tuned through the operating condition of the SOA (the injected current or
the input optical power).
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Figure 1.17 Principle of Up-CPO, OF: Optical filter, Pd: Photodiode.

1.2.2.6 True time delay based on FBG prism

The realization of tunable true time delays based on fiber optic prism consisting of an array of
dispersive delay lines was demonstrated in [47]. To reduce the size of the fiber optic prism, the
dispersive delay lines can be replaced by FBG delay lines. The FBG prism consists of different
channels of FBG (presented in section 1.2.2.3) delay lines created in a prism format as shown
in Figure 1.18.

The architecture consists of four discrete time delay lines, with each delay line having five
FBGs to achieve five discrete beam pointing directions for beam steering. The optical signal
emitting from the tunable laser source (TLS) is externally modulated with a MZM, then is fed
into the four delay lines via an optical splitter. The signal is then reflected by the FBGs in the
delay lines. Different reflection positions can be obtained depending directly on the TLS
wavelength. The recovered RF signal after the Pd has a particular phase corresponding to the
time delay induced by the grating position.

For a given light wavelength 2;, with i=1,..,5, the time delay difference caused by adjacent FBG
fiber is given in [48] [49] as:

Ad;

ATFBG,i =2 neffT (120)

where n., is the effective refractive index of the fiber core, Ad; is the position difference
between FBGs with same Bragg wavelength ; at adjacent FBG fiber, and c is the speed of
light. The beam steering direction can be set by tuning the wavelength of the optical carrier. A
fully tunable phase shift cannot be achieved, as the number of steered directions is limited by
the number of FBGs. The disadvantage of this system is the prism which consists of several
discrete FBGs rendering the system to be too bulky, complicated and unstable.
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Figure 1.18 TTD beamforming system based on an FBG prism. TLS, Tunable laser source;
PC, Polarization controller; Pd, photodetector; MZM, Mach-Zender modulator. [50]

A solution is to use a single wideband Chirped Bragg Grating [2] [50]. To achieve tunable time
delays, the wavelength spacing should be tunable. Therefore, a multi-wavelength laser source
with tunable wavelength spacing is required.

1.2.2.7 Separate carrier tuning technique

Tunable delay lines suffer from a trade-off between the achievable time delay and the
bandwidth. To get rid of this limitation, a smart approach that consists of the use of separate
carrier tuning (SCT) is proposed in [51] [52] [53].

In general, to implement a delay line, a linear phase response should be applied to the
modulated signal spectrum. By using a single-sideband modulation, a larger bandwidth can be
achieved than by using a double-sideband modulation. Therefore, considering the case of an
SSB modulated optical signal having an optical carrier (OC) at (v,) and a modulated single
sideband, where only the upper sideband is kept (v, + vgr), as in Figure 1.19.

TTD requires a constant delay over the whole frequency range. This case refers to Figure
1.19(a), where a time delay is introduced by an ideal delay line with a linear phase slope over
the whole frequency range (red dashed line).



-36- CHAPTER 1. IMPLEMENTATION OF PHASE SHIFT BASED ON RF AND OPTICAL

APPROACHES
A A

(a) (b)
e 4
= oC = oc
3 A $ 2
(2] (72]
© ©
S , < ?(v,) :
L L L Sideband o ® Sideband
< S 0 Oear < S o
g "> Lase | avgy 2 Sso_ oo
o o R
O ~ - - R O ~ -

=~ ~ < > _/\\
s \\/;;
Ve Ve + Vrr Ve Ve + Vgr -

Figure 1.19 Principle of TTD (@) covering the full bandwidth and (b) using the separate
carrier tuning technique. [53]

RF group delay is given by [51] [52] [53] as:

_ d(e +vgp) — (V) (1.21)

TRF -
2MVRE

In a broadband frequency, no data is occupied between OC and modulation sideband, as in
Figure 1.19. Therefore, it is not necessary to have a linear phase response in the unoccupied
region. For optical TTD to be more effective, SCT is used. It provides the generation of TTD
(linear phase shift) over the RF sideband, yield to constant group delay over the frequency
range Avgg, and then separately tuning the RF phase delay at the optical carrier. This allows
us to extrapolate the linear phase shift applied over the whole optical sideband as shown in
Figure 1.19(b) which depicts TTD using SCT technique. The phase response introduced by a
dispersive component, here SBS single sideband, is used to induce Brillouin gain at v, + vgg.
As presented in the previous part, it implies a linear slope at the upper sideband (red solid line).
Thus, the signal group delay Ty;, introduced to the signal at the frequency v, + vgf is given

by:

1d¢ (1.22)

e = % dv Vc+VRF
At the resonance center the phase ¢ (v, + vgg) is null. To perform TTD by only phase tuning
of OC, two delays are required to be equal Tg;; = Tgp. It is done by choosing a proper phase

shift to OC in order to match signal and RF delays. The calculated phase shift is given from
the expression [51] [52] [53] as:

—p(v,) (1.23)

Tyo = Tap =
A%:3
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1.2.2.8 True time delay based on SCT using SBS delay line with FBG

The generation of true time delay using SBS (explained in section 1.2.2.2) in optical fibers and
separate phase shift of the optical carrier has been experimentally demonstrated in [54]. The
experimental set-up of TTD is illustrated in Figure 1.20.

The SCT technique consists of two parts. First, the implementation of a constant group delay
over the frequency range of interest, while the second implements an optical carrier phase
shifting by means of an FBG. The first part is performed by using the principle described in
the previous section SBS process by only using one pump wave in the DSF (Dispersion shifted
fiber), and SBS generated Brillouin gain. The central frequency of Brillouin gain is down
shifted from the pump frequency in such a way that the optical carrier signal falls into the SBS
Brillouin gain. The spectral slope of phase shift experienced by the RF sideband can be tuned
by simply changing the power of the pump wave.

EOM Isolator 7 Signal
DFB-LD K = F8G !ﬂ ................. > rd

] DSF

RFg;gnq Filter Pump A
EOM EDFA VOA PC
— [
I:Iil L

vg + RF

Figure 1.20 Experimental set-up, DFB-LD; Distributed Feedback Laser Diodes DFB,
EOM; electro-optic modulator, DSF; dispersion shifted fiber, PC; polarization controller,
EDFA; erbium doped fiber amplifier, VOA; variable optical attenuator, Pd;
photodetector.[54]

The second part is described in section 1.2.2.7 and corresponds to the extrapolated value of
that achieved in the RF spectral region [54]. Since, optical delays and RF sidebands experience
the same delay, 0.5 to 50 ns of TTD tunability is achieved, across 10 MHz of bandwidth, limited
by the SBS bandwidth.

Another approach is based on the same technique without using FBG, but by using a second
Brillouin pump signal to generate a narrowband resonance in the vicinity of the carrier
frequency [51] [52]. The phase of the optical carrier is then adjusted to ensure Trr = Tsig by
detuning the central frequency of the resonance with respect to the carrier frequency.

1.2.2.9 True time delay based on SCT using dual-parallel MZM and SBS

Figure 1.21 represents the schematic of a true time delay system in [53]. Three MZMs
structured as two MZMs set in parallel and forming a third MZM3, so-called dual-parallel
MZM (DPMZM). They were combined together to achieve a double sideband carrier
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suppressed with optical carrier modulated signal (DSB-SC+ OC) the details in [53]. DPMZM
is used to achieve optical carrier phase tuning.

Optical carrier is amplified by an EDFAL and is fed into a MZM driven by RF signal of
frequency (vp) to generate DSB-SC modulated signal. The signal is pre-amplified by EDFA2
and acts as pump signal. The pump power is adjusted by using a variable optical attenuator
(VOA). An optical circulator is used to counter propagate the pump and the DSB-SC
modulated signals. In the DSF, SBS generates both Brillouin gain and loss. By properly setting
the driven frequency of MZM, a single sideband of the DSB-SC+OC modulated signal located
at the Brillouin gain/loss are achieved as depicted in Figure 1.22 for the case of vrr <vp and vp
= Vrr + VB, SO a linear phase shift is achieved.

VRF 4.1 km DSFC it
Isolator Irculator
DPMZMY—— @ Pd

Voltage control

TLS

f
MZM
EDFA1 T EDFA2 VOA

Vp

Pump

Figure 1.21 Schematic configuration of the TTD system, TLS: tunable laser source;
DPMZM: dual-parallel Mach-Zehnder modulator; DSF: dispersion shifted fiber; EDFAL
and EDFA2: erbium-doped fiber amplifier; VOA: variable optical attenuator; PC:
polarization controller; Pd: photodetector. [53]
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Figure 1.22 SSB-SC + OC modulation are realized by counter propagating a DSB-SC +
OC signal at a frequency of vre and a DSB-SC pump signal at a frequency of ve in a length
of DSF. [53]

1.2.2.10 Summary of optical delay and true time delay techniques

A comparison between different types of microwave phase shifts based on fiber optical delay
lines and TTD is presented in Table 1.3 and Table 1.4. The comparison is done in terms of time
delay, loss, bandwidth and tunable functions.
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Table 1.3 Summary of fiber optic delay line [35].
Type of delay line Time delay Bandwidth Loss Tunability
Dispersive Fiber Tens of ps Tens of Small Changing:
[24] [25] GHz -Carrier frequency
SBS Tens of ns Hundreds of  Quite large Changing:
[27]-[30] MHz -Pump power

-Pump frequency
-Carrier frequency

FBG Hundreds of ps Tens of Quite large Changing:
[32] [33] GHz -Carrier frequency
CPO Tens of ps Few GHz Small Changing:
[34]-[39] -Input optical
power
-Biasing current
-Frequency
detuning

Table 1.4 Summary of true time delay.

Type of TTD Time delay Bandwidth Tunability
FBG Prism Hundreds of Few GHz Changing:

[50] ps -Optical carrier wavelength
SCT based on Tens of ns Few MHz Changing:
SBS-FBG -Pump power

[54]

SCT based on Tens of ns Hundreds of MHz Changing:

Two SBS -Carrier frequency
[52]

SCT based on Tens of ns Hundreds of MHz Changing:
DPMZM-SBS -Pump power

[53] -Dc bias of DPMZM
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1.3 Conclusion

In this chapter, we have pointed out first the principle of MWP systems, we discussed the
difference between phase shift and true time delay, we have provided an overall review of the
main realization of phase shift, based on optical and electrical approaches, and the realization
of true time delay relied on optical approaches. The key features of the reviewed techniques of
RF phase shift, microwave phase shifter based on optical approaches, and true time delay using
several optical approaches, have been reviewed and summarized in Table 1.2, Table 1.3, and
Table 1.4, respectively.

e TTD relies on FBG prism: the system is bulky, complicated, and unstable since the
sensitivity of FBG to environmental temperature.

e TTD relies on two SBS and SCT: required an additional optical sideband filter and a
separate carrier phase shifter, adding complexity to system.

e TTD relieson DPMZM and SCT: optical sideband filter is not required, but high pump
power is required for a larger phase shift.

Electrical approaches operating at high frequency (or mm-wave) tend to be bulky, lossy, and
susceptible to electromagnetic interference. The most promising technique among the
presented optical approaches is CPO in a semiconductor optical amplifier, which suits the
requirement in terms of bandwidth (fewer GHz), low power, small device, and simple
tunability of phase shift/delay based on SOA current or input optical power. The generation of
phase shift/delay at any high frequency in a single SOA can be done using Up-converted CPO
(Up-CPO), which will be presented in chapter 2.
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2.0 Introduction

The study of photonics-induced tunable microwave phase shifts and delay lines has gained
increasing interest over the past decades. One of the most successful approaches to generate
tunable microwave phase shifts is based on CPO effects in SOAs [1] [2].

This chapter focuses on the experimental and theoretical analysis of tunable microwave phase
shifts based on CPO and Up-converted CPOs effects in SOAs. In the first section (2.1), we
review the SOA applications and nonlinearities. We explore the CPO effects in different SOA
structures using small-signal analysis in section (2.2). Then, we investigate the difference in
performance achieved by using four different SOAs as microwave phase shifters (section 2.3)
and propose the addition of the cross-gain modulation response (XGM) (section 2.4) to achieve
the desired optical control of the RF phase shift in SOAs. Based on the understandings of CPO,
we study the Up-converted CPO in different SOA structures (section 2.5), a method shown to
produce a tunable microwave phase shift at high frequencies.
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2.1 Semiconductor optical amplifier

A semiconductor optical amplifier (SOA) is an optoelectronic device, similar to a
semiconductor laser, specifically designed to amplify optical signals under suitable operating
conditions. Unlike semiconductor lasers, a SOA can amplify optical signals in a single pass, so
there is no optical cavity. The nonlinear behavior of semiconductor materials with respect to
optical power is commonly used in all-optical and optoelectronic applications such as
wavelength conversion and switching functions [3] [4]. SOAs are the most promising
candidates for the realization of all-optical processing devices due to their small size, fast and
strong nonlinearity characteristics, and high integration potential with other electronic and
optical devices.

2.1.1 SOA operating principle

SOAs are optical amplifiers whose gain medium is a semiconductor element that amplifies an
optical signal. When the SOA is pumped, carriers (electrons from the conduction band and
holes from the valence band) are injected into the active zone, where they can recombine in a
radiative or a non-radiative manner. During radiative recombination, the energy (Ep) released
by the electron-hole pair appears in the form of a photon whose angular frequency (o) satisfies

the following relationship: Ep = Aw, with A = % where h is the Planck's constant. This

phenomenon occurs through either a spontaneous or a stimulated emission. These two
mechanisms are illustrated in Figure 2.1.

(b) Spontaneous emission (a) Stimulated emission
Conduction band Conduction band
Valence band Valence band

Figure 2.1 Schematic of: Spontaneous emission (a), and (b) Stimulated emission.

In the case of a spontaneous emission, the created photon is emitted in a random direction, with
a random phase. For a stimulated emission, the radiative recombination is induced by an
incident photon; the generated photon is then emitted having the same direction, phase and
energy as the incident photon. This latter mechanism allows optical amplification if the carrier
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density (electrons and holes) is high enough. Thus, it is necessary to confine both the carriers
and the photons in the active zone in order to produce an efficient amplifier. Next, we will
briefly describe the typical structure of SOAs.

2.1.2 Basic structure of SOAs

A schematic of an SOA is given in Figure 2.2. It has an antireflection treatment on its input
and output facets in order to minimize parasitic reflectivity. The p-type and the n-type
semiconductors are put together to create the p-n junction, which contains the recombination
of electrons and holes. The active region is a thin layer between the “p” and “n” semiconductor
layer that has a smaller bandgap than those of the layers surrounding it. Optical gain can be
realized by electrically injecting an external current into the device’s active region, realizing
the population inversion necessary for the amplification by stimulated emission process. An
input optical power experiences a single pass gain after traveling through the SOA active region
of length L, always accompanied by the amplified spontaneous emission (ASE) which is
generated from the spontaneous emission light and then amplified during the propagation
inside the SOA. The ASE is considered as a noise source for the transmitted signal [3].

The type of material used in the SOA’s active region determines its gain spectrum and
operating characteristics. SOA can cover all the various optical communication bands (O-, E-,
S-, C- and L-bands) in addition to 0.8um band. It is made out of the same 111-V material as the
material used to manufacture the laser sources in these regions. These materials are I11-V
semiconductors, including InP, InGaAs, InGaAsP, AlGaAs and InAlGaAs.

T Bias current

Input facet Output facet
p-type
ASE  (umm signal+ ASE
n-type

R

Figure 2.2 Schematic diagram of an SOA.

2.1.3 SOA gain

We have seen that the semiconductor material forming the SOA’s active area exhibits optical
amplification under certain conditions. The gain presented by this material at the wavelength
(X) is called material gain (g,,), [m~1]. Analysis done in [5] shows the dependence of this gain
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on the carrier density (N) [m~3] as well as the wavelength of the signal (A). The material gain
is asymmetrical as a function of the wavelength of the incident optical signal.

During its propagation along the cavity, the optical signal will benefit from net gain (g,),
[m~1], which considers the total loss (o)) [m™1], in the cavity. The net gain is defined as the
difference between the modal gain and total loss and is given by the following equation:

In =Tgm(N,A) — « (2.1)
where 7”is the optical confinement factor.

The optical gain seen by an optical signal which passes through an SOA of length (L) is defined
by the ratio of the output and input powers (P,,;) and (P;,) , and is equal to:

Pout (2.2)

Assuming that the carrier density is constant in the SOA, the signal propagating along the active
region takes advantage of what is referred to as the single-pass gain (G). This term is
measurable and can also be determined by:

G = e9nl (2.3)
2.1.4 Gain saturation

In Figure 2.3(a), the gain saturation for high currents is caused by two phenomena. One is that
the amplified spontaneous emission consuming carriers become preponderant. The other is that
at high currents, the density of carriers becomes significant, which increases the rate of non-
radiative recombination.

In Figure 2.3(b), the increase in the injected optical power induces a depletion of the carriers
along the active region, thus causing gain saturation in the device. In fact, the gain remains
quasi-constant for low powers of the incident signal because they do not significantly modify
the density of carriers leading the amplifier to operate in linear mode, this is referred to as
unsaturated gain. When the power of the injected signal becomes strong, the stimulated
emission considerably reduces the carrier density, which decreases the gain of the SOA.
Saturation not only results in a drop in gain, but also in a shift from the top of the gain curve
towards long wavelengths as shown in Figure 2.3(c). The saturated and unsaturated gain curves
merge for long wavelengths.

The SOA gain saturation can be characterized by the optical output saturation power. This
power represents the output power of the amplifier for which the gain decreases to half of its
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maximum value, in other words, the gain decreases by 3 dB compared to the unsaturated gain
(Figure 2.3(b)). Poye—34p IS Written in a first approximation in [3]:

_ wd G In(2) (2.4)
Pout—3a8 = TG=-2 Lsqt

I _TPsar _ hv. (2.5)
At wd  agt

where I,; is the saturation intensity of the amplifying material of the active medium, P, is
the saturation power of the semiconductor material, w is the optical active zone width of height
d, v denotes the optical frequency of the incident signal, a, is the differential gain and t
represents the carriers lifetime in the active region due to the different rates of radiative and
non-radiative recombinations. The presence of high input power will lead to reduce the carrier
lifetime, which leads to better dynamic performances [6].

Unsaturated gain
20 1 . 20 Saturated gain
Unsaturated gain . 3dB
Saturated gain )
@ 10 ~ % 15
g g
o
O 0 Q 10
(a)
10 . s1 (b
-20 I | 1 | 0 t t + l::’ i
50 100 150 200 250 -30 -20 -10 0 °ut—3dB 19
Biasing current (mA) Output optical power (dBm)
10 +
(©

@ 07

=2

-5 Unsaturated gain

O .10 +

20| Saturated gain
-30 . . . :
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Figure 2.3 Evolution of the SOA gain as a function of bias current of SOA at low input
signal power (a), output optical power (b), and wavelength (c).
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2.1.5 SOA nonlinearities

Nonlinearities in SOAs are principally caused by variation of the carrier density induced by
the amplifier gain that reacts to changes in the input signal power, producing variations both in
power and phase. The main types of nonlinearity are self-gain modulation (SGM), cross gain
modulation (XGM), self-phase modulation (SPM), cross phase modulation (XPM), four-wave
mixing (FWM), self-induced polarization rotation (SPR), and cross-polarization modulation
(XPoIM) [3] [7].

2.1.5.1 Self-Gain and Cross Gain Modulation

Self-gain modulation (SGM) occurs when an input optical signal is injected into the SOA, a
change on its optical power leads to a variation of the optical gain, due to the SOA saturation.

Cross gain modulation (XGM) is a nonlinear effect which is related to the SOA gain
modulation as the SGM. It implies the modulation of the gain induced by an optical signal
(known as pump signal), which affects the gain of a second injected optical signal (known as
probe signal) propagating simultaneously into the SOA. XGM is a technique that allows the
wavelength conversion of an optical signal.

2.1.5.2 Self-Phase and Cross Phase Modulation

An optical input signal, when injected into the SOA, causes modulation of the carrier density
in the active region of SOA, which in turn can alter the refractive index of the medium. As a
result, the input signal modifies its own phase at the SOA output. This process is known as
self-phase modulation (SPM) [8].

In cross-phase modulation (XPM), an optical control signal is used to modulate the phase of
another input signal. An intensity-modulated optical control signal propagating into the SOA
modulates the carrier density in the SOA’s active region, leading to a change in its refractive
index (SPM). As a consequence, the phase of a second signal will be modulated by this index
modulation, that depends upon the intensity modulation of the control signal. A number of
applications based on XPM, such as wavelength conversion or RF mixing by using two SOAs
in an interferometric structure (SOA-MZI), have been developed [9] [10].

2.1.5.3 Four-Wave Mixing

Four-wave mixing (FWM) mechanism is obtained in presence of two input optical (CW)
signals, each having different wavelengths, that are coupled into a SOA. Inside the active
region of the SOA, the beatings of the two signals modulate the carrier density, and therefore
the intermodulation terms will generate gain modulation and a refractive index modulation.
This produces new optical signals at its output, having different frequency components from
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the two optical input signals. FWM generated in SOAs can be used in many applications such
as all-optical wavelength converters [11].

2.1.5.4 Self-induced Polarization Rotation and Cross-Polarization Modulation

The SPR and XPolM effects describe the nonlinear rotation of the polarization state of a signal
at the output of the SOA with respect to its input polarization. SPR and XPolM are due to the
modification of the structural birefringence of the SOA and the difference between the gain of
transverse electric (TE) and transverse magnetic (TM) (the gain saturation of the TE and TM
modes is different) induced respectively by the variation of the optical signal power itself (SPR)
and by that of another signal injected simultaneously with the first one in the SOA (XPolM).
The SOA bias current and the input power are among the parameters that determine the
amplitude of the polarization rotation.

2.1.6 SOA modeling

The modeling of a SOA can be done by considering, in a first approximation, the SOA cavity
as a single section where the carrier and photon density are constant. To better consider gain
saturation effects and the evolution of the carrier density along the SOA in the propagation
direction z, the active region (cavity) of SOA is divided into several calculation sections. Since
the carrier density is not constant along the length of the device, we divide the SOA into M-
sections along its length. The modeling used in this thesis utilizes the model proposed in the
thesis of P. Morel [5] and [12], which was implemented using the simulation software ADS
(Advanced Design System). The parameter values of the model implemented under ADS are
presented in Table A1 [Appendix]. The aim of using this model is to obtain the operating points
that we used in the theoretical part of our study.

Figure 2.4 shows the SOA of length L, divided into M-sections. L is the total length of the
active area, and L; is the length of a single section. N represents the carrier density in the “i”
calculation section. The total I,;,s IS equally divided into I; where [; is the electrical bias
current applied on the i" calculation section.

The + signs denote propagation in +z and —z directions, where z is the position along the
device. In each section, the input signal and the ASE are expressed respectively by the
propagation of the envelop of the optical filed Tii, due to the injected optical input powers PZ

m?

and optical intensity I%; ;.

The determination of the optical output power P, and the SOA characteristics are obtained
from the coupled equations in each section i of the optical signal fields propagation and the
rate equation of the carrier densities.

The propagation equation of the optical field signal E of z length can be given as:
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E*(2) = eTWAL g () (2.6)

where n., (N;, A) is the refractive index, k(N;, A) refers to the wavevector it is expressed as:

k(Nu/l) = neq(Ni’/l) + %gn(Nu)D (27)

where k(N;, A) describes the action of the medium in section i on the optical field, in terms of
propagation-linked dephasing and gain.

The optical field (of dimension /W /m2) can be expressed in function of the envelop as:
E*(z) = FL (2)e (2.8)

where (1 is the angular frequency of the optical field at wavelength A and the expression of the
envelop is given by:

Ti(z) = g Tikz Ti(O) (2.9)

For an input power P, the input optical envelop field can be written in function of the optical

power by:
+ _ r ip(Pin) 2.10
“Fin_ %lpinle (2.10)
Input_ optical l'bias Output optical
fiber fiber
| . aF
G v o - g oy
_ F -
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Figure 2.4 Schematic of dividing the cavity of the SOA into M-sections.
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The general form of the rate equation for section i is given by

dN, I
ar v Rysei — Rsei — Rask,i

(2.11)

where index i refers to the section number, I; is the SOA bias current for section i, V; is the
optical active zone volume of length L;.

The first term on the right-hand side represents the addition of carriers in the active region from
the bias current. These injected carriers are then depleted by various mechanisms within the
amplifier. The second term is due to nonradiative and radiative recombination mechanisms.
The third and fourth terms represent the radiative recombination of carriers due to the amplified
signal and amplified spontaneous emission (ASE) respectively.

Nonradiative and radiative recombination can be defined by:

N; 2.12
Rnst,i =— ( )

where 7; and N; are the carrier lifetime and carrier density in section i, respectively. The carrier
lifetime is N; dependent and is obtained by:

1
— = A+ BN; + CN;? (2.13)

T;

where A is the nonradiative coefficient due to recombination, B is the spontaneous radiative
recombination coefficient, and C is the Auger coefficient.

The recombination rate due to the amplified spontaneous emission is determined by taking into
account the ASE spectral dependence. This is achieved by defining Mase pseudo-modes. The
pseudo-modes take into account the entire spectrum of the amplified spontaneous emission.
Rasei due to pseudo-modes Mage in each section is calculated as follows:

Myse

RASE,i = Z RESE,i (2.14)
k=1

where the recombination rate due to a single pseudo-mode, at wavelength 4, it is given by the
following equation:

(2.15)

2 G,ZfSE' -1
RACSE,l' = wdl, ( l -1 TSI;),ASE,i
l

k
In,4aSE,i



-57- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

where G ,51655,1' is the ASE gain in section 7, gﬁ, asg,i 1 the net gain of ASE in section 7, and rS';,, ASE,i

is the spontaneous rate in section i at wavelength A,. w is the width and d the height of the
active zone.

The stimulated recombination due to photons of Mj;, signals propagating in section i is given
by:

Msig

Ri = Z Rl (2.16)
j=1

with R’

st,i
in section i. It can be expressed as:

is the stimulated recombination rate produced by the signal (sig), at wavelength A;

Jo o pJ J
Rj _ Im,sig,i Psig,i(Gsig,i —1) (2.17)
sti j
n,sig,i FLit; a; Psat,sig,i

is the net gain of the signal in section i

where G/. . is the signal gain in section i at 4;, gr]l sig,i

sig,i

at A;, a; is the peak-gain coefficient of section i. PJ . isthe signal input optical power in section

sig,i
i at A;, and P’

vat,sigi 1S the material saturation power at A;.

2.2 Characteristics of used SOAs in static regime

In this work, we have used four different SOAs available in our laboratory: SOA-L, a device
from InPhenix, which is identified as linear SOA reference INPHENIX-IPSAD 1501 (see
appendix [A.2]), as well as two nonlinear and one extra nonlinear SOAs by CIP photonics;
SOA-NLL1 reference 40G-2R-ORP [A.3], SOA-NL reference SOA-NL-OEC-1550 [A.4], and
SOA-XN reference SOA-XN-OEC-1550 [A.5].

Each SOA device being different, performance comparison is made with respect to the static
optical gain. We have firstly reviewed the static characteristic for the four SOAs used. We
classified the SOAs in static regime in terms of their output power over a wide range of
wavelengths, input powers and bias currents. A continuous optical signal is injected into the
SOA input, we then measure the optical gain as the input optical power, bias current and
wavelength are varied.

Figure 2.5(a) shows the evolution of the optical gain as a function of injected input optical
power, for a fixed maximum biasing current Imax, With Imax = 300 mA for SOA-L at wavelength
1527 nm and SOA-NL at wavelength 1550 nm, Imax = 380 mA for SOA-NL1 at wavelength
1550 nm, and Imax = 400 mA for SOA-XN at wavelength 1550 nm. The increase in the input
optical power after saturation leads to a decrease in the SOA’s optical gain. The optical gain of
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SOA-L, SOA-NL1, SOA-NL and SOA-XN is respectively 20.6 dB, 23 dB, 29 dB and 29.5 dB.
Figure 2.5(b) shows the evolution of the optical gain as a function of the output optical power,
for a fixed maximum biasing current Imax.

Figure 2.5(c) shows the evolution of the optical gain as a function of injected bias currents, for
a fixed input optical power at -20 dBm, at wavelength 1527 nm for SOA-NL, at wavelength
1550 nm for SOA-NL1, SOA-NL and SOA-XN. Figure 2.5(d) shows the evolution of the
optical gain as a function of wavelength, for a fixed maximum biasing current Imax and input
optical power at —20 dBm for each SOA.
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Figure 2.5 Experimental results of optical gain of the four SOAs as function of: the input
optical powers applied at their input at bias current Imax (a), the output optical powers (b),
the bias currents with input optical power at -20 dBm (c), and wavelength by fixing input
optical power at -20 dBm and Imax (d).
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Table 2.1 represents the static characteristics of SOAs measured at the maximum biasing
current and at —25 dBm input optical power, and the output saturation power at the maximum
bias current of each SOA. The wavelength is fixed at 1550 nm for all SOAs.

Table 2.1 Static characteristics of four commercial SOAs at wavelength 1550 nm.

SOA-L SOA-NL1 SOA-NL SOA-XN
Unsaturated gain (dB) 18.8 24 30.2 30.5
Pout,-308 (dBmM) 12.6 15 13.7 14.5
Imax at 300 mA at 380 mA at 300 mA at 400 mA

2.3 CPO effects in different structures of SOAs

In this part, we derive the small-signal variation of SOA carrier density and its optical output
power due to the variation of the input signal. This allows us to evaluate the effects of self-gain
modulations on amplitude and phase at the SOA’s output. The modeling is done by considering
one calculation section (i = 1) equal to the length of the SOA for a simple approach, where the
carrier density N is constant all along the SOA.

2.3.1 CPO modeling by small signal analysis

The model used for small-signal analysis is based on a carrier density rate equation (2.11) and
a set of travelling-wave equations describing the amplified signal fields (2.6) [12] [13] [14]
[15]. In order to perform a small-signal analysis, an intensity-modulated optical signal is
injected into the SOA. The signal has a power of P}, at wavelength A, and is modulated at a
low frequency (f) with f « 1/(2zz) where z is the dynamic carrier lifetime.

The time varying input signal can be written:

PX = P% + §p¥, = PE + = Pin ,—jwyt (2.18)
PZ is the mean input power at A, the sinusoidal variation is denoted by §p?, is the amplitude

of the RF modulation at an angular frequency w, w = 2nf of the optical signal at the
wavelength A, and () stands for the complex conjugate value.

By using a first-order Taylor expansion, the input electrical field E};, corresponding to P;, can
be written [16], expressed in square root of Watt:
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X *X
EX = |PX et~ FF (14 B0 gjot PN omjor (2.19)
o " 4Py 4Py

where EX = /ﬂem ©and Q the angular frequency of the optical field at A,.

The amplification of the time varying optical signal P}, induces a modulation of carrier density
N; in the active region of the SOA, leading to a dynamic variation of the optical gain G} at A,.
Limited to a first-order expansion N; and G;*, the expression of the carrier density N; and G
in section i can be written as:

*

— — n; . n; ,
N;=N,+dn,, =N, + %e""t + %e‘f‘“t (2.20)
— o0G¥ _— n;,0GF | n;, 0G* .
G* =GX 4+ 6n;,  —— = GX + 22 L gjwt y LOT 7L ,—jwt (2.21)
P LoaN; Tt T2 AN 2 0N,

N, and G represent the static operating points in each section i, &n; is the carrier density
variation, n; ,, is the complex amplitude of the carrier density modulation in section i at w, and
n; , Is the complex conjugate of n; ,,.

The gain of SOA (2.3) as well as the partial derivative of the gain with respect to the carrier
density are given by the following equations:

GF(N;) = ergicn,il'i_al‘i (2.22)
X

9Gi =Ta*L; G* 2.3

(')Ni LT ( : )

where g, ; = ai (N; — Ny) and N is the carrier density at transparency.

The recombination rate induced by the amplification of the optical carrier at wavelength is
given by the following equation from (2.16) as:

R = 9Imi  (Pni (G -1 (2.24)
st gfl‘ifal?‘Li T; Px

sat,i

sat,; = wdW¥ /I ai T; is the material saturation power, where W;* is the photon energy at the

signal wavelength A, I"is the optical confinement factor in the active zone and af is the peak-
gain coefficient in section i at the signal wavelength A,.
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The Ry, ; and R4sg ; Can be taken into account from (2.12)-(2.13) by:

N; (2.25)

Te,i

with 7, ; is the effective carrier lifetime calculated from the carrier lifetimes 7;, due to R, ;,
L [17] [28].

- 1 1
and Tqse i, due 10 Rysp,j, With — = — + —

e,i i Tase,i

By substituting (2.17) and (2.25) into (2.11), the rate equation for section i is given as:

aNg _ L Ni gmi Pini(GE—1) (2.26)
dt qeVi Tei gg,i I"afLi Te,ipx

sat,i

Considering exclusively first-order modulation terms, the rate equation (2.26) can be derived
for the SOA modeled by one section device i =1 as:

_ —0G -
n, g5(ePigy)  gE @ -1 (2.27)
Te  gF I'a*Lt,PY, gXla*Lt PG, ™

By substituting the derivative of gain with respect to N; (2.23) into (2.27), the small-signal
modulation component n,, of the carrier density at the angular frequency w relative to the
optical modulation power p#, can be given as:

Tg

Qoo Om T G*-1 o2 (2.28)
@ gx Ta*Lt Pl \1+ jwty) ™"

sat

where G*, g and gZ are considered in the static regime. The dynamic carrier lifetime 7 is
developed from the small signal analysis by:

1 1 ax [ __ G*— 1)K 2.29
Ta Te In I'Lgm 9n
with
= Din (2.30)
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Atthe SOA’s output, P, = Pj,G* presents a modulation component at the angular frequency
w due to the modulation of the carrier density N. The output power at the angular frequency
w is given by:

Pout = PinG* + Dsem (2.31)

where the self-gain modulation (SGM) term pg.,, is related to the modulation of N given as
the following:

X

__ 3G _
Psom = NP 2 = nolLa*BLG* (2.32)

By substituting (2.28) and (2.29) into (2.31), we obtain the RF small-signal modulation
component at the output of the SOA:

1+ sgn(Ry)jwt,

Gx : (2.33)
pout pm T, a 1 +]CUTd
where sgn(R,) refers to a positive or a negative sign of R, and
G*—1
R, _1—g—m1<( © _x_3c—1> (2.34)
9n rLgm gn
X[ __ Gx _
1+9m <KGx - a%)
Te In FLgm In
Ty — = T
" Rl |Rql ¢
—x —
IRe| + LB K (GF - 1) (2.35)
In

|Rq|

It should be noted that, for positive R,, @ = 0 and £
[1] [19], and it can be written from (2.33) as :

= 1, we obtained the CPO response as

s

KG* (G*-1)
(1+ KGO 1+ jwrglm
—pxﬁ( 1+K ) (1+Jw1+K) (2.36)
— Fin (

1+ KG™ 1,
1+jwg +ch)

pout plTlG
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2.3.2 Asymptotic behavior of the CPO responses in amplitude and phase

In this section we portray the asymptotic CPO frequency responses in amplitude and phase to
highlight the theoretical limits of the CPO frequency responses. In (2.33) the phase evolution
is depending on the sign of R,.

The evolution of R, as a function of K for several SOA gains after resolving the rate is given
in Figure 2.6. It is obtained by resolving the rate equation (2.26) in function of P}, for different
SOA bias currents, by using one calculation section for the SOA presented in [5] [12] (see
Table Al [Appendix]). Figure 2.6 shows that R, becomes negative for K range and for high
SOA gain.

12,5 +
10 A
7,5 —H— Gain 40 dB
5 —#— Gain 33 dB
5 1 Gain 28 dB
—g— Gain 22 dB
2,5 1 —@— Gain 18 dB
0 ]
0,001 0,001 0,01 10
2,5 + K

Figure 2.6 Evolution of R, as function of K for several SOA gains.

From (2.35), we have t,, > 7, for G¥ > 1. For R, > 0, Figure 2.7(a) shows that the asymptotic
amplitude of the CPQO’s frequency response presents a change from pl-’;F:—dRa at low

frequency (w — 0) to pi’;ﬁz—:Ra at high frequency (w — o). Thus, the ratio between the

CPO’s amplitude response variation at low and high frequency is dependent on :_n:
d

X
<|Ra|+g=ml<(ﬁ—1)>
g%
|Re|

Besides, the phase tends to have a maximum value of% in the angular frequency range Ti <w<

which increases by increasing the SOA gain or the SOA optical input power.

%, as seen in Figure 2.7(b).
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Figure 2.7 Asymptotic responses of p%,; in frequency domain of: (a) amplitude response,

and (b) phase response, for the case of positive R,.

For the case where sgn(R,) is negative (Figure 2.8), the amplitude response of pout Will have
the same response as sgn(R,) is positive. However for the phase, we can see that it can be

started form  at w < — . At w >

Tn

1 . . .
— the phase response will have the same behavior as in
n

Figure 2.7(b), where the maximum phase shift is about g in frequency range Ti <w< Ti as
n d

seen in Figure 2.8(b).
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Figure 2.8 Asymptotic responses of p,; in frequency domain of: (a) amplitude response,
and (b) phase response, for the case of negative R,.

In the next section we will demonstrate the phase response of both cases of the sgn(R,) by
means of measurement.

2.3.3 Experimental results and discussions

In this section, we present the experimental comparison between four different SOAs for
tunable RF phase shifts. It is based on CPO effects in a SOA, which were introduced in 1.2.2.4.
The comparison between SOAs is done in terms of maximum phase shift, RF penalty on gain
and CPOsgg bandwidth. An evidence of a specific CPO response is indicated, where the
response of the phase shift is different from the known CPO. This regime is explained by small-
signal equations and presented in section 2.3.3.3.

2.3.3.1 Experimental setup

The static characteristics of the four different commercial SOAs used in this work are presented
in section 2.2. The experimental setup of the microwave photonic phase shifter based on CPO

in a semiconductor optical amplifier is shown in Figure 2.9. A continuous-wave (CW) PZ is



-66- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

generated from a laser source emitting at A, = 1550 nm, and then modulated via an external
Mach-Zehnder Modulator (MZM), which has a measured electrical bandwidth of 6 GHz. It is
driven by a continuously variable RF signal at frequency funa, swept from 100 MHz to 20
GHz, from a Vector Network Analyzer (VNA). By incorporating an Erbium Doped Fiber
Amplifier (EDFA) having an optical gain of 17 dB, and a variable optical attenuator (VOA),
the input optical power P can be adjusted between -30 dBm to 11.6 dBm at the SOA’s input.
An amplified photodetector (Pd) converts the optical output of the SOA into an RF signal that
is received by the VNA. The detected RF signal is compared with the RF reference signal to
determine the microwave phase shifts or time delays, which are caused by the SOA. The RF
modulation power is fixed at 0 dBm.

In the experiment, we measure the phase of this RF signal while fyna is swept. To ensure a
good comparison between all SOAs, the measurements are all made with respect to their static
optical gains.

The measurements of RF power and phase shift are made by measured the S-parameters using
VNA. The RF power of the output RF signal is measured relatively to a back-to-back
measurement, without the SOA in the optical path. Therefore, the measured RF power is

obtained by 20 log(|S2;,|) — 20 log(|S21,|), where z refers to SOAs static optical Gain (0,
5, 10, 13, 15 dB) and y is the back-to-back measurement without SOA.

A phase measurement is a relative (ratio) measurement and not an absolute one. Therefore, RF
phase shift is measured relative to a reference. This is done by measuring the relative S»1 phase
responses of the RF output signal with respect to a reference: ¢, eiative = arg (521,2) -
arg(Sz1 reference ), Where reference is fixed at a lower gain at -5 dB.

Signal RFin at funa

CW
atix  pC | EDFA voaA } OF Pd
=
200 [vzm | D> @ soa A N VNA
A Mo l
Dc Bias - Signal RFout: Pe oyt

Figure 2.9 Experimental setup to measure microwave phase shifts induced by CPO effects
in a SOA. PC: Polarization controller.
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2.3.3.2 Experimental results of the CPO frequency responses

Figure 2.10 and Figure 2.11 detail the CPO frequency response in terms of amplitude and
phase. For the amplitude response, we define the RF penalty as the difference between the
minimum and maximum RF power, at low and high frequencies of the output of the
corresponding RF signal, respectively, to a saturated and an unsaturated dynamic optical gain.
The CPOsgs bandwidth corresponds to the frequency for which the minimum value of the
output RF signal increases by 3 dB.
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Figure 2.10 Measured RF power as function of the frequency for different optical gains.



-68- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

The measured RF power has high pass filter characteristics resulting from the presence of
CPOs, as explained via asymptotic behavior of the CPO responses in section 2.3.2.
At low microwave frequencies, the oscillations of the carrier density (CPO) are modulated by

saturation due to the modulated optical intensity. This in turn induces gain variation that

typically occurs at frequency lower than the inverse of carrier lifetime (ﬁ) which is
d

associated with a maximum microwave phase shift. Besides, at high microwave frequencies,
the limited response time of the SOAs leads to smaller microwave phase shifts due to the finite
carrier lifetime, as shown in Figure 2.11.
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Figure 2.11 Measured relative phase shift as function of the frequency for different optical
gains.
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The maximum phase shift typically increases with, and can be controlled by, adjusting the
optical gain (bias current and input optical power). SOA-L has a similar behavior to [13] [20]
[21], where the maximum phase shift of 26° is obtained. Moreover, a tunable microwave
relative phase shift as high as 89°, which is the maximum obtained phase shift to the best of
our knowledge, is measured at an operating frequency of 1.5 GHz at the optical gain of 10 dB
for SOA-XN.

Table 2.2 summarizes the comparison between the four SOAs for achieving maximum phase
shift. It is obtained at the same static gain of 10 dB. SOA-L has the lower RF penalty of 7.1
dB and higher CPO bandwidth is about 780 MHz, but it has a lower maximum relative phase
shift, compared to other SOAs. The maximum relative phase shift attains 89,3 (close to the
maximum theoretical value) for the SOA-XN but is accompanied with an RF penalty of about
36,2 dB and a limited CPO bandwidth of 160 MHz. The larger the phase shift is, the larger the
penalty over RF gain becomes.

Table 2.2 Maximum relative phase shifts, RF penalty and CPO bandwidth for the 4 SOAs at
the gain 10 dB.

Maximum relative phase Penalty (dB) CPOs3gs (GH2)
shift
SOA-L 21.4° 7.1 0.78
SOA-NL1 68° 28.2 0.41
SOA-NL 63.7° 24 0.32
SOA-XN 89.3° 36.2 0.16

For the use of the CPO as a tunable delay line, we focus on the relative phase response and RF
power for 4 SOAs at low frequencies. Figure 2.12 and Figure 2.13 present the measured RF
power and relative phase shift over 0.5 GHz. We can see that a linear response of the phase
shift over a small bandwidth occurs for 4 SOAs in Figure 2.12 and Figure 2.13 (a) and (c).
Besides, at Gain 5 dB, SOA-L has an interesting RF power (Figure 2.12 (b)), which only
deviates by 1.5 dB over 0.5 GHz, while for SOA-NL1, SOA-NL and SOA-XN RF power
deviates by 6.5 dB, 6 dB and 11.5 dB, respectively. Thus, at low frequency, only the SOA-L
can realize a tunable delay line, which satisfies both condition of constant RF power and linear
phase shift over frequency lower than 0.4 GHz.
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Figure 2.12 Measured relative phase shift as function of the frequency over 0.5 GHz for
different optical gains, SOA-L (a), SOA-NLI (c). Measured RF power as function of the
frequency for different optical gains over 0.5 GHz, SOA-L (b), SOA-NLI (d).
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Figure 2.13 Measured relative phase shift as function of the frequency over 0.5 GHz for
different optical gains, SOA-NL (a), and SOA-XN (c). Measured RF power as function of the
frequency for different optical gains over 0.5 GHz, SOA-NL (b), SOA-XN (d).

2.3.3.3 Case of R, <0 in SOA-XN

In Figure 2.14(a), we see that under certain conditions, the SOA-XN present a specific
evolution of the phase shift below 1 GHz. It exhibits different behaviors, leading to a large
range of phase values at 100 MHz, from 12° up to more than 150°.
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A specific regime of phase variation is established for biasing currents of 180, 220, 325 and
350 mA. In addition, if the bias current is kept constant at 325 mA, this particular response
occurs for optical input powers ranging from -5 to 3 dBm (Figure 2.14(b)). However, for input
powers higher than 5 dBm and lower than -10 dBm, this specific response is not present. It
should be noted that this phenomenon has been observed experimentally only with a SOA-XN.
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Figure 2.14 Measured phase shift as a function of both SOA-XN bias currents and frequency
(fvna) with (a) fixed optical input power (0 dBm). (b) fixed bias current (325 mA).
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This specific phase shift response, for the case R, < 0 compared to a usual CPO response
(Rq > 0) [20] [21] is possible as we show using small-signal analysis (2.33) for a range of
optical input powers through K and the amplification parameters of the SOA through G*, g%,
and gZ. Thereby, the theoretical response of p%,, through the reversal sign of R, and the
asymptotic responses of p%,,; for the case of negative R, (Figure 2.8) allows us to explain the
evolution of the phase shift of the experimental results.

2.4 Optically controlled of RF phase shift using Cross Gain Modulation

In the previous sections, we have established a set of equations associated with optical signals,
all based on the knowledge of the carrier density in the calculus section. In this section, we
focus on the possibility of achieving optical control of RF phase shifts in a SOA, based on the
addition of the XGM of a CW signal at a SOA output. Moreover, the impact of the XGM
response of the amplified spontaneous emission (ASE) on the relative phase shift is also
presented. A small-signal analysis of ASE and optical CW control power is developed. A
numerical calculation is used to analyze the controllable RF phase shift. The measurement
results are presented for several control signal powers using SOA-L, which can perform at low
frequency both tunable phase shifter and tunable delay line. For a simple approach, the SOA
is also modeled from [10-14] and [19] [20] by considering one calculation section.

2.4.1 Small-signal analysis of ASE and optical control of RF phase shift

In order to investigate the role of CW and ASE signals at the output of the SOA, the setup
presented in Figure 2.15 is employed. An intensity-modulated optical signal P at the

wavelength Zsig is injected in addition to a CW optical control power PSW at Acw, at the SOA
input. In the proposed configuration, we detect P,,; the sum of the powers of the output

modulated signal P59, the control signal PSW and the SOA ASE output PASE.

out?

sig sig
iZQ. Pin F out
PASE Pous
_ = A - L 2 —l
N pew
Xy n PCW
out

Figure 2.15 Scheme of the operating principle.

For a simplified approach, the SOA is modeled from [12] and [22] by considering one
calculation section and one pseudo-mode at Aase for the ASE output power P,sr. We consider
that g¥ = g%, and the losses are null.

The stimulated recombination rate due to photons of signal sig and CW can be given as:
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po_ L PSi9(Gsio — 1) L PG -1 (2.37)
U TLt\  gsigps acwpely

where G* is the SOA gain at A,, and a* is the peak-gain coefficient at the signal wavelength
A.. Here x refers to sig, CW or ASE signal at the wavelength A4,.

The signal amplification also depends on the amount of ASE generated by the amplifier. This
is because ASE consumes the available carrier density and helps to saturate the gain. By
considering the previous simplification, the stimulated recombination rate due to ASE
(R4sg) and the ASE power can be expressed from [12] as:

ASE __
R =2 (& L 1),ase (2.38)
ASE T wdlL \ gASE |, P
GASE — 1 (2.39)
Poig = 2WiF — 1"
gn
rASE _ M 1 ASE (2.40)
sp 1 2 9m
ASE

where A2 is the optical bandwidth of the considered ASE pseudo-mode, g,25E is the material
gain coefficient leading to guided spontaneous emission, and W,*S¥ is the photo energy at A4sz
and c, stands for the speed of the light. By considering g,A5% = a'4SE(N — N,) and by
introducing (2.40) into (2.38) and (2.39), R,gr and PAYE can be written for G4SE > 1 as:

out

Pout (2.41)

Ruse = — 75
ASE ASE
I'a®>*LtP;;

4coMraSt (2.42)

The amplitude of the carrier density modulation n as a function of the optical input power Pl.ffg
can be derived from the rate equation (2.11). It can be expressed by:

1 G*9 -1 sig (2.43)

n=—— ; —p
ras9L(1+ Kp)PS9 1+ jwtg ™

where
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. Pout | Pa’G9  PRYGW (2.44)
T — i}
Par™  Py? Pt

T4 IS the dynamic carrier lifetime, can be expressed as:

1 14K (2.45)

Ta T

At the SOA’s output, the three output signals, Posbift] = Piilig GSY9, PASE and PEYW = PV GEW

contain a modulation term at the angular frequency w due to the modulation of the carrier
density N.

The signal power at the angular frequency (w) pjfft, represent the usual CPO response. It is

given by (2.31) as pSd = pSl9G9 + py, squ, Where X is replaced by sig.

n

Moreover, PASE and PSY are modulated due to the XGM mechanism leading to a modulated
power at the angular frequency w respectively given by:

pASE = ' qASE pASE (; ASE (2.46)
pW = nI'LaWpew GEw (2.47)

The term of p,,,; at the angular frequency w is given by:

Pout = Poyr + Pout + Pout (2.48)

By using phasor diagram, we can illustrate that the RF signal phase shift is influenced by the

ASE and can be controlled by P¢Y . In fact, Figure 2.16(a) shows that a phase shift ¢sig of pSig

out
exists due to the SGM term py;, sgm (2.32) compared to the phase of the amplification term

sig—Slg
P G5Y9.

After adding the ASE term pZsE to p3d. peig sem (2.32) and pZASE (2.46) are in phase, yields to

out:

an increase in the phase shift to ¢sig+ase as shown in Figure 2.16(b). Now, if an external control



-76- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

power PSW is injected, it contributes as the ASE power to increase the RF phase shift to
¢sig+rase+cw as shown in Figure 2.16(c).

Alm cw ¢5Lg+ASE+CW
5 Pout 4
L_pfe ASE ¢sig+ASE
Pout P ASE 5 Psigrase
Psig,sem (psig R Pout 3 4
V. S R4
0 sig
Psig,scm . Ao’
Pout g N ¢51g Psig,sGm ~) sig
K ) g ) a
sigFsig Sig7sig sigsig
(a) pin G*9 (b) pin G (C) pin G

Figure 2.16 Phasor diagram illustration of the phase in polar form with: (a) p2'9, (b) p:9+
paSE and (c) pol+ pASE+ pCl. (Component signals: solid vectors, resultant: dotted

vector).
2.4.2 Numerical calculation of RF phase shift

By substituting the carrier density modulation (2.43) into (2.31), (2.46), and (2.47), Pout
become:

T
1 .

Pout = Pin 1+ K, (1+ KZ)Gsig 1+ i T )
JOT¥K,(1+ K,)G9

n

~ piSigGs_lg (1 +j%1)

P 1+j-2 (2.49)
( J (1)2)
with:
o, = 1+K(1+K)) (2.50)
T
GS'Y9
o, = 1+ K,G59(1 + K,) (251)
T
oSG
K, = P (2.52)
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WASEP(;%S'E ECW PCWGCW
o WREE T wRGY 253
2 K,G5'9
_ 2z 254
p= o (2.54)

The equation (2.49) shows that the frequency responses of the RF amplitude and the phase shift
of p,: are related to w, and w, that are governed in turn by the carrier lifetime 7, P4gg, the
incident optical powers and their related gain and P,,,. We defined p (2.54) as the RF penalty

on the amplitude p,,; due to the optical gain saturation that occurs at low frequencies. From
9GSy : : : .
(2.49) Poutw—o = p‘": this saturation disappears at high frequencies where p,,¢ 00 =

Py G [2].

In the case that we consider that ASE is negligible and without the presence of PLSLW, K, isequal
to zero in (2.49). We can then find that the RF small-signal modulation component at the output
of the SOA is equal to (2.36), which refers to the usual CPO response. Moreover, the transfer
function of (2.49) has the same transfer function of (2.33) for the case when R, is positive, but
the difference is the cut-off frequencies. From equation (2.49) and for w; < w < w,, we can
derive that we have a maximum phase shift ¢,,,, at

f; — Ymax _ V@1 @2 (2.55)
max 2m 2m

where the maximum achievable phase shift ¢max of p,,: Can be given by:

N T A (256)
Pmax = 2atan 1+ Kppy 2

With KT12 = Kl(l + Kz)

The equation (2.56) shows that for high enough Gs19, the theoretical maximum phase shift of
90° can be asymptotically reached. Besides, the control of ¢,,,, by PCW is dependent on the

ratio between P>9 and PSY through the factor Ka, where the control of ¢p,q, is effective
. WCW PCWGCW Pstg St . . .
if > -2 ——_ This condition will be the same for the penalty p.

sig ,CW sig
W Psat sat
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Figure 2.17 (a) Theoretical phase shift and (b) Normalized RF power of pout as function of

the frequency for P;9 = -15 dBm and PS" = 0 dBm in presence of the ASE.

For a SOA with a gain of 20 dB, the calculation of the phase and the RF power of p,,; (2.49)

for W =-15 dBm has been performed for three scenarios (Figure 2.17). The operating point
has been obtained from the ADS model (presented in section 2.1.6). In each case the operating
point has been obtained by solving the rate equation (2.11) in static regime, by using 1
calculation section for the SOA presented in [12]. In absence of PASE and PSY, case (i), the
Figure 2.17(a) shows that the maximum phase shift is about 7° around the frequency fax =
1.15 GHz. This phase shift is accompanied by a penalty p of 2.1 dB on the RF power (Figure

2.17(b)). By adding PASE to P°"9 and in absence of PEY, case (ii), the phase shift at fy,q,

out out
clearly increases from 7° to 15° and is accompanied by an increase of 2.8 dB on p.

Finally, in presence of W and in presence of an external control power W of about 0 dBm,
the case (iii) shows a large improvement in the phase shift at f,,,, from 7° to 35° with a higher
penalty of 13 dB, as shown in Figure 2.17(b). We can notice that the more variation we have
between poye. £, -0 10 Pout, £, (Figure 2.17(a)), the more the phase shift is high.

The calculation of the maximum phase p,, (2.56) versus P,¥ and for different RS" ( —20,
—15, —10, =5, and 0 dBm) has been performed (see Figure 2.18(b)), after resolving the rate
equation in static state by using one calculation section for SOA presented in [12].
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By increasing P”ClW, ¢max increases before later decreasing at high values of PS" due to gain

saturation. When G*19 > 1, the term p becomes equal to G, for high values of PS"Y, this refers
to the case of K> >> 1.

Figure 2.18(b) shows clearly that ¢,y increases for PSY > P59, but at high values of PSY (=
0 dBm) the enhancement of ¢,,,.,Will be reduced due to gain saturation. The increase of the
power P, P9 contributes to the reduction of Kz (Figure 2.18(a)) then, at high saturation of
GSY9, ay decreases (Figure 2.18(b)).

1000
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K
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Max phase shift (deg.)
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Figure 2.18 (a) Factor Kz. (b) ¢max Of pout as function of P, ¢ for several PSY without ASE.

2.4.3 Experimental realization and results of the controllable RF phase shifts in
SOA

The SOA used in this work is a commercially available device from InPhenix (IPSAD1502),
referred to by SOA-L. It typically has an optical gain of 21 dB and an output saturation power
of up to 11 dBm, the static characteristics are shown in Figure 2.5.

In order to experimentally investigate the role of CW signal injected into the SOA, the set-up
shown in Figure 2.19 is utilized where SOA-L is used. Two optical signals are injected into the

SOA. A first signal, P57 is generated from a laser source emitting at Jsig = 1527 nm close to
the peak of the SOA optical gain and modulated by an external Mach-Zehnder modulator
(MZM). The MZM is driven by a continuous variable RF signal, swept from fyna = 0.01 GHz

to funa = 20 GHz, from a Vector Network Analyzer (VNA). For the second signal, a laser
source emitting at Acw = 1532 nm generates the optical control power PCW.
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Figure 2.19 Experimental setup to measure the microwave phase shifts induced by CPO
effects in a SOA and by adding XGM response of an optical signal. PC: Polarization
controller, Att: attenuator, OF: optical filter at 1sig, Pd: photodetector, I: Bias current,
EDFA: Erbium-doped fiber amplifier. Oc: optical coupler.

Figure 2.20 Experimental set-up.

The wavelength difference between Acw and Zsig is sufficient to cancel the four-wave mixing

effect due to mutual beating between the two laser sources. The optical power of P and PSY
are respectively adjusted by the optical attenuators Att; and Att.. It should be noted that the

SOA’s optical gain for P;9and PSY is close to 21 dB for low input powers and for the SOA’s
bias current of 250 mA. At the output of the SOA, the optical path in continuous line is used

to detect the total power. To only measure the response of P59 an optical filter with an optical

out’

bandwidth of about 0.5 nm is set at Asig to block the ASE power. After detection by Pd, the
phase shift of the microwave signal Peout is measured by the VNA.
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Actually, in measurement, phase shifts are evaluated relative to a reference signal
corresponding to the SOA fed at the minimum current of 60 mA, referred to gain 0 dB, and the
phases are then measured for the SOA fed at 250 mA, referred to gain 20 dB.

Figure 2.20 shows the devices used in the experimental set-up. Figure 2.21(a) shows that the
experimentally measured relative phase shift at f,,,,, Of poy: 1S @almost 8°, with a penalty of 1.8
dB (Figure 2.21(b)), corresponding to a weak power W (—15 dBm). Now, by removing the
optical filter and in absence of W we measure the response of pg;g our + Pasg. This case

which refers to Figure 2.16(b), shows that the presence of the ASE power increases the phase
shift at f;,,4, by 8°, with a penalty of 3.9 dB (Figure 2.21(b)).
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e P00 % Pl plSE m p2S 4+ pASELPEY (PSY =0 dBm)
Figure 2.21 (a) Measured relative maximum phase shift, and (b) measured RF power of Pe out
as a function of frequency. P, ?is fixed at -15 dBm.

After adding PS" at the SOA input, we measure the responses of poye = P59 + pASE + pCW,

which refers to the phasor diagram in Figure 2.16(c). Due to a strong P5" (0 dBm), an

improvement in the phase shift at f;,,, by 28.5° is obtained compared to only 8° with P9 . It
is accompanied by a penalty of 12 dB on the gain (Figure 2.21(b)). These results are in
accordance with the small-signal calculation in Figure 2.17 and with equation (2.56).

The measured relative phase shift and RF power of SOA-L for different injection powers of
W(—lo, and 0 dBm) and with a fixed W at low power —20 dBm and at high power 0 dBm
are presented in Figure 2.22. We can clearly see the evolution of the relative phase shift by
injecting different W= —10, and 0 dBm for fixed W = —20 dBm, compared to ﬁ (see

Figure 2.22(a)). The evaluation of the relative phase shift is accompanied by a depth in RF
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power response at low frequency as seen in Figure 2.22(b). We can notice that at low frequency
(up to 0.5 GHz), the injection of CW enables the control of CPO phase shift, leading to control

of the delay lines. In contrary, at high fixed input optical power, P = 0 dBm (Figure 2.22(c)),

the evolution of phase shift is almost the same for P¢W =-10 and 0 dBm, due to gain saturation.
The maximum phase shift of poye = P29 + pASE + pC% 0 dBm is 32°, compared to p>-9 is
29°. We notice that it is less suitable to control the phase shift using CW for the case of high

fixed input optical power.
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Figure 2.22 (a) Measured relative maximum phase shift, and (b) measured RF power of Pe out
as a function of frequency for W: -20 dBm. (c) Measured relative maximum phase shift,

and (d) measured RF power of Peoyt as a function of frequency for P;?= 0 dBm.
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The measured maximum relative phase shift and RF penalty for different scenario of injection

powers of P> and RS are registered in Figure 2.23.At high injection powers of P> (about 0
to 5 dBm) and without injection of a CW power, Figure 2.23(a) shows that the difference in
relative maximum phase shift at f,,,, and the penalty remain quasi constant regardless of

whether the ASE is filtered or not. This is due to the absence of ASE at high P59 this case

m !
refers to Kz < 1 in (2.53). Considering the case PSY > P9 is injected, the relative maximum
phase shift at f,,,,, varies from 5° to up to 45°. The improvement in relative maximum phase

shift is accompanied by a higher RF penalty as shown in Figure 2.23(b).By increasing P>"¢, K

mn

is reduced, thus the relative phase shift and penalty becomes equivalent to the response of the

signal P;/9 (at’5 dBm) in presence of ASE (see Figure 2.23(a-b)).
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Figure 2.23 (a) Measured maximum relative phase shift at f,.x Of Dous, @and (b) RF
penalty p of p,.: 52 only, pS*9 with presence of ASE and with injection of several PEY (-

out out

10, -5, 0 and 5 dBm).

2.5 Up-converted CPO in different structures of SOAs

As we show previously, the CPO techniques is performed in baseband frequency domain up to
1 GHz due to the SOA carrier lifetime. However, it has been demonstrated that the integrated
delay generator based on Up-converted CPO in a SOA, noted by Up-CPO, eliminates the issue
of the intrinsic limitation of the carrier lifetime, leading to the generation of a time delay on
signals of up to THz depending on the SOA optical bandwidth [13] [14]. In this section, we
present theoretical and experimental results of Up-converted CPO, which is the first stage of a
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TTD hybrid structure. We describe the principle of Up-CPO and we derive a small-signal
analysis of Up-CPO optical power in function of the mean carrier density in SOA. We present
the issue that has not been previously addressed in the literature regarding Up-CPO in nonlinear
SOAs, namely the role of high-orders of carrier density modulation. We develop a small-signal
analysis in a pump-probe configuration. The evaluation of the dynamic carrier lifetime is done
by a static calculation as a function of the injected optical powers, using small-signal
expressions. A comparison between theoretical and experimental data concerning the
amplitude and phase shift of microwave signals is presented both in pump-probe and Up-CPO
configurations, for three different types of SOAs (SOA-L, SOA-NL and SOA-XN), which is
done for the first time.

2.5.1 Principle of Up-converted CPO

We recall the principles of Up-converted CPO (also noted Up-CPO), which has been described
in section 1.2.2.5. A schematic describing the Up-CPO principle is shown in Figure 2.24. A
first optical signal Pj, at the wavelength A, is modulated at a high frequency f., with
fe >> 1/(2mt,) where 7,4 is the dynamic carrier lifetime. Thus, the carrier density in the active
region and the SOA optical gain are not affected by the modulation part at the high frequency
£. of this signal. Meanwhile, the second optical signal P% at the wavelength A, is modulated
at a low frequency f; with f; << 1/(2mt,). Therefore, the carrier density oscillations at f; lead
to a dynamic variation of the optical gain. Thus, through XGM, the high frequency modulated
signal P, is modulated by P/, giving rise to signals at high frequencies f = f. * f,. In other
words, the data signal at f; is Up-converted around the high frequency of the carrier, at f.
fa. After photodetection, the RF output signal provides information on the phase shift that can
be tuned through the operating condition of the SOA [14].

Power Data
signal
Time P i?z OF - lid_
SOA a~ |_: i RF output
Power = T

Ac Pf _— Centered at A,

__Carrier
Time  signal

Figure 2.24 Principle of Up-CPO, OF: Optical filter, Pd: Photodiode.
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2.5.2 Small-signal analysis of Up-converted CPO

The model used for small-signal analysis is based on a carrier density rate equation and a set
of travelling-wave equations describing the amplified signal fields, which have been initiated
in section 2.3.1. We develop first the Up-CPO optical power response as a function of the SOA
carrier density variation. The calculation is performed by dividing the SOA into 2 sections to
better consider the SOA gain saturation. Therefore, we develop the carrier density modulation
in the first section followed by carrier density modulation in the second section Then, we show
that the frequency responses of the carrier density can be extracted from the experimental
results obtained in a pump-probe configuration in order to access to the Up-CPO frequency
responses.

2.5.2.1 Up-converted CPO optical power response as a function of the SOA mean carrier
density

We consider that the optical gains at A, and A, are equal to G. At the SOA output, the optical
field at the wavelength A., can be obtained from (2.19) as:

ESy, = ESNGelte (2.57)

here x in (2.19) refers to carrier ‘C’ or data ‘d’ at wavelength A,. Ag is the difference of phase
due to the propagation along the SOA.

Inside the SOA, the oscillation of the carrier density along the SOA length is induced by the
two input signals PS, and P at the angular frequencies w, and w, respectively. By considering
a first-order approximation, the beating terms at w..4 = w, *+ w, can be neglected.

By dividing the SOA in M sections along its length, we can define a mean carrier density N,
which is the mean value of the carrier densities in the M sections as

N, 2.58
M
=1
where N; is the carrier density in section i.
Therefore, the expression of the mean carrier density N, (t) in (2.20) is written as:
N, = N, + 294 gjogt 4 169 p—joge 4 Mo jjoce | Tewe o —jot (2.59)
2 2

N, represents the static operating point and N, IS the complex amplitude of the mean carrier
density modulation at w,. Due to the cross-gain modulation, the SOA gain G(t) at A, is
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modulated at the same pulsations as the carrier density around the static operating point G. VG
can be written, by using a first-order Taylor expansion, as:

\/_ /— 1+ BNe( ew e]a)dt+newde —jwgt + e](uct + ewce—](uct) (260)
2 2 2

Therefore, at 1., the complex amplitude terms of the Up-CPO signal output power at the

pulsations w.,4 and w._4 can be obtained by the quadratic detection that were calculated in
(2.19), (2.57) and (2.60) as:

X (14 eralw) 6D

. _ Ph 9 (, Ph  0G\ _ph
Poutwerqg = Tne,wdﬁ — New, aN 4 — Newy ON

LTl

¢ aG PS aG
_Pin,, <1 ) Pin e 20 (1 epgw) 262

pgut,wc_d - Tne,wd ﬁ — New, oN 4 — Newy oN

LTl

_c _c‘
with e, 4(w.) = p_c —n, a,c N ¢ and Eeg(wy) = p_c TlZw i % These two terms must be taken into
n n

account if £, is close or below the cutoff frequency of n, (w). In system application, w. = 2xf,
is the high up-mixing fixed angular frequency. Usually, f; is significantly higher than the cutoff
frequency of n, ,,_, thus the response in phase and amplitude of n, ,_is negligible. It appears
through (2.61) and (2.62) that the frequency response in amplitude and phase of the Up-CPO
signals at w.,4 and w._,; depends only on the frequency response of the mean carrier density
oscillation due to the data signal through =, ,,, and ng ,, , respectively. Therefore, the Up-CPO
frequency response in this case can be simplified as:

P, G
pgut,wc+d~ %ne,wd a_N (2'63)
Pin ., 9C (2.64)

c
Pout,we_g ~ 4 Ne,wy ON

2.5.2.2 Small-signal frequency response of the carrier density

As shown in (2.61) and (2.62), the Up-CPO frequency responses at w.,4 and w._4 are related

to the frequency response of the carrier density of the data signal, n.,, . To access
experimentally to the frequency response of n, ,,, due to XGM, without the oscillation of Py,

a pump-probe setup is used. In this case, Pj, is set as a continuous-wave signal and used as a
probe noted PE7, and P2 is considered as the pump, a time varying signal noted P5*.
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We assume that the SOA gains at 1p,, and A, are the same: for the section i we have GP* =
GP™ = G, and aP" = aP* = a. Generally, in small-signal analysis, the SOA is modeled by
only one calculation section [11-14] and [19] [20]. In order to take into account the nonlinear
effect due to the saturation regime, the model must include an extra number of sections, causing
the analytical expression of n,(w,) to become more complex. As we increase the number of
sections, so does the complexity of the equations; thus, we divide the total SOA length into
only two sections of equal lengths (L, = L, = L/2). Each section is biased by half of the total
SOA bias current | (I; = I, = 1/2) (see Figure 2.25).

I =1/2 I, =1/2
P
P inu P 51?1 N1 P 51%,1 P iil,lz N2 P 5£t,2 P ;ﬁ
- Pu Pr Pu Pr
Py Py G176 Ph . Py G267 p ot P
Section 1 Section 2
L, =L/2 1 L,=1/2

Figure 2.25 Principle of SOA modeling by two calculation sections in presence of an

intensity-modulated pump signal PZ* at Ap,, and a continuous-wave probe signal PET at
Apy

Therefore, in the pump-probe configuration, an intensity-modulated optical power acting as a
pump signal at Ap,, is injected in the first SOA section at the SOA input (Figure 2.25), which
is expressed at the SOA input as:

- pPu i p’."Pu )
PR = PR = PRY + e Jomt 4 oot (2.65)

where W is the average optical input power at Ap,,, p-* is the modulation part at the angular
frequency wp,, of the optical signal at wavelength 1p,, and “*’ stands for the complex conjugate

value. A second signal, a continuous-wave power acting as a probe signal P2, = PET at Ap,.
is injected simultaneously at the SOA input.

From (2.16), the recombination rate R, ; due to the amplification of the optical pump and probe
signals at wavelengths A, and Ap,,, can be given in both sections by the following equation:
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Ry = 2 <Piilfi(0i -1 N PE(G; — 1)) (2.66)
st,i
ralz,; P Py
awpt . . . awg’ . .
where Pt = Wravfp' is the material saturation power at Ap,, PLy;; = V‘;a‘fp' is the material

saturation power at Ap,-, W,y * and W, are the photon energy at the signal wavelength Ap,, and

Apr, respectively. I' is the optical confinement factor in the active zone, a is the peak-gain
coefficient.

The Ry ; and R4sg ; Can be taken into account from (2.12)-(2.13) by:

Ni (2.67)
Te,i

with . ; is the effective carrier lifetime calculated from the carrier lifetimes 7;, due to R, ;,
L [17] [18].

. 1 1
and 74, ;, due to Rygg ;, With —=—+

ei Ti  Tasei
2.5.2.2.1 Carrier density modulation in the first and second section

For the first section i = 1, we introduce (2.66) and (2.67) into the general form of the ate
equation (2.11), the rate equation for the first section becomes:

dN; I_1_£_ Piil,l1(G1 -1 _ ler)z,r1(01 -1) (2.68)
dt  qV 1., FaL1Te,1PsI;%,1 FaLlfe,lpsIerm

The complex amplitude of the carrier density modulation n, ,,, (2.69) is given by small-signal
modeling (section 2.3.1). By introducing the expression of the carrier density and the gain
(2.20)-(2.21), for A, = Ap,, and (2.65) into (2.64). Then we derivative (2.68). We consider
first order modulation terms, and substitute (2.23) into the derivative of (2.68).

Ny, = — ! 61\ (2.69)
VP T Ta Ly (14 KPOPEE \1 + jotg, ) ™

sat,1

A . . L . . . pPu
where 74, = —24_ is the dynamic carrier lifetime in the first section and K% = —2L G,
a1 ™ qygPu 1 pPu_ U1

sat,1
Now, for the second section i = 2, the input powers of the second section depends on the output
powers of section 1, where PSY | = PfY, = PLY Gy and PPl = PP, = PET,G,. Therefore,

in2 — "1 in,2 = “inl
the rate equation for the second section is given as:
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% _ 1_2_&_ PiI:zl,lz(Gz - 1) _ Piifz(Gz - 1) (2,70)
dt  qV T, Tal,t.,PLY, Tal,t. P},

The complex amplitude of the carrier density modulation n, ,,, in the second section can be
calculated as in (2.71) by small-signal modeling using (2.20)-(2.21), and by applying the
derivative of (2.70). We consider first order modulation terms, and substitute the partial
derivative of the gain (2.23) into the derivative of (2.71).

1 G, — 1
n = —
20pu ral,(1+ K™+ KPPEY ,\1 + jwtg,

3G, 96,y @)
Pu ~— Pu Pr
in1G1 + P 5n —+ P.'\n —_—
(pln,l 1 n,1'"L,wpy 6N1 n,1"*L,wpy 6N1

. A A B B B . PPu _
where 74, = HK:P‘;‘—L(ZM is the dynamic carrier lifetime in the second section, K% = P;”;;z

sat,

and G = G, G,.

The probe and pump optical powers at the input of the second section can be written
respectively from the gain expression (2.21) where 4, = Ap,, and (2.65) by considering first-
order terms as:

PP (6) = P, G + P, morn 001 gy e Thions 001 g 2.72)

n,1 n,1 2 aNl in,1 2 (’)Nl

Pu
_— Pi 1= —Tll_ aGl .
Pi() = PR Gy + <% Gy + Pt %W) eleput
1

*Pu *
Pint =— . —pg Mwp, 061\ _;
+< > Gl+PL$l‘,‘é—2P an, )¢ Joput

(2.73)

2.5.2.2.2 Probe output power

At the SOA output, the complex amplitude of the probe signal at +wp,, can be given from
(2.21) and (2.65) by considering the first order terms to be:

_ G —_n G
1,w u 1 2,w u 2

Phicwp, = P G =5 -+ Puh Gi—3™ 5 (2.74)
e Mp, 0G1  —5— N3 4p, 0G,

pgﬁf.—wpu = Pli,q 2 ZP 0_1\/1 + Pzﬁ,q Gy ZP B_NZ (2.79)

Then, by using (2.23) we express pf,’gtliwpu in terms of the mean carrier density as:
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— LNy, = LNy, - Ne wpy,
Pl wp, = PTGy Gla 2P+ PP Gy Gzrazﬁ = Plf[lcraL% (2.76)
Pr — pPr A n;“-’Pu (2.77)
Pout,—wpy = Pm,lGraL— )

2

n; +n5 .
= w equivalent to the mean value of the

M,wpy t2,0py

with n, o, = and ng .

complex amplitude of the carrier density.

Equations (2.76) and (2.77) show that a pump-probe setup can lead to access into the frequency
response of the dynamic carrier density, which will be used to analyze the Up-CPO frequency
response defined in (2.63) and (2.64). Substituting (2.69) and (2.71) into (2.76) and (2.77)
yields an expression of the output probe power pg’gt’iw},u, Ne,wp, aNd ng . that can be written
as:

DT _ Knmzpz}r)z,r1(7 14 /j0Tas2 phu (2.78)
out,twpy 2%2%,1%2%,2 (1 ija)Td,l)(l ijwrd'z) in,1

i o Kning ( 1+ jwtg 12 )ppu (2.79)
T TalPtiPat, \(1+jote)(14+jote,)) ™

o _ Kninz 1—jwtg phu (2.80)
e TalPg Pty \(1—jota,)(1 - jwraz) )™

with:
. 7 _ KnaG1%a1Piata+Kn1Ta2Peat2 (2.81)
41z = Kninz
Pu ~pPu PO P (2.82)
n Knlnz = Psat,anl + anGl sat,1 1 - Knl pP—%l
sat,
A (2.83)
nL T (1+kPY)
= (2.84)
" K St

= (1+kP*+k5T)
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2.5.2.3 Evaluation of the dynamic carrier lifetime

As the frequency response of pg’ﬁaiwm (2.78) depends on the dynamic carrier lifetimes 7, ;5,
7441 and 7, ,, we analyze in this paragraph their evolution as a function of the injected powers
PPT and W. The calculation of 7,415, 744 and 7,4, is done after resolving the rate equations
(2.68) and (2.70) by using 2 calculation sections for the SOA presented in [5] [12]. We consider

two cases where the probe input power PET is set first at a low power (—30 dBm) and then at
a high power to saturate the SOA (0 dBm). For each case, we vary the pump input power

Tﬁ“from —30 to 10 dBm. Figure 2.26(a) and Figure 2.26(c) depict the gain evolution versus
the pump input optical power for PE™ = -30 dBm and 0 dBm, respectively. We deduce from

. P, . -
these two figures PX% | and PLY% ,, where PRY = %(‘;)‘“* [3], with Poye,|

output power in section i for the optical gain reduced by -3 dB.

5 dB the optical

(@ (b)
BT 400 T
12 + %‘ 4 Q
9 '*% *Tg1
m 7T <
% B 200+
£ 6 g
(D _O
3 e
g
0 Q 0 } } } |
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§ *Tg,12
e T4
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Figure 2.26 Gain for sections 1 and 2 for: PE"=-30 dBm (a), PE"= 0 dBm (c). Dynamic
carrier lifetime for: PE” = -30 dBm (b), P = 0 dBm (d).




-92- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

As seen in Figure 2.26(b) and Figure 2.26(d), 74 ; is always greater than z, ,. When the optical

gain in each section is nearly unsaturated, corresponding to W lower than -10 dBm and PE"
set at —30 dBm, Figure 2.26(b) shows that 74 1,~74 ;. In this case, (2.78) tends to a first-order
low-pass response. This indicates that modeling the SOA by only one section is sufficient.
For higher W G, is more saturated than G4, thisinturn leadsto 7,4 1, <744 asshownin Figure
2.26(b). A deep saturation, for the case where PL" is set at 0 dBm, leads to always have Tg12 >
741 (Figure 2.26(d)). Therefore, the frequency response of (2.78) no longer corresponds to a
first order low-pass response.

2.5.2.4 Full Up-CPO frequency response

As we explained in section 2.5.2.2, the carrier density dynamics n, ,,,, are obtained from the
pump-probe configuration and then used to determine the full frequency response of the Up-
CPO configuration. Thereby, the power of Up-CPO responses, Doyt e, ,q> can be calculated by

substituting the carrier density expressions (2.79)-(2.80) into (2.61)-(2.62):

picn 1 KnanG_ d Kn1n2pl$1 lG_ (2 85)
¢ =—— T ; 1———T :
P =25 (a1 70
with
_ 1+jwTg12 _ 1+jwcTg,12 2.86
Ti(w) = (1tjwtgq)(1tjwTy,)’ and T (wc) = (1tjwetgq)(1tjwctqy) (2:89)

2.5.3 Calculation and measurement of frequency responses for pump-probe and
Up-CPO setups

After presenting the principle and the small-signal analysis of the Up-CPO, in this section, we
first give the experimental results of a pump-probe configuration in order to determine the
values of 7, 1,, 7441 and 74, in equations (2.78) to (2.80). These parameters are then used in
(2.85) to calculate and discuss the Up-CPO frequency response. Finally, we compare the
theoretical and experimental Up-CPO frequency responses.

The experimental results were measured for three different SOAs. SOA-L, SOA-NL and SOA-
XN, are identified respectively as linear, nonlinear and extra nonlinear SOAs. The static
characteristics of SOAs measured at the maximum biasing current and at —25 dBm input
optical power, are shown in Table 2.1.

2.5.3.1 Pump-probe characterization

The experimental setup of pump-probe is illustrated in Figure 2.27, an intensity-modulated
optical pump of 5 dBm at Ap,, = 1545 nm and a continuous wave (CW) optical probe of —5



-93- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

dBm at 15, = 1550 nm are simultaneously injected into the SOA. An optical filter is used at
the SOA output to measure the signal converted at Ap, through XGM. After photodetection,
the RF signal pggt,wpu Is measured with a vector network analyzer (VNA).

Power Pump
I signal
APu l
Time P i};lu OF - lid_
SOA Ao IZI RF output
Power — = L phr
4 Apy ppr =g Centered at Ap, oUbwpy

Probe

Time  signal

Figure 2.27 Pump-probe setup, OF: Optical filter, Pd: Photodiode.

As each SOA device is different, the measurements are made with respect to the static optical
gains 0 dB, 5 dB and 10 dB in presence of the input pump power of 5 dBm and the input probe
power of —5 dBm.

Figure 2.28(a), (b) and (c) show, in solid line, the normalized low-pass frequency response of
the measured RF power pfy. ., for the three SOAs. The experimental results show that the
SOAs NL and XN present, at —3 dB of the maximum RF power, a large bandwidth. SOA-XN
can reach 18.45 GHz of bandwidth, while SOA-L has a 3.95 GHz bandwidth, obtained for gain
10 dB. We also notice that non-flat responses are obtained for SOAs NL and XN.

In order to determine the values of 74,5, 741 and 7,4, we fit the experimental results of the
pump-probe configuration by the normalized form of the measured RF power pf,’,jt,wpu for
SOA-L, SOA-NL and SOA-XN. The normalized function is obtained from (2.78) as:

T(f) = 14 jwTars ! +j’% 280
(tjora)( ot (147) (1474

where f; is the cutoff frequency for each 1 +j§term with f; = % andt=12,1and 2. The
t

TTTd‘t

obtained value of f;.,, fa1 and f;, are shown in Table 2.3, Table 2.4, and Table 2.5,
respectively.
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Normalized RF power (dB) Normalized RF power (dB)

Normalized RF power (dB)

5
a
0 b i Table 2.3 Cutoff frequency of SOA-L
(GHz)
-5 N 0dB  5dB  10dB
Gain 0 4B measured ) fi, 081 146 217
10 | .. Gain 0 dB calculated
=== (3ain 5 dB measured f1 0.5 1.03 1.82
15 | Tl Gans dh el f, 162 27 53
@ - Gain 10 dB calculated
20 it ivinns faag 076  1.63 3.95
0.1 1
Frequency (GHz)
5
0 (b) Table 2.4 Cut-off frequency of SOA-NL
c’t::.§ “ (GHZ)
5 N 0dB  5dB 10 dB
Gain 0 dB measured
1o | = Gain 0B calculated \ f12 0.6 1.26 2.5
B === (3ain 5 dB measured \\ f 0.64 1.5 2.8
=& Gain 5 dB calculated \ 1
-15 == Gain 10 dB measured R f2 1.91 4 12
@ - Gain 10 dB calculated N
2 f3dB 2.14 5.23 14.65
_20 L L L L 9
0.1 1 10
Frequency (GHz)
5
0 b mmma== Table 2.5 Cut-off frequency of SOA-XN
S (GHz)
-5 0dB 5dB 10 dB
Gain 0 dB measured
10 | ~® Gain 0 dB calculated f12 0.6 1.3 3.37
=== (Gain 5 dB measured
=4 - Gain 5 dB calculated fl 0.8 1.8 4.43
-15 | == Gain 10 dB measured .% f 1.45 39 12
@ - Gain 10 dB calculated % 2 ' :
20 U S f3ap 2.24 5.97 18.45
0.1 1 10
Frequency (GHz)

Figure 2.28 Normalized RF power for: SOA-L (a), SOA-NL (b) and SOA-XN (a). Calculated
data are in dotted line and measured ones are in solid line.
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The calculated data of the normalized RF power from p{,’ﬁt,wpu show a good agreement with
the measured ones (Figure 2.28) for the three different SOAs. These show that the SOA
modeling by dividing its length into two sections allows us to reproduce their high-order
frequency responses with a good accuracy.

Moreover, the fitting results show that a flat frequency response in the bandwidth at -3 dB is
obtained when f;, = f;, corresponding to 7,441, < 74 1. Otherwise, a slight overshoot appears
as for SOAs NL and XN at gains 5 dB and 10 dB, that corresponds to 74 1, > 741, Where (2.78)
no longer has a first-order low-pass response (as stated in section 2.5.2.3).

2.5.3.2 Calculation of the absolute Up-CPO frequency response

For practical reasons, in experimental measurements, we only have an easy access to relative
responses, i.e., the difference between two measurements, rather than the absolute ones. The
absolute amplitude and phase responses of Up-CPO signals can be calculated by substituting
the normalized function (2.87) of the calculated f; in Table 2.3, Table 2.4, and Table 2.5, and
into equations (2.85). Put,w,., Can be written as:

Doty = — D2 (prf - Ti(f)p;;,l) - ’;d—f:(” ) (2.89)
The resulting pgu¢ ..., €an be rewritten as follows:
c Ag d
Phutwsa = ~ g Pina T () (1= ATL()) (2.89)
Knin2Piny Phua

is the modulation

where A; = WG_ IS a constant for an operating point and m = =

sat,1” sat,2 mn,1

index of the optical input signal at A.. We vary f in a range of 5 GHz around f, with f = f. +
fa-

The power, in dBm, and the phase of pgy; .., for an operating point corresponding to an
optical gain G can be written form (2.89) as:

|PSutiocsal ;(dBM) = Bg + 10log|T.(f)| (2.90)

arg(Putwesa)l, = T+ Co + arg (To(P)) + arg (1) — arg(pfy.1) (291)
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where B; and C;; are constant terms with:

Ag Dina 2.92
Be = 10l0g 25 Pt 1 _ A, )| (2.92)
C; =arg (1 —A TJ_r(fC)) (2.93)

We normalize the absolute power and the absolute phase shift of pg,; , ., at fc (Figure 2.29
and Figure 2.30). The Up-CPO technique operates as a frequency up-conversion function
where the responses of the pump-probe configuration are shifted around f.. The calculation is
done in a bandwidth range of 5 GHz around f.. For a SOA gain of 0 dB, all the three SOAs
present a high phase shift and a high power variation (Figure 2.29) due to their limited
frequency bandwidth < 2.24 GHz (Table 2.3 to Table 2.5). By increasing the SOA gain to 5
and 10 dB, SOA-L shows a larger phase shift and power variation than for SOA-NL and XN
(Figure 2.30) due to their higher cut-off frequencies (Table 2.3 to Table 2.5). In addition, the
overshoot that exists for both SOA-NL and XN at gains 5 dB and 10 dB in Figure 2.28(b) and
(c) also appears for the normalized absolute amplitude responses in Figure 2.29(b) and in
Figure 2.30(b), (d), dueto f; = f5; itcorrespondingto 74, < 744, as seen in section 2.5.2.3.

o0
(e
|
1

o
o

A
o
Normalized RF power (dB)

Normalized phase shift (deg.)
=)
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1
—_—
(91

0 } ]
f. — 5GHz fe fc +5GHz fo —5GHz f: fe +5GHz
Frequency (GHz) Frequency(GHz)

- SOA-LL e SOA-NL == SOA-XN

Figure 2.29 Up-CPO normalized phase shift for the three SOAs at gain 0dB (a). Normalized
RF power for the three SOAs at gain 0 dB (b).
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Figure 2.30 Up-CPO normalized phase shift for the three SOAs: at gain 5 dB (a), at gain 10
dB (c). Normalized RF power for the three SOAs: at gain 5 dB (b), and (d) at gain 10 dB.

2.5.4 Validation of small-signal calculations by experimental results of Up-CPO
responses

The experimental setup is illustrated in Figure 2.31. A first optical signal emitted at A.= 1550
nm is intensity-modulated at a high radiofrequency f.= 15 GHz via the Mach-Zehnder
modulator MZM1. A second signal emitted at A; = 1545 nm is intensity-modulated via the
Mach-Zehnder modulator MZM2 by a low RF frequency f; varying from 0.1 to 5 GHz. It is
generated by using a RF mixer, as the difference between f,. and fyna , @ signal varying from
10 to 20 GHz generated by the VNA. The laser wavelengths are set to be close to the one for
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which the gain of SOAs is maximum. An EDFA amplifies the modulated input data signal PZ.
At the SOA output an optical filter (OF) with an optical bandwidth of about 0.5 nm is setat 4.

The optical powers PS and @ are adjusted by the optical attenuators Attl and Att2,
respectively at 5 and —5 dBm. After the photodiode (Pd), the magnitude and phase shift of the
RF signal Peout are measured by a VNA at different static gains for each SOA device. The
measurements of amplitude and the phase shift are evaluated relative to a reference that is the
response at a gain of 10 dB, where the phase response supposed to be constant. The operating
frequency is fixed at f. = 15 GHz. It could be largely higher, but it was fixed at this value due
to our experimental setup limitations. It should be noted that the used frequency f. = 15 GHz
for the SOA-NL and SOA-XN, is below their cutoff frequency for gain 10 dB (Table 2.4 and
Table 2.5).

RF Generator Jvna (10 GHz~20 GHz)
—' i SPL VNA
fe (15 GHz)
RF Ja=1fe=funal
amplifier |
LPF (5 GHz)
\/ RF amplifier 2
Data EDFA Att2 ; P, ou
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iz‘f‘ 0 mzm1 va
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Figure 2.31 Experimental setup for Up-CPO measurements induced by slow and fast light
effects and XGM in a SOA. PC1 and PC2: Polarization Controller, Pd: Photodetector,
EDFA: Erbium-doped fiber amplifier, LPF: RF low-pass filter, SPL: RF Splitter.

The experimental results of the relative phase shift and normalized relative power of the Up-
CPO signal are shown in Figure 2.33 and Figure 2.34 for gains 0 dB and 5 dB, respectively.
We can see that the measured phase shift shows an offset at 15 GHz for both SOA-NL and
SOA-XN. This offset is due to the large bandwidth of the reference response at gain 10 dB,
where f;,5 =18.45 GHz for SOA-XN and 14.65 GHz for SOA-NL (see Table 2.4 and Table
2.5), which is close to or higher than f,.

For the gain 5 dB, the cutoff frequency for SOA-XN (5.97 GHz) and for SOA-NL (5.23 GHz)
are not significantly lower than f. In this case, the two terms &, 4(w.) and e._4(w,) must be



-99- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

taken into account if £, is close or below the cutoff frequency of n,(w). Thus, the frequency
response of Up-CPO at w.,4 depends on both n,,, and n.,,_, as described in 2.5.2.1.

/|

Figure 2.32 Photograph of Up-CPO experimental set-up using SOA-XN. OC: Optical
Coupler, OSA: Optical Spectrum Analyzer.

The calculation of the relative amplitude and relative phase responses of Up-CPO are
performed by using (2.90) and (2.91) and are then normalized at the frequency f.. Figure 2.33
and Figure 2.34 shows a good agreement over all the 10 GHz measurement range around f; for
SOA-L between the theoretical (in dotted line) and experimental results (solid lines) for gains
0 dB and 5 dB of the relative amplitude and relative phase shift, where the SOA bandwidth is
always lower than f;.

For SOA-NL and SOA-XN, the frequency responses for the reference chosen at the gain 10
dB present a cutoff frequency close to f. (for SOA-NL) or slightly above f, (for SOA-XN).
Although the approximations concerning the beating terms inside the SOA (that were made in
section 2.5.2.1) are relatively rough in this case, the relative Up-CPO responses for gains of 0
and 5 dB are in agreement over the 10 GHz measurement range around f. except for the SOA-
XN responses for 5 dB gain (in Figure 2.33), where a difference appears between theoretical
and experimental results.
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Figure 2.33 Measured and calculated results for a gain of 5 dB with a reference gain of 10
dB: (a) relative RF power for SOA-L, SOA-NL and SOA-XN, (b) relative phase shift for SOA-
L, SOA-NL and SOA-XN. Calculated data are in dotted line and measured data are in solid
line.
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2.5.5 Experimental verification of the influence of the operating frequency (f)

As we saw in section 2.5.4, the measured phase shift shows an offset at 15 GHz for both SOA-
NL and SOA-XN. It is due to the large bandwidth of the reference response at gain 10 dB,
which is higher than f,.

In order to verify the influence of f., on the Up-CPO response, a measurement of Up-CPO is
done for two different operating frequencies f, : at 10 GHz and 30 GHz. So, we recall the same
experimental setup in Figure 2.31. We fix the bandwidth of the optical filter to 1 nm. The
measurement of relative phase shift is done for different Inias, where the reference is fixed at
Ihias = 200 mA. The measured relative phase shift using SOA-XN is presented in Figure 2.35
(@) for f.=10 GHz, and f. = 30 GHz in Figure 2.35(b).

(a) (b)
60 + 60
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E‘., a0 L 75 mA 100 mA B 40 e 75 mA 100 mA
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Figure 2.35 Measured relative phase shift using SOA-XN at different operating frequency:
(a) at 10 GHz, and (b) at 30 GHz.

We can see that the measured relative phase shift for different bias currents at f. = 10 GHz has
the same phase variation as at f, = 30 GHz. However, an offset on the relative phase shift
response is obtained for f. = 10 GHz, compared to f, = 30 GHz.

The measured relative phase offset with respect to the reference for different lyiss, at f, = 10
GHz and 30 GHz, is summarized in Table 2.6. We can note that the offset is lower for f, = 30
GHz. Thus, the obtained experimental results validate the influence of f. on the Up-CPO
response that are given by the small signal analysis in equation (2.89).
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Table 2.6 Phase offset for different bias current, at f. = 10 and 30 GHz.

Bias current 75 mA 100 mA 125 mA 150 mA
fc =10 GHz 9.2° 5.5° 3.4° 1.8°
fe =30 GHz 2.5° 1.5° 0.4° 0°

2.5.6 Delay calculation of Up-CPO

After calculating the absolute Up-CPO phase responses in section 2.5.3.2, the corresponding
delay can be calculated through the negative derivative of Up-CPO phase shift response versus
frequency as in (1.12). The results are illustrated in Figure 2.36 and Figure 2.37. They show
that the delay is not constant, a drop around f,1mp, OCcurs. We notice that SOA-L responses
present higher and sharper variations than SOA-NL and SOA-XN. We also see that the value
of the drop decreases with the gain as seen in Figure 2.36 and Figure 2.37. We define the delay
variation Age;qy p-p, 8 the variation between the top point at f.,;omu, + 0.5 GHz and the
bottom point at f.41omuz-

(a) (b)
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40 T — \ / —
160 - 20 + ~ -
@ 0 .-.-...'°"0N;Ao"°'...----}
2 120 - S
z z
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Frequency (GHz) Frequency (GHz)

== SOA-LL ¢+ SOA-NL == SOA-XN

Figure 2.36 Calculated delay of SOA-L, SOA-NL and SOA-X for 10 GHz of frequency band
at Gain 0 dB (a). Normalized delay of SOA-L, SOA-NL and SOA-XN for 1 GHz of frequency
band (b).
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As SOA-L presents a higher deviation, we only show the results of the delay variation for SOA-
NL and SOA-XN in Table 2.7. We notice that at a gain 0 dB the variation for SOA-XN is about
41.1 ps, more significant than for the SOA-NL, about 8.1 ps. Besides, it shows that the higher
the gain is, the smaller the variation in the delay response becomes.
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Figure 2.37 Calculated delay of SOA-L, SOA-NL and SOA-X for 10 GHz of frequency band:
at Gain 5 dB (a), and at Gain 10 dB (c). Normalized delay of SOA-L, SOA-NL and SOA-XN
for 1 GHz of frequency band at: Gain 5 dB (b), and Gain 10 dB (d).
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Table 2.7 Delay variation (Ageiqy p—p) OVer a frequency band of 1 GHz.

Delay depth (ps) at Gain 0dB 5dB 10dB
SOA-NL 8.1 7.7 0.87
SOA-XN 41.1 11.2 0.91

Ageray p—p 1S measured for different frequency bands (0.15 GHz to 1.125 GHz) for SOA-NL
and SOA-XN at gain 0 and 5 dB. The results are presented in Figure 2.38(a) and (c). We define
the standard deviation of the delay 4.4, to measure the divergence from the mean value,
Figure 2.38(b) and (d). A larger 4,4, indicates that the values tend to be far to the mean.
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Figure 2.38 Ageiqy p-p @Nd Ggerqy for SOA-NL and SOA-XN versus frequency band at: Gain
0 (a)-(b), and 5 dB (c)-(d).
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At gain 5 dB, the maximum Ag.iqy p—p ~13.5 ps is registered for SOA-XN at 1.125 GHz
accompanied wWith 44, 0f 3.8 ps, while for SOA-NL A4y p—p IS ~ 8.7 ps and o4¢;qy 1S 2.6

ps.

At gain 0 dB, Ageqy p—p OF SOA-XN varies from 7 ps to 42 ps in frequency bands ranging
from 0.15 GHz to 1.125 GHz. This response is accompanied by a high o4, ~13 ps and is
registered at gain 0 dB in the frequency band range of 1.125 GHz for SOA-XN.

For SOA-NL, Apeiqy p—p Varies from 1.7 to 8.2 ps. This response is accompanied by a 0g¢qy

of 0.6 to 2.7 ps. We can conclude that both SOA-NL and SOA-XN have a non-constant delay
response although SOA-XN has more nonlinearities compared to SOA-NL.

As we discussed in chapter one, to obtain TTD over a specific bandwidth, the delay must be
constant over this frequency band. Our goal is to correct the delay variation of SOA-NL and
SOA-XN over a bandwidth of 1 GHz. The focus is therefore to implement a second stage based
on a RF approach, that will first correct first the Up-CPO nonlinear response of SOA (of the
first stage), and second to obtain a TTD system.

2.6 Conclusion

In summary, an experimental comparison of phase shifts for four different SOA structures has
been performed. We showed that nonlinear SOAs allow an adjustable relative phase shift
higher than the linear ones. A relative phase shift of up to 89.3°, close to the theoretical
maximum, is measured around 1 GHz for a SOA-XN at the cost of an increase in the RF gain
penalty. With this latter SOA, we have also experimentally observed and theoretically
investigated the particular response of the RF signal phase shift.

We have experimentally and theoretically analyzed the effects of XGM responses of a SOA on
controlling the phase shift induced by CPO on an RF signal. We showed that, by using the
XGM response of a control signal at the SOA output, the phase shifts on an RF signal can be
adjusted independently of the optical power of the modulated input signal. The capabilities of
the proposed setup can achieve tunable phase shifts in the range from 16° to 45°, for an input
optical signal at -15 dBm and an external CW power of 5 dBm.

We have performed theoretical and experimental analysis of Up-CPO signal undergoing
coherent population oscillations and pump-probe configuration in semiconductor optical
amplifiers for different devices. We have calculated the amplitude, phase and delays of Up-
CPO signal responses. We demonstrated that modeling SOAs by two sections is sufficient,
both for linear and nonlinear SOAs, with a good agreement between theoretical and
experimental results. Finally, we point to the delay variations of SOAs (SOA-NL and SOA-
XN) and propose the use of a second stage to correct the delay response of SOA-NL and SOA-



-107- CHAPTER 2. COHERENT POPULATION OSCILLATIONS (CPO) AND UP-CONVERTED
CPO IN DIFFERENT STRUCTURES OF SEMICONDUCTOR OPTICAL AMPLIFIERS

XN in order to obtain a TTD system. This implementation is presented and described in chapter
3, based on high-frequency device which makes the originality of this study.
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3.0 Introduction

As demonstrated in chapter 1, an ideal TTD must present a constant delay over the
instantaneous bandwidth B, ((Figure 3.1(c)), with constant amplitude or RF power (Figure
3.1(a)) and the projections of the linear phase shift for each configuration of the tunable device
at 0 Hz equal to ¢, ffsec = 360° X k (k is an integer number) (Figure 3.1(b)). This chapter aims
to realize constant tunable delay lines and TTD.

(a) (b) (c)
Al ¢ a delay, o
B- B mns >
ins Pogrser | s NN i S

: > + > : > f
0 f. 4 0 f. Fooo f.

Figure 3.1 Characteristics of an ideal TTD over the instantaneous bandwidth (B;,s) near
the carrier operating frequency (f;), (a) amplitude frequency response, (b) phase frequency
response, (c) delay frequency response.

As seen in chapter 2, SOA-NL and SOA-XN have nonlinear responses, where a depth occurs
over the delay response (section 2.5.6). Therefore, to obtain a TTD, we first need to correct the
nonlinearity responses of SOAs. In order to obtain a flat response of delay, a second stage
should be added, having the shape of the inverse response of SOA delay. Figure 3.2(a) shows
the delay response of SOA-NL/XN (solid line), and the delay response of RF filter, which has
a ripple in delay, and it is equal to the inverse of the depth (dashed line). By combining the
delay response of SOA-NL/XN and RF filter, a flat delay is obtained (see Figure 3.2(b)).
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: > f : > f
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Figure 3.2 Illustration of hybrid delay correction.



-114- CHAPTER 3. RADIO FREQUENCY PHASE SHIFTER AND TRUE TIME DELAY
HYBRID STRUCTURE

In this chapter, we propose a hybrid optical-microwave structure to generate a TTD by
implementing a photonic-RF hybrid structure as shown in Figure 3.3. The tunable RF phase
shift/delay at high frequency function is performed by the photonic stage using an Up-
converted CPO in SOAs (presented in Chapter 2), second is an RF stage needed to correct
nonlinearity responses of SOAs, and for tuning the offset phase (¢,ffs.:) Of the corrected
response to achieve a TTD system. The second stage consists of a tunable RF phase shift, based
on a RF folded filter (RF-FF), which will correct the nonlinearity responses of SOAs. This
stage is known as “hybrid correction structure”. The corrected delay can be electrically
manipulated by voltage control (Vpc) of variable capacitance (varactor) of RF folded filter with
respect to the operating point of SOA (bias current). The RF phase shifter (RF-PS) will be
placed after the tunable RF folded filter, so that the phase offset can be tuned by controlling
the capacitance values. This stage is known as “TTD hybrid structure”. Indeed, by combining
the two stages, we will show in this chapter that a TTD can be achieved over a bandwidth of
nearly 1 GHz by simulation.

..........................................................................................................................................................................................................

in OF
RF folded RF phase shifter
. =+ OIE
- SOANL — filter (RF-FF) (RF-PS)
Piy: Ac
; Delay correction
Stage #1 Stage #2

...........................................................................................................................................................................................................

Figure 3.3 TTD hybrid structure.

In this chapter, we discuss the characteristics of a microstrip line, describe the theory behind a
microstrip filter, and discuss the Chebyshev filter used in the design part where we introduce
half-wavelength open-circuit stubs bandpass filters. First, we present tunable RF filters; folded
filter (RF-FF) and curved filter (RF-CF), followed by a Radio Frequency Phase Shifter (RF-
PS) with a tunable phase offset. We will discuss how cross coupling can be reconfigured to
obtain a coupling that can be physically realized. We also present the layout and
electromagnetic (EM) simulation of both tunable RF filters and RF-PS, followed by
experimental results for the tunable RF filter’s so-called folded and curved filters. Finally, RF-
FF and RF-PS of the second stage are then merged with the first stage, in order to correct the
nonlinearities and obtain a TTD. The simulation results of delay correction and TTD hybrid
structure are presented.
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3.1 Theory of microstrip lines

Printed circuit boards (PCBs) are the best common method for assembling electronic circuits.
It offers a reduction size and weight of the overall electronic circuit, improving connection
reliability, and low manufacturing cost. Planar transmission lines are widely used in printed
circuits to ensure signal transport between various active and passive components. There are
several reasons for the use of planar transmission lines, such as broadband, high reliability, and
the realization of compact dimensions and light weight circuits. Due to the simplicity of the
associated etching process, the microstrip line is the most widely used planar technology in the
application of various microwave devices. It allows a simple assembly of elements in series.
The transfer of lumped elements in parallel requires installing metallized holes between the
conductor and the ground plane, leading to parasitic effects, which is a disadvantage of this
technology. Microstrip has found applications frequencies ranging from 0.01 GHz up to 10
THz [1] [2].

A microstrip line consists of a flat metal strip acting as a conductor etched on the upper side of
a dielectric substrate, and a ground plane placed on the opposite side as shown in Figure 3.4(a).

Due to the dielectric constant of the substrate being higher than that of air, the electromagnetic
field lines are mainly concentrated in the substrate between the conductor and the ground plane.
However, a small part of the electromagnetic field is located outside the dielectric (in air). In
this case, the propagation mode is not pure transverse electric-magnetic (TEM), due to
difference in velocities between the air and the substrate. Instead, the dominant mode of
propagation is quasi-TEM mode with little dispersion. Figure 3.4(b) shows the distribution of
the electric and magnetic fields in the cross-section of the microstrip line.

The quasi-TEM mode is the fundamental hybrid HEo mode with zero cut-off frequency [3]. As
the frequency rises, higher order hybrid modes can propagate through the microstrip guide [3].
Their propagation is facilitated by the increase in substrate thickness. In order to avoid the
appearance and propagation of these parasitic modes, it is therefore essential to have low
substrate thicknesses at high frequencies. It should also be noted that for low permittivity
values, microstrip structures are more likely to radiate at high frequencies. Similarly, radiation
can be reduced by reducing the substrate thickness.

In the case of the microstrip line, the guided wavelength in the substrate for a frequency f is:

" (3.1)

7 VEerr

where 4, = % is the wavelength in free space, and ¢ is the effective permittivity constant.

The associated propagation constant and phase velocity are:
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_2m (3.2)
2nf (3.3)
Ug = T
Strip conductor
s (b)
Dielectric
substrate

Ground plane

Figure 3.4 Schematic of (a) microstrip line, and (b) field distribution at the cross section of
a microstrip line, H: Magnetic field (doted lien), and E: Electric field (solid line).

The effective dielectric constant of a microstrip line is given by [4] [5].

geff = <

(er+1) —1)[
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In equation (3.4), w represents the width of the microstrip line, h the thickness of the substrate,
and &, the dielectric constant of the substrate.

Given the dimensions, the characteristic impedance of the microstrip line can be derived from
the effective permittivity and the dimensions w and h, (see (3.5)).
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( 60 8h w w .,
Zo_x/ IH(W+E)’ n 35
Eeff (3.5)
=) 1207 %z .
Jseff |7 +1.393 + 0.667In (1.444 + 7|

with the given value of Z, and the dielectric constant of &,., the ratio of w/h can be obtained by

[4] [5]:

[ 8€A K <2
w J e24 — 2’ h (3.6)
R 2 & —1 0.61 w
Ik—[B—l—ln(ZB—l)]+ T (1n(B—1)+o.39— ) > 2
T T ET'
where

_ Zo [er+1 | &1 0.11 _ _377m
=2 /—2 +—£r+1(0.23 2 ) and B T

The physical length of a microstrip line with electrical length of 6, at frequency of f can thus
be calculated by:

B 0, c6, (3.7)

T B f Jey;

3.2 Theory of microwave filters

In order to correct the nonlinear response of the SOA (presented in section 2.4.3.2 and section
2.4.4), we adopt the use of a microwave tunable filter to correct these nonlinearities. In the
following parts, the theory of microwave filter is presented.

Microwave filters play an essential role in modern telecommunication systems. They enable
many applications (audio, video, telecommunications, instrumentation, and radar) to share and
maximize the use of limited spectrum resources, notably by limiting interference between
systems. Filtering a signal is a delicate operation that consists of controlling the signal in a
frequency band, selecting the useful components (bandwidths) and isolating the undesirable
ones (attenuated bands).

A filter is defined, at a given frequency band, by the following specifications:
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= The amplitude response (transmission and reflection).

= The group delay: it shows the linearity variation in the phase introduced by the filter.
In some applications, it is necessary to have filters with a linear phase over the operating
bandwidth. Such systems delay each frequency component by the same amount, thus
avoiding time distortion.

Depending on the position of the bandwidth and attenuating bands in the frequency response,
the filters can be classified into four categories: low-pass, high-pass, bandpass, and notch
filters. As shown in Figure 3.5, the bandwidth of the low-pass filter is between 0 and ®¢, While
high-pass filter has opposite specifications. The bandpass filter on the other hand only selects
desired band frequencies between w1 and wc2. A complement to the bandpass filter is a Band
reject or notch filter. It serves to eliminate undesired band frequencies between wc1 and ®c2.

S21(dB) S,,(dB) S21(dB)

We1 W W1
0 (20 0—7t

—oo! — N —o0

Figure 3.5 Idealized filter responses: (a) Low-pass, (b) High-pass, (c) Bandpass, and (d)
notch.

Filter responses are mostly classified into four types: Butterworth, Bessel, Chebyshev, and
Elliptic.

The Butterworth filter response refers to the maximally flat response, because the passband
response offers the steepest roll-off (roll-off is the steepness of a transfer function with
frequency) without inducing a ripple in the passband.

The Bessel filter has a flat response of the group delay (no ripple), with poor selectivity. The
magnitude response decreases rapidly in the passband, and the stopband attenuation is reduced.
The Chebyshev filter is characterized by ripples that exist in the passband. The amplitude of
these ripples is directly proportional to the steepness of the roll-off. For a steeper response, a
more significant ripple response is required. The response of the phase and delay are nonlinear.
Chebyshev filters have the smallest error between idealized and actual filter characteristics
over the range of the filter, accompanied by ripples in the passband. Chebyshev filter has a
steeper roll-off near the cutoff frequency when compared to Butterworth and Bessel filters.
Chebyshev filters offer a better selectivity compared to Butterworth and Bessel filters.
Elliptic filters are known for their ripple response that is present in both passband and stopband.
The passband ripple of the elliptic filter is similar to that of the Chebyshev filter. However,
selectivity is greatly improved, which in turn requires more components (more complex filter).
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In this work, only bandpass filter based on Chebyshev prototype filter is considered, which is
characterized by the passband ripple and offers good selectivity. In addition, the ripple in
passband can be adjusted.

3.2.1 Transfer functions and general definition
The transfer function of a two-port filter network is a mathematical description of network
response characteristics, namely, a mathematical expression of Sz [6]. The Chebyshev

response that exhibits the ripple in the passband and a maximally flat stopband is shown in
Figure 3.6.

La(dB)

LAL

Figure 3.6 Chebyshev lowpass response, w, is the cutoff angular frequency [6].
The amplitude of the insertion loss of Chebyshev n" order can be expressed as:

1S21w)|? = 1+£2—T2(w) (38)

In this expression, w is an angular frequency variable, Tn(w) is the n™ order Chebyshev
polynomial, and ¢ is related to the rate of ripple constant in the bandwidth. &€ and Tn(w) are

defined as follows:
Lar (39)
e=4/1010 — 1

where Lar is the passband ripple in dB and the n" order is determined from the attenuation
requirement of the stopband.



-120- CHAPTER 3. RADIO FREQUENCY PHASE SHIFTER AND TRUE TIME DELAY
HYBRID STRUCTURE

cos(n cos™1), lw| <1
Th(w) == lw| > 1 (3.10)
cosh(n cosh™)

The phase response and group delay of the filter can be found as:

$21(w) = Arg S;1(jw) (3.11)
(o) = 2@ (312)
TaLpFlW) = do

where ¢, (w) is in radians, w is in rad/s and 7, ; pr(w) is in seconds.
3.2.2 Prototype lowpass Chebyshev filter

A Chebyshev lowpass prototype filter is interpreted as the filter whose element values are
normalized to make the source resistance or conductance equal to one, denoted by go= 1, and
the cutoff angular frequency w.= 1 (rad/s).

A prototype lowpass filter comprises localized capacitive and inductive elements determined
from the specifications. Design of the bandpass filter is based on this lowpass prototype, for
which some necessary transformations will be rendered (impedance and frequency
transformation). A schematic of the lowpass filter prototype is shown in Figure 3.7.

It’s made by alternating shunt capacitances and series inductances. The g-elements represent
impedances for the series elements and admittance for the shunt elements.

9T T 9

ST LT

Figure 3.7 Lumped circuits for lowpass prototype Chebyshev filters with even n: first element
is a shunt capacitor, and the last element is a series inductor.

The expressions for g-elements can be calculated using the following formulae [6]:

go=1
g1 = ssin (%)
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4sin [w] .sin [w]

9 =7 2n = 1)n2" fori=2,3,..n
i—1 2 i 2
l y? + sin [ m ]
(3.13)
L for n even
In+1 = X for n odd
2 (4
coth (4)
where y = In [coth (1L7—“‘3T7)] and y = sinh (ZX_n)
The passband ripples can be expressed as:
Lar(w) = — 10log;o(1 — 10°1Lr) (3.14)

3.2.3 Chebyshev bandpass filter with lumped networks

Once the prototype filter is ready, it can be used for impedance and frequency transformation.
A transformation to bandpass is needed for getting bandpass characteristics. In the
transformation, the serial inductance L will be converted to serial combinations of Lsi and Cs;,
whereas the shunt capacitance C becomes shunt combination of Ly and Cyi as shows Figure
3.8.

Len Csn
i i

Yo C L §
1 P31 3
Cpi== %Lm _ % P In+1

Figure 3.8 Lumped circuits for bandpass prototype Chebyshev filters with even n: first
element is a shunt capacitor and a shunt inductor, and the last element is an inductor and
capacitor in series.

The frequency response of a bandpass filter is given by the well-known conventional frequency
transformation lowpass filter (LPF) to bandpass filter (BPF):

1 (w wo) (3.15)

new = TEW \wg @
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where the center frequency is given by w, = \/w,w,, the fractional bandwidth is FBW =
Wy —wW1q . .
, and the cutoff frequencies w; and w, acting as lower and upper boundary.

Wo

The series inductors of the lowpass prototype are converted to series resonators as follows:

L,_( 1 )Zo ,_(FBch>gogi (3.16)
S8 \FBWwow, / go 9 o W Zy

The shunt capacitors of the lowpass prototype are converted to shunt resonators as follows:

FBWw.\ Zy gi _ 1 9o (3.17)
Ly Cpi

Wo 9o FBWwow. / Zy gi
here Z, is the value of the load impedance, generally set to 50 Q.

The group delay response of the bandpass filter is then computed with:

Tq,Lpr (W) [1 + (%)2] (3.18)

Td,BPF((U) = FEW o
0

3.2.4 Lowpass to bandpass transformation using immittance inverter

The term microwave applies to the frequency band ranging between 300 MHz and 300 GHz,
which corresponds to wavelengths in the air between 1 meter and 1 millimeter. The dimensions
used in this frequency range will therefore have to be considered in the device design. The
distributed element is where the transmission lines-in which the resistance, capacitance and
inductance are distributed throughout the line. Distributed networks are comprised of
transmission line elements rather than resistors, inductors and capacitors. It used mostly at
microwave frequencies, where lumped components are impossible to implement. Indeed, it is
obviously no longer a question of using models with localized elements (resistor, inductor or
capacitor) but distributed models. To do this, it is often interesting to use classical lumped
schemes with impedance and admittance inverters [7]. Immittance inverters have the ability to
shift impedance/or admittance depending on the choice of K or J parameters. Making use of
these properties enables to convert a lumped filter circuit to an equivalent form that is more
convenient for implementation with microwave structures.

Immittance inverters transform an impedance into an admittance (K-inverter) or, alternatively,
an admittance into an impedance (J-inverter). The property of an idealized immittance inverter
is frequency invariance. Referring to Figure 3.9(a), when the inverter is terminated with an
immittance (Z: or Yy) at one end, the immittance seen at the other end (Z1 or Y1) will be [6] [7]:
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K2 J? (3.19)
/L= — Y, =—
YTz, LTy,
A B]_[O jK A B]_[O i/l (3.20)
c Dl j/K 0 c DI jJ 0

here K is real and defined as the characteristic impedance of the inverter K-inverter, J-inverter
is real and defined as the characteristic admittance of the J-inverter. The admittance and
impedance inverters used are characterized by their ABCD matrices (3.20).

o—— o——
Z, .- K Z, Vi ] Y,
o—— 190 o—— =90
(a)
| = 1,/4 . I=20/4
Zo=K Yo =]
(b)

Figure 3.9 Network representation of the single terminated (a) K-inverter and J-inverter,
(b) Example of realization of the inverters by quarter-wavelength distributed lines.

One of the simplest alternatives of the inverter is the use of a quarter wavelength of
characteristic impedance K or J for an admittance inverter (Figure 3.9(b)). Quarter wavelengths
can transform a series connected element to shunt, and vice versa.

The impedance and frequency transformation used to obtain the bandpass filter from the
lowpass prototype results in a filter network containing parallel and serial resonators [7].
However, to simplify the filter topology and make it practically feasible, it is practically
advantageous to use one of the two types of resonators, either in series or parallel. The
transformation from one type of resonator to another is obtained by using the previously
proposed circuit called an impedance or admittance inverter. The impedance inverter can be
used for the design of bandpass filters with series resonators only. Similarly, the admittance
inverter is used for the design of bandpass filters using only parallel resonators. Figure 3.10
shows the use of impedance and admittance inverters to convert series resonators to parallel
and vice versa.
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Yoj{ ]0,1 CP1£ %Lpl ]1,2 Cpn% ngn ]n,n+1 %Yn+1
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Figure 3.10 Bandpass filters with: (a) impedance inverter, and (b) admittance inverter.

The representation of an n'" order filter (in Figure 3.10(b)) consists of n resonators (LC) parallel
and coupled to each other by n+1 inverters. The admittance Y; can be expressed by:

. : 3.21
Yi=].Ll_w+JCiw=JBi(w) (3:21)
where B; is the susceptance.
The parameter of admittance slope b; (slope parameter) is expressed as follows:
. dB;(w) (3.22)

' dw wW=wy

3.2.5 Richards transformation

In order to convert lumped elements (L, C) into equivalent transmission lines, Richards
transformation is used [6] [7]. It makes a direct analogy between lumped and distributed
elements around a resonance frequency f,. A transmission line can be assimilated into a
resonant circuit according to its length and load (open or short circuit). Table 3.1 presents a
summary of equivalent results from the Richards transformation.
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Table 3.1 Transmission lines equivalent circuit in lumped element.

Ao Ao Ao
=3 =7 =3
< I > L L L C

N 1 1
short circuit L =— Lwy=—=— Lwg=—=—

1
Jo
1

Z C

Open circuit Zowg Wo Cawy - Wo Cwg 2

3.2.6 Stub-type microstrip bandpass filters

Ultra-Wide Band (UWB) technology has great potential in the development of various modern
transmission systems. UWB microstrip filters can be constructed from distributed elements.
Such a type of bandpass filter is the quarter-wavelength shunt short-circuited stubs. It consists
of a cascade shunt short-circuited stubs of electrical length [ = A,/4, which is the equivalent
circuit of transmission line (TL) in short circuit configuration (see Table 3.1), separated by
Aol4 inverters (equivalent TL is presented in (Figure 3.9(b)), so-called connecting lines (Figure
3.11), where 4, is the wavelength in the medium propagation at the operating frequency f;.

Ao /4
® —_—— °
Yl 2 YTL—l n
YO YO
— s N - - —e
A NN Yoo | T
Ao/A Short-circuit stub

Figure 3.11 General circuit model of quarter-wavelength shunt short-circuited stubs.
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The lowpass prototype should be used to determine the g-parameters (section 3.2.2). The filter
has n shunt stubs for n-reactive elements in the prototype. The characteristic admittances of the
stubs Y; and the connecting lines (quarter-wavelength inverters) Y; ;. are obtained using the
well-known formulas [6] [7].

Characteristic admittances of the connecting lines can be found by:

o (i
Vial L, = YO( 3 ) (3.23)
where J; ;41 is the J-inverter given by:
Jua _ o |Ca
Y, Yo 3
]n—l,n — Cagn+1
Yo JoGn-1
]i,i+1 — gOCa (3.24)
Yo

i=2ton-2 VvIigi+1

with C, = 2.d. g,, and d is a dimensionless constant (0 < d < 1) that may be assigned to
another value to give a convenient admittance level inside the filter [7].

The characteristic admittances of the shunt stubs can be found by:

Y, = goYo(1 —d)g;tan 6, + Y, (le —];—2> (3.25)
0
Jicii Jii
Yiliz2ton-1 = Yo (Ni—l,i + Nijy1 — lTll - l;l) (3.26)
0 0
Jn-1,
Yn = Yo(gngn+1 — dgogs) tanb; + Y, (Nn—l,n - nY: n) (3.27)

2 2
FBW L. C.tan 6
here 9[ = T (1 _ _), and Ni i+1|- — (]l,H—l) + (go atan l) .
2 2 ’ i=1ton-1 Yo 2
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Figure 3.12 shows the configuration of the bandpass filter constructed with half-wavelength
open-circuited stubs connected by A,/4 inverters (connecting lines). Using A,/2 stubs is
advantageous to create transmission zeros at w,/2 and 3w,/2, thus, this filter has an improved
frequency selectivity. This is done by replacing the quarter-wavelength short-circuited stubs
(presented in Figure 3.11) by half-wavelength open-circuited ones that use two quarter-
wavelength stubs, the resultant filter will have similar passband characteristics but quite
different stopband characteristics. This type of filters will have additional bandpass in the
vicinity of wy, = 0 and w = 2w, and at other corresponding periodic frequencies [7].

The stepped impedance half-wavelength open-circuited stubs, which are composed of 1,/4
inner line and A,/4 outer open stub are found using the characteristic admittance of the
transmission line [7]:

' (a + 1)tan2g,

Y = ay, (3.29)

where a = cot?6, (Z“’Tw) and w, < w; is the frequency at which the shunt open-circuited

0
stub presents a short circuit to the main transmission line and causes a transmission zero or

attenuation pole [7].

Aol4
S COReSCEEE >
. ——— —
YO Yl 2 Yn—l n YO
e —— e -0
: Y]_’ Yzl Yn_ll Yn,
L
10/4 \‘ ) YZH Yn_l” Yn”

w Y, \
/10/4 \\\\

Open-circuit stub

%

Figure 3.12 General circuit model of half-wavelength shunt open-circuited stubs connected
by quarter-wavelength inverters.
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3.2.7 Generalized coupling matrix

11 12 In ITl+1
I, V[ Jo1 ‘ HVl Ji2 ‘ \ i %Lfnﬂ
0
Gs Yr1 Yrn GL

Figure 3.13 Network of bandpass filters of order n with admittance inverter.

In Figure 3.13, the lumped resonator (LC elements) of a bandpass filter (Figure 3.10) is
replaced by transmission lines, using the half-wavelength open-circuited stubs (presented in
section 3.2.6).

The overall admittance y,; which contains the outer and inner admittances (see Figure 3.12)
can be obtained from the following:

The impedance of the outer open stubs (Z,. ;) of quarter-wavelength line can be calculated by
[8]:
Z;"

__t fori=1ton (3.30)
jtanpl’

Zrl,i =

where Z;"" is the characteristic impedances of the outer open stubs.
From transmission-line theory, the total impedance of the stub can be calculated by [8]:

’ Zrl_i+jZi'tanBl (3.31)

Zoyi =7,
T2 t Zi'+er1‘itan[>’l

where Z;" is the characteristic impedances of the inner lines.
For a quarter-wavelength line (I = 1,/4), the overall impedance Z,; at the center frequency

can be obtained by dividing the numerator and denominator of (3.31) by tanfl and taking the
limit as the tangent function argument approaches Bl = (2n/1y)(Ao/4) = m/2:

. Zilz . 3.32

Fri = il Frea = T Jtanpl = o
1

Vri=5—=0 (3.33)

Zri
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Then, the overall admittance is given by (3.33) at the central frequency.

A voltage-current relationship for each node in the network shown in Figure 3.13 can be
combined into the matrix form which is convenient to manipulate as follows:

LI K 039
of |5 5 s | s
The network is defined by the following system of equations:
[1=[YLIVI  with  [Y]=[GC] + [yy] +).1J] (3.35)

where:
= [I] is the current vector of dimension (n+2) for which [I] = [lg, 0,..., 0],
= [V] is the voltage vector of dimension (n+2) with [V] = [Vo, V1 ,..., Va1 1%,

= [Y] is the nodal matrix (n+2, n+2). It is always symmetrical with respect to the
diagonal,

= [G] is the conductance matrix (n+2, n+2).

= [y,;] is the admittance matrix of resonators (n+2, n+2) with all entries, except the
diagonal, set at zero,

= [J] is the admittance inverter matrix (n+2, n+2). It contains values of the mutual
coupling between the nodes of the network. If the coupling occurs between sequentially
numbered resonator, it is referred to as direct coupling. The entries on the main
diagonal, Jiji, Jii+1 and Jij-1 are direct couplings, whereas all other couplings between
the non-sequentially numbered resonator are known as cross couplings.

" 11 J1,2 Jin-1 Jin
]2,1 ]2,2 ]Z,Tl—l ]2,1’1
U] _ : : : :
]n—1,1 ]n—1,2 ]n—l,n—l ]n—l,n
L ]n,l ]n,z ]n,n—l ]n,n
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3.2.8 Cross coupling

One approach to achieve the flat group delay or the variation group delay characteristics is
utilizing the cross-coupling between nonadjacent resonators. The cross coupling between
nonadjacent resonators is used to generate transmission zeros at a suitable real resonant
frequency. A negative cross coupling, on one hand will increase the filter rejection, and on the
other hand it will increase the variation in the group delay. However, a positive cross coupling
will reduce the filter rejection and flatten the group delay.

To observe the effects of inserting a cross coupling on the nodal matrix, we consider the
example of a 6™ order filter in which resonator 1 is coupled with resonator 6. The coupling is
modeled by an ideal admittance inverter of J; ¢ characteristic admittance as shown in Figure
3.14. The feed lines of the filter are designed with a characteristic impedance of 50 ohms, the
first J-inverters J, ; and last J-inverters J,, 1 can be neglected.

/ \
\

] ]

/ 1,6 \

/ \

Figure 3.14 Bandpass filters of order 6 with cross coupling 1-6.

We obtain the following nodal matrix from Table 3.2 in which the Ji 6 coupling appears on a
secondary diagonal at the intersection between the row of resonator 1 and the column of
resonator 6.

Table 3.2 Nodal matrix of a 6™ order filter with a cross coupling resonator between 1 and 6.

Source | Resonators Load

[Y] 0 1 2 3 4 5 6 7
Source 0 Gs |JJo1 | O 0 0 0 0 0

1 J-Jo1 Yr1 |J-J12 |0 0 0 J-J16 | O

2 0 J-J12 Yrz |JJ23 |0 0 0 0
e 0 0 J-J23 Yrs |J-J34 |0 0 0

4 0 0 0 J- T34 Vra | J-Jas 0 0

5 0 0 0 0 J-Jas Yrs [J-Js6 | O

6 0 J-J16 |0 0 0 J-Js6 Yre |0
Load 7 0 0 0 0 0 0 0 G,

where Gs= GL=Yo.
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3.3 Tunable radio frequency filter

In order to obtain a tunable delay to negate the delays caused by SOA, a full description of the
proposed tunable RF filter is presented in this section.

3.3.1 Tunable filter design with ideal transmission lines

In a first step, a description of the proposed filter with ideal transmission lines is implemented
on the ADS circuit simulator. We choose the Chebyshev filter, which is characterized by
ripples that exist in the passband bandwidth. We have started the design of a symmetrical
bandpass filter using the synthesis of Chebyshev lowpass prototype filter mentioned in section

3.2.2, the 6" order filter is suitable for the RF filter design with 0.01 dB ripples in passband

bandwidth. The reason behind the choice of 6™ order bandpass filter is to have a degree of
freedom in cross coupling between non-adjacent resonators, such as 2-5 and 1-6. Table 3.3
illustrates values of the elements obtained by applying all the equations of (3.13).

Table 3.3 Element values of 6" order Chebyshev lowpass prototype with Lar = 0.01 dB.

Jdo g1 9> gs g s Je g7
1 0.7813 1.3600 1.6896 1.5350 1.4978 0.7098 1.1007

The bandpass filter is usually designed using short-circuited stubs. The disadvantage of using
shortened stubs is the presence of via holes which need for additional cost-effective process.
In the proposed design, we choose the half-wavelength shunt open-circuited stubs as the stub-
type microstrip bandpass filter of 6™ order (the concept is in section 3.2.6). This eliminates the
need for via holes in case of short-circuited stubs. Moreover, a negative cross coupling line is
placed between the two non-adjacent resonators 1 and 6 to adapt the two resonant frequencies
responsible for the coupling value of J; s hence to introduce two transmission zeroes at both
sides of the passband. Thus, the negative cross coupling 1-6, will introduce variation in the
group delay. Then, the group delay ripple within the center part of the passband can be tuned.
A chain matrix of ideal J-inverter (3.20) is placed between resonator 1-6, the chosen value for
J161s —0.002 to obtain a small value of delay ripple.

The proposed initial design of half-wavelength shunt open-circuited stubs bandpass filters of
6" order with cross coupling 1-6 is illustrated in Figure 3.15. This structure has 6 inner lines,
6 open circuited stubs (outer stubs), and 5 connecting lines (inverters). The center frequency
of the bandpass filter is designed at 10 GHz. The feed lines of the filter are designed with a
characteristic impedance of 50 ohms, which gives Yo = 1/50 (siemens). The parameters used in
the calculation are summarized in Table 3.4. The characteristic admittance of the inner lines
and outer stubs, and the connecting lines are calculated from (3.23) to (3.29), and presented in
Table 3.5.
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[ 0 j/] 1,6]
JJ16 0 ‘\‘
Y3, Yis Y56 ‘\‘

Figure 3.15 Initial design of half-wavelength shunt open-circuited stubs bandpass filters of
order 6 with cross coupling 1-6.

Table 3.4 Parameters used in synthesis of half-wavelength shunt open-circuited stubs.

Yo FBW a d Ca 0,
50 (2) 0.29 0.5 0.52 0.81 77°

Table 3.5 Design parameters of the synthesized initial design half-wavelength shunt open-
circuited stubs order-6 bandpass filter.

Admittance inverters Resonatorsn° 1, 3,4 and 6 Resonators n°® 2 and 5
Y1, =Ys56=0.015 Y01, = Y03, = Y04, = Y06’: Yozl = Yosl =0.015
0.016
Y2,3 = Y4,5 =0.011 Y01” = Yo3” = Y04” = Y02” = Yosn = 0.007
Y34 =0.010 Yo" = 0.008
AO AO AO
l = y l = y l= y

After having determined all the analytical expressions necessary for the synthesis (in section
3.2.6 and 3.2.7), we can now calculate the coefficients of our nodal matrix (Table 3.2). From
(3.33) the overall admittance y,; is 0. Factoring (3.23) into (3.35), the nodal matrix of 6" order
filter with cross coupling resonator between 1 and 6 is given as follow:
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Source Resonators Load

[Y] 0 1 2 3 4 5 6 7
Source 0 Gy 0 0 0 0 0 0

1 0 0 J.0.75 0 0 0 —j.0.002 0

2 0 J.0.75 0 ]j.0.55 0 0 0 0

Resonators | 3 0 0 j055| 0 |j050| O 0 0
4 0 0 0 1]j.0.50 0 |j.0.55 0 0

5 0 0 0 0 ]j.0.55 0 J.0.75 0

6 0 —j.0.002 0 0 0 |]j.0.75 0 0
Load 7 0 0 0 0 0 0 0 Gy,

Two transmission zeroes are introduced to the bandpass filter response at both sides at the two
edges of its passband at 8 and 12 GHz as shown in Figure 3.16, by inserting a capacitive cross
coupling between resonators 1-6. The cross-coupling line (placed between resonators 1-6) is
used to adjust the two resonant frequencies responsible for the coupling value of J;¢. The
insertion loss S, and return loss S,; are 0.4 and 14 dB, respectively. Figure 3.17 shows a ripple
in the group delay at the center frequency in the range of 9.5 to 10.5 GHz.

0
-10 }
) Transmission S
T 20 zero 11
o |
% 30 \ '
i \ 1
w \ )
I \ !
-40 +1 1 )
| oy
\ Vo
T/ | KA SRR B SN N S, N
5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)
—without cross coupling - - with cross coupling

Figure 3.16 S-parameters for the simulated initial circuit obtained with half-wavelength
shunt open-circuited stubs order-6 bandpass filter. Solid line without cross coupling 1-6,
dashed line with cross coupling.
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Figure 3.17 Delays of Sp1 for the simulated initial circuit obtained with half-wavelength
shunt open-circuited stubs order-6 bandpass filter. Solid line without cross coupling 1-6 and
dashed line with cross coupling.

Nevertheless, the proposed initial structure (Figure 3.15) is constrained around the value of
cross coupling J; ¢. This is due to the inability to find the required equivalent capacitance of J ¢
(C =0.031pF). The smallest widely available capacitance that can be found has a value 0.1pF.

Generally, the maximum electric field occurs for:

= Short circuited stub for a quarter-wavelength long present at its other extremity.
= Open circuited stub for a quarter-wavelength long or half-wavelength long at its
extremity.

For a half-wavelength stub terminated at its free end by an open circuit the largest electric field
is concentrated at the ends of two extremity of the stub. In the middle of the stub at Ao/4 there
is an electric short circuit (zero electric field), as in the case of the end of quarter-wavelength
stub. It is therefore clear, for the half-wave stub, the capacitor must be placed near the zero
electric field if we want to use significant capacitance value.

In the previous proposed initial design, the capacitor (C) is placed at the maximum of electric
field (Figure 3.15). To overcome the capacitance constraint and limitation, we proposed a
modified design where C is therefore placed near the minimum of electric field, located in the
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middle of the stub at Ao/4, which is located between the inner line and outer stub, as shown in
Figure 3.18. This allows us to increase the capacitance value of C.

Input
°

Figure 3.18 Modified bandpass filters of order 6 with cross coupling 1-6.

3.3.2 Synthesis of the tunable RF filter with distributed lines

Instead of using a long transmission line for the cross coupling 1-6 presented in the modified
design, we optimize the design presented in Figure 3.18 by RF folded filter design (RF-FF) as
shown in Figure 3.19. Besides, we consider the fringe effect, compensation for the open-end
of the open-circuited stubs. The open-end effect in the microstrip is modeled in the frequency
domain as an extension to the length of the microstrip stub. By applying the microstrip design
equations described in theory parts (3.6) and (3.7), the widths and guided quarter-wavelengths
associated with the characteristic admittances can be calculated. The microstrip lines are
modeled using the MLIN component (via ADS), including conductor loss, dielectric loss and
dispersion. The design has been simulated on a conventional RO4003 substrate &, = 3.55, h =
0.813 mm, tan 8 = 0.0027, and T = 17 um. Once the physical dimensions have been obtained,
the next design step is the electrical simulation and circuit tuning. The tuning consists of
retouching the lengths of the lines to adjust the electrical response of the filter. In order to adjust
the electrical response in microstrip lines of the 6™ order filter, it is necessary to slightly adjust
the lengths of the stubs, the optimized lengths are presented in Table 3.6.
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Subst="MSub
W=wD1

L=L"01

L=L01
ubst="MSub
4

_ross coupling 1-6

Suts E"MSUbT" C=0.18 pF Sutst="MSUT
P Wawhr

Wawhn

Figure 3.19 Schematic of RF-FF with cross coupling between the stub 1 and 6.

Table 3.6 Dimensions of microstrip lines for RF-FF.

Admittance inverters

Resonators n®1, 3,4 and 6

Resonators n°2 and 5

Wi, = Wse = 1.163 mm
Wy 3 = Wy s = 0.529 mm
0.452 mm

W34

)

Wy, = wps' = 1.032 mm

Woz' = wps" =
0.156 mm

Ll‘z = L5,6 = 4‘52 mm
L2’3 == L4_'5 == 465 mm
L34 = 4.68 mm

I __ I __ r__
Wo1 = Wo3 = Wog =
Woe = 1.301 mm

"o o__ "o o__
Wo1 Wo3 = Wos
Woe'' = 0.244 mm

! ! !
Loi = Los = Log
4.5 mm

145 144 rn
Loy =Los = Loa
L06” - 4' 7 mm

LOZI = LOSI = 454‘ mm

LOZH = LOSH = 480 mm
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Other transmission lines

Input/output (50 ohms line): wsy, = 1.821 mm and Lgy, = 20 mm

Cross coupling connecting line: wy,, = 1.5 mm and Ly,, = 2.35mm

Optimization
Admittance inverters Resonators n®1,3,4and 6 Resonators n°2 and 5
L1,2 = L5,6 = 4‘83 mm L01, = L06’ = 385 mm LOZI == L05, = 510 mm
Lys = Lss = 4.87 mm Los' = Los' = 3.76 mm
L3,4 = 4‘.78 mm
Loy = Los" = 5.44mm Loy = Los"' = 4.82mm

L03” - L04_” - 5.25 mm

L: line length. w:line width.

Figure 3.20 shows the simulated frequency response of the RF-FF, and Figure 3.21 shows the
simulated group delay response of the filter, with and without coupling between the stubs of
resonators 1 and 6 across wideband frequency ranging from 5 to 15 GHz. Here, C = 0.18 pF.
For the case of cross coupling (in dotted lines), the two transmission zeros are located at 8.33
and 12.53 GHz. The insertion loss S, and return loss S, with coupling are 0.45 and 12.08 dB,
respectively.

0 4
- -10 A
/M
Z
A 9 |
3 20 ]
£ TS
|
30 + Rt !
] ]|
I ||
| |
-40 "I
5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)
——without cross coupling - - with cross coupling

Figure 3.20 Circuit simulation results of S-parameters of RF-FF. Solid line without cross
coupling, dotted line with cross coupling.
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A ripple appears in the group delay at the center frequency with 1 GHz of frequency band using
C =0.18 pF, this verifies that the new placement of C located at the minimum of electric field
is a feasible solution.

15 7 '
| II
| Il
—~ ! "
) I
g | \ ,"I
: ]. ik I h
5] ! f N]
S ! N
g i ' L]
3 ' | (O
) ! ! L
A it ||' [
05+ ¢ I |
l[ - - ’ 1
-- ! :
lI |
II |
l' 1
0 A% L SRS - P
5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)
——without cross coupling - - with cross coupling

Figure 3.21 Delays of Sz: for circuit simulation results of RF-FF. Solid line without cross
coupling, dotted line with cross coupling.

3.3.3 Basic model of varactor diodes

A varactor diode is assimilated into a variable capacitance, depending on the bias voltage
applied in a reverse bias. Indeed, reverse biasing the diode, enlarges the depletion zone, which
leads to a decrease in capacitance as a function of the applied voltage and vice versa. Varactor
diodes present good performance qualified by low switching time, low bias voltage and
relatively low capacitance values (a few pF). An equivalent circuit of the reverse-biased diode
is given in Figure 3.22 where C; is the variable capacitance, C, parasitic is the parallel parasitic
capacitance, Ls is the parasitic inductance, and Rs is the parasitic resistance of the diode.

o——ANN—HEZ- 000 —9—0

Cparasitic

L
LA

Figure 3.22 Flip tuning varactor equivalent circuit [9].
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Figure 3.23 shows the ADS implementation of MA46H120 varactor from M/A-COM [9] [10],
where Cj = C = 0.1394 pF and Rs = 0.88 Q. We have exploited the S-parameters of the diode
for various polarization values. Our simulation Figure 3.24 shows that the used varactor diode
has capacitances ranging from 0.16 pF to 0.82 pF for a control voltage varying from 1 to 20
Volts, respectively. From this figure, we can extract the value of the voltage variation used in
our simulation and the values of the corresponding capacitances.

‘ R l SPARAMETERS I

SP1

Freq=10 GHz
r;',“ﬁ;| PARAMETER SWEEP I |
+ I
SRC1
Sweep2 Vdc=VDC v
SweepVar="VDC"
Start=0 DC_Feed1
Stop=20
Step=1
(o] i
L TermGT ~J TermG2
Num=1 Diode Num=2
DIODEM1 I - un
Is=2.37de-18A Bv=27.41V Vjsw= Z=50 Ohm Mode_I-DI DEMA Z=50 Ohm
Rs=088 Ohm Ibv=10uA  Fcsw= Area= -
Gleak= NDV= Allow Scaling=no gﬂﬂlpff
N=1372 Ibvi= Tnom= R“",E‘f
Ti= Nbvi= Trise= EGID_n-
Cjo=1.09 pF Af= Eg= } -
Vi=4.445V Fle= AllParams= Mode=norlinear
M=2.256 Jsw= ..\_} }—4
Fe=0.5 Rsw= o
Imax= Gleaksw =
Imelt= Ns= C=01394 pF
lsr= Ikp=
Nr= Cjsw=

lkf=1.572e-2 A Msw=

Figure 3.23 MA46H120 varactor model in ADS.
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Figure 3.24 Varactor capacitance variation versus bias voltage.
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3.3.4 Layout and EM simulation

The second part of the design procedure is to perform circuit layout and electromagnetic
simulation. The EM-simulations of RF filters (RF-FF and RF-CF) were simulated using ADS
Momentum.

3.3.4.1 Folded design

Figure 3.25 displays the top view of the folded design layout and contains the DC block Cp and
the varactor Cy. In order to reduce the parasitic couplings between port 1-2 and the stubs 2 and
5, we increase the space gap between them, by inclining port 1 and port 2 by 5°. The capacitor
between stubs 1 and 6 is replaced by a MA46H120 varactor which has a capacitance tuning
range from 0.16 pF to 0.82 pF and a parasitic resistor Rs of value 0.88 Q. The ADS simulation
(section 3.3.3) of this varactor is used as a guide to find their required biasing voltages based
on the needed capacitances (Figure 3.24). The EM-simulations in amplitude and group delay
of the filter with coupling between the stub’s resonators 1 and 6, are presented in Figure 3.26.

Port 1 — Port 2
Cv ADS

1 6 Model

Figure 3.25 Layout of RF folded filter (RF-FF), where Cy, is the DC blocking capacitors
and Cy is the MA46H120 varactors.

The transmission zeros on either side of the bandwidth are obtained at 7.87 and 12.3 GHz. At
frequencies between 8 GHz and 12 GHz, the insertion loss S,; and return loss S;, are 0.7 and
12.1 dB, respectively. It can be noticed that the EM-simulated responses are close in terms of
insertion loss is less than 1 dB and return loss is more than 10 dB to the circuit-simulated
(Figure 3.20). However, some differences are present for transmission zeros.
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Figure 3.26 Electromagnetic simulation (Momentum) of RF-FF (a) S-parameters, (b)
delay of Sai.

A ripple in the group delay appears at the center frequency in a range of 1 GHz (9.5 ~10.5
GHz), it can be tuned by varying the Vpc. Table 3.7 shows the delay ripple of the folded design

for a control voltage varying from 12 to 20 Volts.
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Table 3.7 Delay ripple of RF-FF for various voltages.

Voltages Delay ripple (9.5-10 GHz) Delay ripple (10-10.5 GHz)
12V 11.43 ps 10.39 ps
14V 8.21 ps 7.49 ps
16V 6.53 ps 5.32 ps
18V 5.60 ps 3.76 ps
20V 5.07 ps 2.65 ps

3.3.4.2 Curved design

In order to improve the results, we increase the spacing between the symmetric connecting
lines and to avoid the parasitic couplings, we replace the lines
Li3,Lys,Lys, Lse Loy and Lys' of the RF folded filter circuit by curved lines. The
dimensions of each curve are listed in Table 3.8. The layout of the curved design is shown in
Figure 3.27, and contains the DC block and the varactor.

Figure 3.27 Layout of RF curved filter (RF-CF).

The spacing between two opposite connecting lines for folded design is 4.67 mm (Figure 3.25),
while for RF curved filter (RF-CF) is about 9.93 mm.
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Figure 3.28 Electromagnetic simulation (Momentum) of RF-CF (a) S-parameters, (b) Delay
of So1.



-144- CHAPTER 3. RADIO FREQUENCY PHASE SHIFTER AND TRUE TIME DELAY
HYBRID STRUCTURE

EM-simulations in amplitude and group delay of RF-CF with coupling between the stubs of
resonators 1 and 6, are depicted in Figure 3.28. The insertion loss S,, and return loss S;, are
0.7 dB and 11.5 dB, respectively. The first transmission zero is located at 7.92 GHz, and the
second one is located at 12.3 GHz. By comparing RF-FF and RF-CC, both have an insertion
loss is less than 1 dB, and a return loss is more than 10 dB. However, the first transmission
zero is located at a slightly different by 0.05 GHz, but the second transmission zero occurs
practically exactly at the frequency (12.3 GHz).

A ripple in the group delay appears at the center frequency in a range of 1 GHz (9.5 ~10.5
GHz). Table 3.9 shows the delay ripples of the folded design for a control voltage varying
respectively from 12 to 20 Volts. The obtained delay ripple of RF-CF is greater than the one
obtained by RF-FF (see Table 3.7 and Table 3.9).

Table 3.8 Curved lines.

Lines Angle
Li,and Lsg 53°
Lz and Ly 60°
Lo, and Log' 55°

Table 3.9 Delay ripple of RF-CF for various voltages.

Voltages Delay ripple (9.5-10 GHz) Delay ripple (10-10.5 GHz)
12V 15.61 ps 12.69 ps
14V 10.59 ps 11.48 ps
16V 7.78 ps 9.51 ps
18V 5.82 ps 8.05 ps
20V 4.55 ps 7.39 ps

3.4 Tunable radio frequency phase shifter

As seen in the beginning of this chapter, to achieve TTD, a RF-phase shifter is needed after the
RF-filter in order to provide a tunable phase offset ¢,ffs.;. In @ phase shifter, different
configurations may have the same slope of phase shift, hence the phase difference between two
different configurations can be constant over a given frequency range. In true time delay
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(TTD), instead, different configurations have different slopes, thus, phase difference between
two different configurations is not constant over frequency. What is constant in this case is the
group delay difference between various configurations, which is defined in (1.12).

To obtain an offset on the phase response, a linear phase shift is required over the bandwidth
of operation. The most promising technique employs analog phase shifters, which are built
with varactor diodes and offer continuous phase shift by controlling the voltage of the varactor.
Many analog passive phase shifters have been reported in the literature, such as reflection type
phase shifters (RTPS) [11], RTPS based on coupled-lines [12], and loaded transmission lines
phase shifters [13].

In order to obtain an offset on the output phase response, we present here a topology based on
transmission lines and varactor diodes. This technology meets the low cost, simple voltage
control, easy implementation requirements, furthermore, it allows a continuous tunable phase
shift. The basic building blocks for the proposed RF-PS shown in Figure 3.29 consist of two
parallel networks. First, the upper network composed of one varactor diode (Cv1). Second, the
lower network which consists of a loaded lines phase shifter containing two cascading identical
microstrip transmission lines (TL) and a shunt varactor diode (Cy2). To provide a continuously
tunable phase offset, two varactor diodes are used as variable capacitors. The varactor provides
an electronically adjustable phase shift through changing the diodes bias voltages over the X-
band without increasing the phase shifter size. The optimized placement of varactors (Cv1 and
Cv2) is set as all-pass network topology, as in [14] [15].

Upper network

Input @ o Output
port N - port

~
%

% Cv2
Lower network

Figure 3.29 Schematic of the proposed tunable RF-PS.
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3.4.1 Analysis of the proposed structure

The proposed RF-PS can be divided into two circuits, upper and lower, as seen in Figure 3.29.
The lower circuit is constituted of three cascading networks containing two lossless
transmission lines (TL) with a shunt varactor (C.2). In this case, it is favorable to have
transmission parameters that can be multiplied one to another. ABCD matrices can be used to
achieve this function; it is often used for the analysis of cascaded structures, an ABCD matrix
for the lower circuit is given below:

_Al Bl] — [ATL BTL_ X _. 1 0_ % _ATL BTL
[C, Dy Cr, Dril” UwCy, 17 |Cpp Dy
(3.36)
A B cos®; jZ,sinB,] 1 0 [cos®; jZ,sinB,
L2 — |jsing, x| . x |jsin®;
C; Dy 7 cos0, JjwCyy 1] 7 c0s0,
1 ] | 4

with:
= A} = cosB, cosb; — % sinB; (wCyy Z,c0s0, + sinbd;)
1

Z,wCv
= cos20, — 2+—*%

sin20;.
= B; =j[Z,sinB;c0s0; + Z;sinB,(cosB; — wC,Z,sinb,)]
= j[Z15in20; — Z;*wCyysin?0, |.

= (= 22le [Z,5inB,c050; + Z,c050; (wCy,Z,c050, + sinb)]

sin264

ZLZ [Z,5in20,+Z,2wCyc0520,] = [ + wCy,c052%0, ].
1

Z

Zl O)Cvz

= Dy =cos20; — sin20; .

where Z; and 6, are the characterictic impedance and electrical length of the lower circuit
transmission lines, respectively. The electrical length of the transmission line is directly
proportional to its operating frequency of a transmission line.

0 = efojéo (3.37)

where 6, is the electrical length defined at the operating frequency fj.

The ABCD matrix of the upper circuit which is comprised of Cyi in series is given below:
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1

A, By [1 -

&2 5=|) e o
0 1

The upper and lower circuits are two-port networks connected in parallel. In this case, it is
preferable to have transmission parameters that can be summed up by computing the Y-matrix.

The transformation from [A,] to [Y,] matrix of upper circuit and [A;] to [Y;] of lower circuit
can be expressed as:

[& B,C, — A,D, (3.39)
| By B, ]_ JjwCy —ij1]
=171 a4 =5t Jac,
| "B, ]
[ & BlCl - AlDl] (340)
_| B B, |
[Y”—[ 14 J
B, B,

For two-port networks where y-parameters are connected in parallel, the equivalent two-port

y-parameters of the overall structure depicted in Figure 3.29 is then calculated by [Y] = [Y1] +
[Yu], and is found to be:

[ Du Dl BuCu - AuDu + BlCl - AlDl]

_+_
v = [ le] _| B. "B B, B | (3.41)
o Y [_1_1 A Ay J
B, B, B, B,

Once the Y-matrix is obtained, the S-parameters of the design can be obtained using the well-
known Y-to-S-parameters transformation as shown below:

6. - —2Y, Yy (3.42)
2T (Y + Y1) (Yo + Yap) — Y1515

Yo =Y1) (Yo + Yo3) + Y15Y5 (3.43)
Yo + Y1) (Yo + Ya3) — Y155

Sll

where Y, is the characteristic admittance of the transmission line.
Finally, the phase shift of the complete structure of RF-PS can be expressed as:

¢ = arctan(S,;) (3.44)
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3.4.2 RF-PS design and simulation

RF-PS has been designed at a central frequency f, of 10 GHz to obtain a linear phase shift with
respect to frequencies in the range of 8 to 12 GHz. The schematic diagram of the proposed
tunable RF-PS is built on ADS, presented in Figure 3.30. The upper circuit is connected in
parallel with the lower circuit that includes two transmission lines (TL) with characteristic
impedance Z; = 110 ohm and electrical length 6; = 75° with a 1000 pF DC block (Cy). Two
DC blocks are placed between the first varactor Cy: to block the biasing voltage from input and
output ports. Cviis fed into the DC via a A4/4 transmission line, where 4, is the wavelength in
the medium propagation at the operating frequency f,. The circuit has radio frequency chokes
(RFC) to isolate the microwave signal from the biasing line via a radial stub and A,/4
transmission line transformers, which transform the short circuit into an open circuit on the
signal line.

The varactor diode Cyi is connected from one side to the biasing network and from the other
side with a short circuit transmission line of a length 4,/4, that form a ground plane. The
capacitance Cy2 is set to two times greater than the Cy1 capacity to accommodate an optimum
broadband adaptation. The varactor diode Cy is connected from one side with the TL and from
the other with a ground plane. The design parameters of the simulation and the optimized
physical lengths and widths of microstrip lines which are calculated from (3.6) and (3.7) are
summarized respectively in Table 3.10 and Table 3.11.
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Figure 3.30 Schematic of the proposed tunable RF-PS.
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Table 3.10 Design parameters of simulation.

Parameters Value
PCB RO4003C
Substrate thickness (h) 508 um
Relative permittivity (er) 3.55
Copper thickness (T) 17 pm
tan o 0.0027
o 1000 pF
Cu 0.15-0.5 pF
Cw 2XxCy1

Table 3.11 Design parameters and dimension values for the proposed RF-PS in 8-12 GHz
frequency band.

Line width Value (mm) Line length Value (mm)
Wop 0.35 Lco 0.45
W 0.35 Lv 0.45
W> 0.75 L. 0.75
W3 0.20 Ls 3.99
W4 0.15 L4 4.82
Wsg 0.11 Lso 5

W: line width, L: line length

The layout design creates a physical representation of the circuit that must adhere to the
limitations imposed by the manufacturing process such as the minimum line width and distance
between lines (gap) and the width of the lines which is about 150 um. After optimization, the
layout of the design is shown in Figure 3.31, and the dimensions of each microstrip line are
listed in Table 3.11. The overall tunable RF-PS has a dimension of 16.9x15.02 mm. We
simulated the layout design of RF-PS with ADS software (Momentum Simulator), using the
substrate RO4003C. Cy; is varied from 0.15 to 0.5 pF, and Cy1 = 2XxCy1 (summarized in Table
3.11).
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Figure 3.31 Layout of tunable RF-PS.

Table 3.12 Slope and offset of S»1 phase for different values of capacitors in the frequency
range from 9.5 GHz to 10.5 GHz.

Cu1 (pF) Slope Offset
0.15 —48.8 258.3°
0.18 —47.8 233.4°
0.2 —46.9 222.0°
0.25 —45.7 200.4°
0.3 —45.1 186.5°
0.35 —44.6 177.2°
0.4 —44.3 170.4°
0.45 —44.08 165.9°
0.5 —43.95 161.5°

Figure 3.32(a) that the reflection coefficient S11 is lower than —10 dB over the entire frequency
range of interest. An insertion loss of 0.8 dB is shown in Figure 3.32(b). The simulated phase
of Sy1 versus frequency is presented in Figure 3.33(a). We achieve a phase up to a range
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between —220° and —415° at 8 GHz and 12 GHz, for a capacitance of Cy1 = 0.5 pF. The phase-
shift variation range is up to 90°.

S11 (dB)

8 9 10 11 12

-1 1 } t i
8 9 10 11 12
Frequency (GHz) Frequency (GHz)
Cwi; —0.15pF —0.18 pF —0.2pF
0.25 pF —03pF —0.35pF
—0.4pF —0.45pF —0.5pF

Figure 3.32 Simulated S parameters of the tunable RF-PS for different capacitances values.
Amplitude variations of (a) reflection coefficient Sz1, and (b) Transmission coefficient Si1.
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Figure 3.33 Simulated frequency characteristics of the tunable RF-PS for different values of
Cu1. (a) Phase variations of Sz1, and (b) delay variation of Sas.
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Figure 3.33(b) shows the delay line's behavior, which is not constant over all the frequency
range, due to the nonlinearity of the phase response.

The regression line of each phase is calculated from Figure 3.33(a) in order to define the slope
and the offset. The slope and offset are given in Table 3.12 for different values of capacitors
over the frequency range of 9.5 GHz to 10.5 GHz. The maximum phase ~ 258° is obtained at
Cv1 = 0.15 pF. Besides, RF-PS has a tuning phase range of ~ 97° between lowest and highest
capacitors values.

In Table 3.13, the performances of this analog RF-PS are compared with other studies based

on topologies with varactors and distributed lines. In comparison, the phase shifter presented
in this study has good performances and requires only two varactors.

Table 3.13 Varactor-based analog phase shifters.

Principle Num. Bandwidth Phase control  Max. IL Ref.
varactors (GHz) (dB)
All-pass 3 12-14 180° 4.7 [14]
network
All-pass 3 6-7 180° 1.8 [15]
network
Schiffman PS 6 10-13 168° 1.8 [16]
(simulation)
RTPS 4 1.7-2.7 390° 1.5 [17]
(simulation)
Line loaded by 16 5-6 360° 5.7 [18]
varactors
(simulation)
RF-PS 2 8-12 g7° 0.8 This work
(simulation)

Num.: number, IL: insertion loss

3.5 Simulation of hybrid structure

As seen in Chapter 2, SOAs have nonlinear responses. In order to obtain a TTD, first we need
to correct the nonlinearities responses of SOAs. In the current study, the nonlinearities of SOA
responses can be corrected by combining a second RF stage, which is placed after the first
stage (SOA). In this section, we choose the SOA-NL for simulation study since it has a
nonlinear response. To correct the nonlinearity response of SOA-NL, RF-FF is used for the
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“Hybrid correction structure” stage. RF delay (7) is constant with respect to RF frequency,
which yields a linear phase shift with respect to the RF frequency: ¢ = 2rtf + ¢y e, With
Doffset = 360" x k and k an integer number. Next, in order to realize a TTD, a tunable phase
shifter is needed in order to adjust the phase offset, this is done in the “TTD hybrid structure”
stage, which comprises a RF-FF and RF-PS in second stage.

The simulation of the hybrid structure is composed of two parts, in the first part the correction
of SOA-NL response is presented in section 3.5.1 for the gain 0 and 5 dB (10 dB gain is fixed
as reference), this is the hybrid correction structure. In the second part the simulation of the
whole TTD hybrid structure is presented in section 3.5.2.

We compare, with and without using the hybrid correction, delay responses structure in terms
of peak-to-peak variation Ageiqy p—p, %o Of improvement of reduction in A4y »—p, Standard
deviation g4..4, to measure the divergence from the mean value, and the ratio of corrected
Ogelay With respect to non-corrected ones. The comparisons of RF power are done in terms of
variation of peak-to-peak Agppower p—p, Standard deviation and the ratio of ogppower With
respect to non-corrected ones. All the numerical calculations are done versus frequency bands.

3.5.1 Simulation results of delay correction

Figure 3.34 shows the structure of hybrid correction structure using ADS from Keysight. The
first stage “SOA-NL photo-detected” contains the theoretical (calculated) values of the
normalized RF power and phase responses using Up-CPO for SOA-NL based on experimental
data (section 2.5.3.2), which was obtained from fitting the pump-probe frequency measured
responses in section 2.5.3.1.

» RF-FF
-

c1
C=1000 pF

SOA-NL
photo-detected

SNP' —]i—
File=SOANL | U

SRC1
Vde=VDC] V

DC_Feed1 :}
.

2
C=0.1394 pF

Figure 3.34 Schematic structure of hybrid correction structure in ADS. RF-FF: RF folded
filter.
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The block of SOA-NL photo-detected contains Sz1 parameters based on experimental data. The
second stage contains the RF folded filter (RF-FF), which is done in section 3.3.4.1. Table 3.14
summarizes the delay depths and delay ripples obtained from Table 2.7 and Table 3.7. The
delay correction is done by matching, for each delay depth of SOA-NL operating conditions, a
corresponding delay ripple. Thus, we select for the SOA-NL gains: 0 dB and 5 dB of the first
stage, the corresponding RF-FF Vpc: 12 V and 14 V, respectively.

Table 3.14 Delay response of SOA-NL and RF-FF over frequency range 9.5 GHz to 10.5
GHz.

Stage #1: SOA-NL Stage #2: RF-FF
Gain Delay depth Vbc Delay ripple Delay ripple
(9.5~10 GHz) (10~10.5 GHz)

0dB 8.1 ps 12V 11.43 ps 10.39 ps

5dB 7.7 ps 14V 8.21 ps 7.49 ps
16V 6.53 ps 5.32 ps
18 V 5.60 ps 3.76 ps
20V 5.07 ps 2.65 ps

We began our study by setting in second stage, Voc of RF-FF to 12 V, for gain 0 dB. In a
second separate case, Vpc is set to 14 V for a gain of 5 dB. The simulation results of delay
correction over 1 GHz of frequency band are presented in Figure 3.35(a) for both cases.

(a) (b)

740 -

w00 —— =
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Figure 3.35 Hybrid delay correction (a), Normalized delay of SOA-NL (dotted line) and
normalized hybrid delay correction (b).
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Figure 3.35(b) shows the normalized delay correction of gain 0 and 5 dB compared to
normalized delay response of SOA-NL (presented in section 2.4.3). We notice that the delay
responses of gains 0 and 5 dB are enhanced over the total instantaneous bandwidth of 1 GHz,
compared to delay of SOA-NL (in dotted line) as shown in Figure 3.35(b).

The comparison in terms of A4y »p—p and its improvement versus the frequency band, for the
cases with and without the hybrid correction structure at gain 0 dB where RF-FF is set to 12
V, are presented in Figure 3.36(a). We can see an improvement in Ageqy »—p in the range of
0.15 GHz to 1 GHz. A maximum improvement of 58.5 % is obtained for frequency bands
ranging from 0.5 GHz to 0.75 GHz. The obtained results show that we can achieve delay
correction in the range of 0.15 GHz to 1 GHz. This can be related to the fact that for a frequency
band < 0.125 GHz, SOA-NL has a low nonlinearity delay response, in other words a minimal
depth. RF-FF cannot correct the minimum depth, due to the limit in ripples range of RF-FF.
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Figure 3.36 Results of gain 0 dB for: A4y »-p With and without using the hybrid correction
structure and % of improvement (a). ¢4, and the ratio of g4e4y (D).
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Figure 3.36(b) shows the standard deviation o4, Versus frequency band with and without
using the delay correction. It also shows the ratio of o0y, Which is defined as

e} i i - - - - - - -
delay with correction A improvement in terms of reduction of standard deviation is registered

Odelay without correction

for gain 0 dB combined with a folded filter (RF-FF) at 14 V, over the entire frequency band.
A smaller 04,4, indicates that the values tend to be close to the mean. A small ratio of g4,y
of about 0.38, is registered in the frequency band range from 0.625 GHz to 0.875 GHz. The
use of RF-FF is effective in terms of A4y p—p aNd Ggeiqay -
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Figure 3.37 Results of gain 5 dB for: A .4y »-p With and without using the hybrid correction
structure and % of improvement (a). ¢4, and the ratio of gge4, (D).
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Figure 3.37(a) shows, Ageiqy p—p and its improvement versus frequency band, for cases with
and without hybrid correction structure at gain 5 dB where RF-FF is set to 14 V. We can see
that Agerqy p—p IMproved in the range from 0.375 GHz to 1 GHz. A maximum enhancement of
61.5 % is obtained for 0.875 GHz frequency band, for frequency bands lower than 0.25 GHz,

RF-FF cannot correct at the minimum depth, due to the limit in minimum ripples range of RF-
FF.

Additionally, we notice a smaller improvement at the frequency band range of Age1ay p—p»

compared to the case of gain 0 dB (0.15 GHz to 1GHz). This is due to the fact that, the higher
the gain is, the higher the injection current, the less the depth in delay response of SOA (Table
2.7).

Figure 3.37(b) presents the standard deviation of corrected and non-corrected delays, and the
delay ratio. It shows that the improvement in 4.4, OCcurs in the frequency band from 0.5
GHz to 1.125 GHz. A low ratio of 0,44, around 0.42 is obtained at 0.875 GHz frequency
band. The use of RF-FF is effective in terms of both Agei4y p—p aNd Ggeiqy, in the frequency
band ranging from 0.375 GHz to 1 GHz.

Figure 3.38(a) shows, the normalized RF power for the hybrid delay correction for both cases,
gain 0 and 5 dB versus frequency. Table 3.15 shows the variation of normalized RF power
noted as Agrpower p—p, With and without delay correction for both gains.
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Figure 3.38 Response of the hybrid correction structure: Normalized RF power (a), Phase
shift (b).
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It shows that, the normalized RF power manifests in a maximum variation of 0.2 dB and 0.08
dB over 1 GHz for “gain 0 dB + RF-FF Vpc set to 12 V” and “gain 5 dB + RF-FF Vpc set to
14V, respectively. Compared to using only SOA-NL, the normalized RF power is enhanced
over the entire frequency band for “gain 5 dB + RF-FF Vpc set to 14 V. We can deduce that
RF-FF does not degrade the system in terms of RF power.

Table 3.15 Agg power p—p (dB) of the normalized RF power comparison between responses
of SOA-NL without and with hybrid correction structure versus frequency band.

0.15 GHz 0.25 GHz 0.5 GHz 0.75 GHz 1 GHz
Gain N.C C. N.C C. N.C C. N.C C. N.C C.
0dB 0.007 | 0.005| 0.014 |0.012| 0.05 | 0.05 | 0.06 | 0.12 | 0.06 |0.203

5dB 0.004 | 0.004 | 0.009 | 0.008 | 0.045 | 0.034 | 0.07 | 0.06 | 0.115 | 0.08

N.C: No correction (response of SOA-NL only).
C.: Correction using hybrid correction structure (SOA-NL + RF-FF).

Figure 3.38(b) presents the corresponding phase shift of the hybrid correction structure,
showing a linear phase shift over the instantaneous bandwidth. The evaluation of the linear
relationship between the measured relative phase shift of the hybrid correction structure with
respect to the linear regression line of phase shift, ¢ = 2t f + ¢, rree, are expressed by the
linear phase error “e€”. The linear regression line of each phase shift is calculated in order to
define the delay and the offset. The phase shift regression lines are given by:

Pcorrected,008 = —258.49 f + 1800, with € = 0.3x10°®

Pcorrected 508 = —238.48 f + 1634, with € = 0.2x10°®

It shows that a low error around 0.2x107 in phase linearity is registered for gcorrected sds, USINg
“gain 5 dB + RF-FF Vpc set to 14 V. Besides, we notice from equations ¢corrected,0d8 and
¢corected s that the offsets ¢, <., OF the corrected delay responses are different, about 1800
and 1634 degrees, respectively. In other words, the microwave phase shift does not correspond
to a true time delay. This reaffirms what we have presented before, which is that in order to
obtain a TTD, a second RF filter should be added.
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3.5.2 Simulation results of TTD hybrid structure

In this section, we present the simulation of the TTD hybrid structure (see Figure 3.39) by
placing RF-PS (presented in section 3.4.2) in series after a RF folded filter, so that the phase
offset of the corrected responses can be tuned to achieve a TTD, by varying the capacitance
values of RF-PS.

RF-FF RF-PS
SOA-NL T
photodetected =l

gimoo;f
l =
i | (2]
i T
= e e

TemG1  SNP1 e lllmm - = TermG2

Num=1 Flle="SOA-NL" = 0[2 Num=2

=50 Om SRC1 l =50 Ohm
Vac=VDE1 [ T

—|<}_
b

Figure 3.39 Schematic of TTD hybrid structure in ADS, RF-FF: RF folded filter, RF-PS: RF
phase shifter.

In order to obtain TTD, a reference phase offset of 1800° needed to be attained, which
corresponds to ¢, rser = 360° X k (k =5). Therefore, an offset of 166° is needs to be added to
the offset of the corrected “gain 5 dB + RF-FF Vpc 14V” having phase offset of 1634°. From
Table 3.12 we select Cv1 = 0.45 pF, which has an offset of ~166°.

The simulation results of the TTD and normalized RF power of the hybrid structure are shown
in Figure 3.40(a) shows the TTD response deviating by 4.6 ps with g4, 0f 1.25 ps over 1
GHz of bandwidth. Using the folded filter with a VVpc set to 14 V + RF-PS set to 0.45 pF for
gain 5 dB yields, rather than 4 ps using delay correction structure, a oge;4, 0f 1.12 ps. This is
due to the response of the delay for Cv1 = 0.45 pF not being constant (see Figure 3.33(b)).
Besides, we can notice that TTD response is shifted by 127 ps, compared to the response of
delay correction, for “gain 5 dB + RF-FF 14 V + RF-PS 0.45 pF”. A tunable TTD range of 67
ps is registered.

Figure 3.40(b) shows that the TTD hybrid normalized RF power exhibited a 0.13 dB variation
Arrpower p—p for “gain 5 dB + RF-FF 14 V + RF-PS 0.45 pF”. Compared to hybrid correction
structure, the normalized RF power is degraded by 0.015 dB for “gain 5 dB + RF-FF Vpc set
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to 14 V + RF-PS 0.45 pF”, over 1 GHz. This is due to the response of the delay for Cy1 = 0.45
pF not being ideally constant (see Figure 3.32(a)). A low standard deviation no more than 0.03
dB is registered for “gain 5 dB + RF-FF Vpc set to 14 V + RF-PS 0.45 pF”, over 1 GHz.
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Figure 3.40 (a) TTD hybrid structure response. (b) Normalized RF power response of TTD
hybrid structure.

Figure 3.41 presents phase shifts of the TTD hybrid structure, where the responses are linear
with respect to frequency over the 1 GHz bandwidth. We calculate the regression line of the
TTD hybrid structure phase shift for both gains and the error of phase linearity. As a result, we
obtain the same offset:

¢11D,008 = —258.49 f + 1800, with € = 0.4x10®

¢1D,508 = —282.56 f + 1800, with € = 0.5x10®

This shows that a maximum error in phase linearity around 0.5x10°® is registered for ¢r1o 548
over 1 GHz. Besides, we can see that both phase shifts intersect at the ¢-axis at a phase shift
offset ¢, rse¢ OF 1800°. The point of intersection with the ¢-axis occurs at the null frequency,
as shown in Figure 3.41(b). Thus, TTD is achieved, it is about 718.1 ps and 784.9 ps, for
Trrpoas - 9ain 0 dB + RF-FF 12 V” and t77p 545 : “gain 5 dB + RF-FF 14 V + RF-PS 0.45
pF”, respectively.
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Figure 3.41 Phase shifts of TTD (a). Zoom out of phase shifts of TTD phase shifts (b). Dashed
lines are the linear phase shift regression lines of TTD hybrid structure.

3.6 Conclusion

In this chapter, the concept of compact tunable RF phase shifts and tunable RF filter is
presented. The concept of compact structure of tunable RF phase shift is validated through
simulation. The tunable RF filter is realized by using half-wavelength open circuit stubs with
cross coupling between resonators 1 and 6. The use of cross coupling creates additional
transmission zeros which alters the filter responses of the group delay. As a result, a ripple
appears at center frequency. We showed that the placement of capacitor, located at the
minimum of electric field is a feasible solution, and demonstrated the suitability of our
synthesis of folded and curved filters through simulation. Tunable delay is achieved by altering
the bias voltage of the varactor. We have proposed a new configuration and, to the best of our
knowledge, for the first time, the correction of the nonlinear responses of SOA-NL. It consists
of a tunable RF phase shift, based on a RF folded filter, which aims to correct the nonlinearity
in responses of the first stage. The corrected delays can be electrically controlled by voltage
control of variable capacitances of RF filters with respect to the operating point of SOA. TTD
hybrid structure is presented and validated through simulation based on experimental data; by
combining two stages SOA-NL and the RF stage (RF-FF + RF-PS). TTD ~718.1 ps and 784.9
ps are obtained for SOA-NL, by adding RF-PS to the second stage. Additionally, a TTD tuning
range of 67 ps is obtained. In the next chapter, we will experimentally present the hybrid
correction structure of SOA-XN. Therefore, we will test the feasibility study of the hybrid
correction structure through the association of two stages based on experimental data.



-162-

Bibliography of chapter 3

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

Y. K. Awasthi, H. Singh, M. Sharma, S. Kumari, and A. K. Verma, “Computer-aided
design-based circuit model of microstrip line for terahertz interconnects technology,” J.
Eng., vol. 2017, no. 9, pp. 512-526, Sep. 2017, doi: 10.1049/joe.2017.0078.

Q. J. Gu, “THz interconnect: the last centimeter communication,” [EEE Commun. Mag.,
vol. 53, no. 4, pp. 206-215, Apr. 2015, doi: 10.1109/MCOM.2015.7081096.

E. J. Denlinger, “Losses of Microstrip Lines,” IEEE Trans. Microw. Theory Tech., vol.
28, no. 6, pp. 513-522, Jun. 1980, doi: 10.1109/TMTT.1980.1130112.

E. O. Hammerstad, “Equations for Microstrip Circuit Design,” in 1975 5th European
Microwave Conference, Hamburg, Germany, Oct. 1975, pp. 268-272, doi:
10.1109/EUMA.1975.332206.

I. J. Bahl and D. K. Trivedi, "A Designer's Guide to Microstrip Line", Microwaves, May
1977, pp. 174-182.

J. S Hong and M. J. Lancaster, “Microstrip Filters for RF/Microwave Applications”, New
York: Wiley, pp. 89-91, Jul. 2001.

L. Young G. Matthaei and E. M. T. Jones, “Microwaves Filters, Impedance-Matching
Networks and Coupling Structures”, Boston, Artech House, 1980. 1096p.

D. M. Pozar, “Microwave Engineering”, 3rd Edition, John Wiley & Sons, Inc., New York,
2005.

MA46H120 series, ADS Spice Diode Model, Available at: http://cdn.macom.com.

MA46H120 series, GaAs constant gamma Flip-chip Varactor diode, Available at:
http://www.macomtech.com/datasheets/MA46H120.pdf, MA-COM.

J. C. Wy, C. C. Chang, S. F. Chang, and T. Y. Chin, “A 24 GHz full 360° CMOS r
eflection-type phase shifter MMIC with low loss-variation,” in 2008 IEEE Radio



-163- BIBLIOGRAPHY OF CHAPTER 3

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Frequency Integrated Circuits Symposium, Atlanta, GA, USA, Jun. 2008, pp. 365-368,
doi: 10.1109/RFIC.2008.4561455

J.J. P. Venter, T. Stander, and P. Ferrari, “X-Band Reflection-Type Phase Shifters Using
Coupled-Line Couplers on Single-Layer RF PCB,” IEEE Microw. Wirel. Compon. Lett.,
vol. 28, no. 9, pp. 807-809, Sep. 2018, doi: 10.1109/LMWC.2018.2853562.

S. Y. Zheng, W. S. Chan, and K. F. Man, “Broadband Phase Shifter Using Loaded
Transmission Line,” IEEE Microw. Wirel. Compon. Lett., vol. 20, no. 9, pp. 498-500, Sep.
2010, doi: 10.1109/LMWC.2010.2050868.

H. Hayashi, T. Nakagawa, and K. Araki, “A miniaturized MMIC analog phase shifter
using two quarter-wave-length transmission lines,” |IEEE Trans. Microw. Theory Tech.,
vol. 50, no. 1, pp. 150-154, Jan. 2002, doi: 10.1109/22.981259.

K. Khoder, M. Le Roy, and A. Perennec, “An an all-pass topology to design a continuous
phase shifter with low insertion loss and constant differential phase shift,” in 2014 9th
European Microwave Integrated Circuit Conference, Rome, Italy, Oct. 2014, pp. 612—
615, doi: 10.1109/EuMIC.2014.6997931.

R. Wali, L. Osman, T. Razban, and Y. Mah¢, “Electronically Reconfigurable Two-Stage
Schiffman Phase Shifter for Ku Band Beam Steering Applications,” Int. J. Adv. Comput.
Sci. Appl., vol. 9, no. 11, 2018, doi: 10.14569/IJACSA.2018.091178.

A. M. Abbosh, “Compact Tunable Reflection Phase Shifters Using Short Section of
Coupled Lines,” IEEE Trans. Microw. Theory Tech., vol. 60, no. 8, pp. 2465-2472, Aug.
2012, doi: 10.1109/TMTT.2012.2198232.

F. Ellinger, H. Jackel, and W. Bachtold, “Varactor-loaded transmission-line phase shifter
at C -band using lumped elements,” IEEE Trans. Microw. Theory Tech., vol. 51, no. 4,
pp. 1135-1140, Apr. 2003, doi: 10.1109/TMTT.2003.809670.



-164-

CHAPTER 4

Hybrid correction structure

4.0 INLrOUCLION ..ucouneenenueenninenseensncssnnsaesssnssnsssessaessnssssssssssssssessassssssasssssssassssssassssssasssassss 165
4.1 Manufacture and experimental results of the RF filter .........cccceevvervuersvecsuencnnennes 166
4.1.1 Experimental results of RF-FF using VNA bias tee .........ccccceevevveenciieenneeennee. 166

4.1.2 Experimental results of RF-FF using an external bias tee ............ccccceceeeuenneee 173

4.2 Characterization of SOA-XN 174
4.3 Complete hybrid correction structure .. 179
4.3.1 Measurement of the hybrid correction Structure ...........ccccceceeveevuenieneenennns 179

4.3.2 Simulation of the hybrid correction structure based on experimental data of SOA-

XN ettt 182

4.4 CONCIUSION .ouuonerernrerrensannsnnnstnesssesssssssnsssnssssessansssssssssssssssssnsssssssasssssssssssssssssassssnsssns 193

Bibliography of chapter 4 ... 194




-165- CHAPTER 4. HYBRID CORRECTION STRUCTURE

4.0 Introduction

The aim of this chapter is to test the hybrid correction structure based on experimental data.
First, we present the measurement results of tunable RF filters; both folded (RF-FF) and curved
(RF-CF). In the complete hybrid measurement, we can't use the DC input of the VNA, so we
have to use an external bias tee to polarize the varactors in the RF-FF circuit. Therefore, we
investigate the effects of using an external bias tee on the response behavior of RF-FF. Then,
we introduce the problematic response of Up-CPO measured at low operating frequency,
followed by a complete measurement of the hybrid correction structure. We show how the low
operating frequency and the external bias tee affect the correction; this is done through
measurement of the complete hybrid correction structure. In order to test the feasibility of the
hybrid correction structure, we separate the measurement of the two blocks, then we present
the simulation of the hybrid correction structure based on experimental data, by coupling the
measured data of the first block “SOA-XN” with the measured data of “RF-FF”.
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4.1 Manufacture and experimental results of the RF filter

In order to validate the proposed folded and curved designs, the final designs are fabricated
and evaluated. The designed filters are implemented on a conventional RO4003 substrate (&, =
3.55, h = 0.813 mm, tan 6 = 0.0027, T = 17 um), and fabricated using laser engraving
technology. The dimensions with feeding lines of the folded and curved designs are 47x32 and
40x28 mm, respectively. In addition, we used RF standard SMA Southwest connectors (292-
04A-6). A photograph of the fabricated filters is provided in Figure 4.1. Measurements were
performed using a Vector Network Analyzer (VNA), with a VNA output power of —10 dBm,
calibrated with a Short-Open-Load-Thru (SOLT) calibration Kit.

(a) (b)

Figure 4.1 photograph of (a) RF-FF, (b) RF-CF.

4.1.1 Experimental results of RF-FF using VNA bias tee

The selected varactor is a MA46H120 with a capacitance tuning voltage ranging from 12 to 20
Volts. During the measurement, an external DC bias is connected directly into the VNA’s bias
tee. Thanks to the internal bias tee of the VNA, both the RF signal and the DC bias are applied
to the RF filter through the VNA port-1. The DC block capacitor (Cy) then blocks DC signal
from passing thru port-2 of the VNA. Thus, port-2 acts as a ground plane for the varactor.
Figure 4.2 provides a photograph of the experimental setup of the S-parameters measurement
of RF filter.
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DC Bias
RF-CF

SMA connectors

Figure 4.2 Experimental setup of S-parameters measurement of RF curved filter.

The simulated and measured results of the RF folded filter for Vpc = 16 Volts are reported in
Figure 4.3(a). Both return losses are greater than 12 dB across the wide band range from 8 to
12 GHz. As it can be observed, there is a frequency offset that slightly shifts the measurement
insertion and return losses to a lower frequency when compared to the simulated ones; there is
also more insertion loss than projected by the EM-simulator. The transmission zeros for the
measured design are obtained at 7.74 and 12.14 GHz, compared with the simulated ones of
7.86 and 12.3 GHz. The measured insertion loss is 2.5 dB, compared with the simulated value
of 0.8 dB, across the frequency range from 8 GHz to 12 GHz, respectively. The insertion loss
is due to losses in the copper, the dielectric substrate, and fabrication tolerances.

Figure 4.3(b) shows the delay response based on measured data of the phase shift. A shift in
response to lower frequencies occurs compared with the simulated ones where the delay ripple
in the frequency of interest (9 to 11 GHz) is reported at 9.7 GHz, compared to the simulated
one at 10 GHz.
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Figure 4.3 S1; and Sz of RF-FF for Vpc =16V (a). Delay of RF-FF for Vpc =16V (b).
Simulated results (dashed lines) and measured results (solid lines).

We observed that there is a divergence between the simulated and measured performances.
This is due to differences between the ideal theoretical varactor model and the real-world
performance of the varactors as well as the manufacturing tolerances and real characteristics
of the printed circuit board (PCB). To examine the sensitivity of the design to dielectric

variations, we simulate the RF folded filter using different dielectric constants. We take ¢, =
3.65 as the best correspondence to real design; this method is so-called retrofit simulation.

Figure 4.4(a) illustrates the S;; and S,, responses of the retrofit EM-simulation for Vpc =16 V.
The EM-simulation of the RF folded filter shows that the transmission zeros of both simulated
and measured results are obtained at 7.74 and 12.14 GHz, and the measured and simulated
filters have the same bandwidth. However, for measured S,, the level is —2.5 dB, which is
lower compared to simulated ones. The frequency shift between both sets of data is likely
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caused by the discrepancies in the filter’s simulated and fabricated substrate relative dielectric
constant ,.. Besides, measured S, ; is in alignment with simulated results for frequencies larger
than 11 GHz. Figure 4.4(b) shows the simulated and calculated delay responses of S21 based
on measured data.
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Figure 4.4 Retrofit electromagnetic simulation and measured results of RF-FF for Vpc
=16V: Si1and Sz1 (a). Delay of Sz1 (b). Retrofit simulated results (dashed lines) and measured

results (solid lines).

Figure 4.5 shows all the measured results of RF-FF when Vpc is varied between 14 and 20 V.
The transmission zeros are obtained at 7.74 and 12.14 GHz (Figure 4.5(a)). The insertion and
return losses are 2.5 dB and 14 dB across the frequency range from 8 to 12 GHz, respectively.
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A ripple in the group delay appears at 9.7 GHz in a range of 0.8 GHz (9.3 ~10.1 GHz). From
prior simulation, it was expected that the ripple in the group delay would be located at 10 GHz,
experimentally it was shown to appear at 9.7 GHz (Figure 4.5(b)). This is due to the sensitivity
of the dielectric constant ¢, of the substrate and the effect of the SMA connectors.
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Figure 4.5 Measurement of RF-FF (a) Si1and Szi, (b) Delay of Sz1 with 5% moving
averages.

Table 4.1 shows the tunable delay ripple of the folded design for a control voltage varying from
14 to 20 Volts at 1-Volt increments. For the high tunable voltages 18 V to 20 V, the ripples in
delay, are almost symmetric (deviation of + 0.2 ps) in the frequency band of 9.2 to 10.2 GHz.
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Table 4.1 Delay ripple of measured RF-FF for various voltages.

Voltages Delay ripple (9.2~9.7 GHz) Delay ripple (9.7~10.2 GHz)
14V 12.6 ps 4.6 ps
15V 10.7 ps 5.3 ps
16V 8.7 ps 5.9 ps
17V 7.4 ps 5.7 ps
18V 6.0 ps 5.8 ps
19V 5.9 ps 6.1 ps
20V 5.2 ps 5.4 ps

Figure 4.6 shows the measured S;; and S, for the curved design. An important ripple appears
in the overall frequency band, that causes a large ripple in the delay at 9.7 GHz, this was
probably induced by residual solder acting as a parasitic capacitance. In turn, this leads to
significant ripple increases in the delay at frequency 9.7 GHz as shown in Figure 4.7. Table 4.2
gives the delay ripples of RF-CF for various voltages.
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Figure 4.6 Measurement of RF-CF S11and Sz1.
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Figure 4.7 RF-CF delay of S21 with 5% moving averages.

Table 4.2 shows the tunable delay ripple of the curved filter design for a control voltage varying
from 14 to 20 Volts at 1-Volt increments. The minimum delay ripple of 57 ps is obtained at
20 V, and the maximum delay ripple of around 79 ps is obtained at 14 V, in the frequency band
of 9.2 t0 10.2 GHz.

Table 4.2 Delay ripple of measured RF-CF for various voltages.

Voltages Delay ripple (9.2~9.7 GHz) Delay ripple (9.7~10.2 GHz)
14V 79 ps 78 ps
15V 75 ps 76 ps
16V 70 ps 72 ps
17V 66 ps 68 ps
18V 64 ps 67 ps
19V 60 ps 63 ps
20V 57 ps 60 ps

As seen in section 2.5.6, the maximum delay depth for gain 5 dB, for SOA-NL and SOA-XN,
is shown to be around 8.2 and 13.5 ps, respectively. Besides, the maximum delay ripple of RF-
FF is 12.6 ps at Vpc = 14V, while for RF-CF the maximum is 79 ps at Vpc = 14V. In order to
correct the Up-CPO response of SOA-XN, the RF-FF will be used in the hybrid correction
structure, since its delay ripple of 12.6 ps is contained within the range of the SOA-XN delay
depth.
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4.1.2 Experimental results of RF-FF using an external bias tee

In order to proceed with the measurement of the hybrid correction structure, the constraint that
we face is that the Anritsu vector network analyzer used for measurements of the hybrid
correction structure has no DC port to allow us to directly bias the varactor of the RF folded
filter. In this case, an external bias tee is needed. The RF-FF is then characterized with the
presence of an external bias tee.

The delay induced by the RF folded filter employing an external bias tee is illustrated in Figure
4.8. We can clearly see that the delays are not symmetric around 9.7 GHz over 1 GHz of
frequency band. We can attribute this to the response of the bias tee. We define the ripple, first
for 13V, and 14 V, as the difference between point A and point B (minimum). Then, for 15V,
16 V, 18 V, and 20 V we define the ripple as the difference between point A and point B’
(minimum). Among all voltage values, the ripple is mostly symmetric in the range of 9.7 + 0.25
GHz for 13V, 14 V, and 15 V. The delay ripples are summarized in Table 4.3.

An increase in the delay ripple is observed when using the external bias tee, compared to the
case of using the internal bias tee of the VNA. Figure 4.9 shows the delay response of RF-FF
at Vpc = 20 V using an external bias tee compared to RF-FF using the internal VNA bias tee.
We can see that for a frequency band ranging from 9.4 GHz to 9.65 GHz the two responses are
identical. An important difference between these two responses starts to appear at frequencies
larger than 9.7 GHz, where an undesirable depth occurs at frequencies larger than 9.65 GHz
which will be harmful to the correction of the Up-CPO response when we will cascade the
SOA by the RF-FF via a photodiode.

The obtained results highlight a bias network must be integrated in the early stage of the design
layout of the RF-FF.

Table 4.3 Delay ripples

%13V 414V 915V +16V =18V —20V of RE-FF and extornal
930 | A _
bias tee
—~ o0 | Voltage Ripple (ps)
= 13V 15.2
B o0 ¥ 14V 11.4
15V 12.1
900 - 16V 12.6
i 18V 14.1
890 e 20V 14.8
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Figure 4.8 Delay of RF-FF employing an external bias tee.
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Figure 4.9 Normalized delay of RF-FF employing an external bias tee and VNA bias tee at
Vbc=20V.

Before proceeding to the complete hybrid measurement, the characterization of the SOA-XN
needs to be done.

4.2 Characterization of SOA-XN

In this section, we evaluate the Up-CPO response of the SOA-XN for different bias currents at
9.7 GHz. Regarding the response of RF-FF, we choose to correct the Up-CPO response of
SOA-XN at the operating frequency of 9.7 GHz instead of 10 GHz, due to the fact that the
delay ripple of RF-FF is located at 9.7 GHz, as seen in section 4.1.1.

As the characterization of SOA responses in chapter 2 was performed for only 3 different bias
currents, we start first by characterizing the XGM and Up-CPO responses of the SOA-XN at
more different bias currents.

For the XGM responses, we first recall the experimental pump-probe setup from section 2.5.3.1
in which an intensity-modulated optical pump of 5 dBm at 1545 nm and a continuous-wave
(CW) optical probe of —5 dBm at 1550 nm were simultaneously injected into the SOA. An
optical filter with a 1 nm bandwidth was used at the SOA output to measure the converted
signal at 1550 nm through XGM. The measurement results of the XGM response are presented
in Figure 4.10.

The RF power of the output RF signal is measured relatively to a back-to-back measurement,
without the SOA in the optical path. Therefore, the measured RF power is obtained by

20 10g(|S21,2|) — 20 1og(|S21,5|), where z refers to SOAs bias current and y is the back-to-
back measurement without SOA.



-175- CHAPTER 4. HYBRID CORRECTION STRUCTURE

A low-pass response of the RF power of SOA-XN from 0.1 GHz to 40 GHz is registered for
different bias currents (Figure 4.10). The experimental results of relative RF power show that
for bias currents higher than 300 mA, the SOA presents a cutoff frequency higher than the
operating frequency of 9.7 GHz of the RF-FF. It can reach up to 22.7 GHz (for 450 mA) as
depicted in Table 4.4.

Table 4.4 Cutoff frequency of

SOA-XN.
0+ Bias Gain f-3d8
450 mA current  (dB) (GHz)

10 | \ 450mA 135 22.74

400 mA 115 21.58
300 mA 9.5 16.38

20 | \'A 200mA 65 9.91
| 150 mA 6 6.65
a0l 4 0mA Y 15mA 475 5.01
o 100mA 4.5 3.25

o

Relative RF power (dB)

85 mA 3 2.21
80 mA 2.25 1.52

0.1 1
Frequency (GHz)

Figure 4.10 Measured relative RF power of SOA-XN with
different bias currents.

As the SOA-XN can present a higher bandwidth than f. = 9.7 GHz and as the theoretical Up-
CPO response is independent from the operating frequency f, (see chapter 2 section 2.5.5), we
characterize the Up-CPO at f. = 9.7 GHz and 30 GHz. Our experimental setup of Up-CPO is
presented in Figure 4.11. A first optical signal is modulated at f, via the Mach-Zehnder
modulator MZM1. A second signal is modulated at a low RF frequency f; < 2 GHz via the
Mach-Zehnder modulator MZM2. Both modulated signals propagate through the SOA-XN.
The wavelengths of the optical signal are emitted at A, = 1550 nm and A, = 1545 nm. An EDFA
amplifies the modulated input data signal. The optical input powers are adapted by the optical
attenuators Attl and Att2, respectively at —5 and 5 dBm. The optical power of the Up-CPO
signal at the output of SOA-XN is filtered by an optical filter (OF) tuned at A, with an optical
bandwidth of about 1 nm, detected by a photodiode (Pd). After the photodiode (Pd), the RF
power and the phase shift of the RF signal P, ,,, are measured by a VNA at different bias
currents for SOA-XN. The VNA generates the signal at the frequency f,,y4 Which is converted
by an RF mixer down to f;, and amplified by an RF amplifier. A photograph of Up-CPO
experimental setup using SOA-XN is presented in Figure 4.12.
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Figure 4.11 Up-CPO experimental set-up using SOA-XN. SPL: RF splitter, LPF: Low Pass
Filter, PC: Polarization Controller, Att: Attenuator, Pd: Photodiode, OF: Optical Filter,
VNA: Vector network analyzer.
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Figure 4.12 Photograph of Up-CPO experimental set-up using SOA-XN. OSA: Optical
Spectrum Analyzer.

Before starting the Up-CPO measurement, we need to select a reference in order to measure
the phase shift. We take a high bias current | = 450 mA, which has a large bandwidth as a
reference, in measurement of RF power and phase shift, the phase being, under these
conditions, almost constant as a function of the frequency.



-177- CHAPTER 4. HYBRID CORRECTION STRUCTURE

We apply a 5% moving average to the measured phase shift, the delay is then calculated based
on experimental data of the phase shift, using the negative derivative of phase shifts versus
frequency (1.12). Figure 4.13(a) and (b) present the calculated delay for f, at 9.7 GHz and 30

GHz, respectively, based on experimental data.
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Figure 4.13 Calculated delay response of SOA-XN: at 9.7 GH (a) and at 30 GHz (b). Delay
at both 9.7 GHz (solid lines) and 30 GHz (dotted lines) (c).

For f, = 9.7 GHz, the delay response shows additional ripples and a small asymmetry in the
delay response. The ripples and the asymmetry that appear in the experimental results, mostly
above f., are a result of the operating frequency f. (9.7 GHz) being smaller than the frequency
bandwidth of XGM of about 22 GHz for the reference phase (I = 450 mA). For f, =30 GHz,
the delay response is more symmetric, and the ripples are less frequent, compared to the case
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of f,=9.7 GHz (see Figure 4.13(b)). The delay for both operating frequencies is presented in
Figure 4.13(c), where we can see a good agreement in delay response for both while the
frequency is below f.. As we go over f. we start to notice a divergence in delay response
between 9.7 GHz (dotted line) and 30 GHz (solid line).

As the Up-CPO response is independent from the operating frequency f, and to avoid
asymmetry and ripples in the Up-CPO response, we will use for the simulation with
experimental results the delay of Up-CPO response characterized around f. = 30 GHz. The
higher the frequency is compared to the frequency bandwidth of XGM, the lower the presence
of an additional ripples in the measured response. We will later shift the Up-CPO response
from 30 GHz t0 9.7 GHz.

In order to evaluate the variation of the delay around f, = 30 GHz, we first calculate the delay
through the negative derivative of measured phase shifts versus frequency, and we shift the
response to 9.7 GHz by calculation.

As the delay is not constant over the entire frequency range, we define the depth in delay
response in the frequency range of 1 GHz (frequency band of interest) as peak-to-peak variation
between the maximum value at 10.2 GHz (point B) and the minimum value at 9.7 GHz (point
A). The calculation of the depth is done by using a polynomial fit of the calculated delay based
on measured data. The calculated delay and polynomial fits of the delay are shown in Figure
4.14. This information will be used when correcting the Up-CPO response by the RF-FF filter.
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Figure 4.14 Calculated delay from measurement data at 30 GHz, shifted at 9.7 GHz at
different bias currents for SOA-XN. Delay polynomial fits (dashed line).
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4.3 Complete hybrid correction structure

In the previous section, we have first shown the impact of including an external bias tee to the
RF-FF on its response. Secondly, we have shown the effects of operating at a low frequency
on the SOA-XN response. In section 4.3.1, we experimentally shown the combined effects of
both a low operating frequency and the external bias tee in the hybrid correction structure. In
order to evaluate the combination of the two stages (SOA-XN and RF-FF), despite the above-
mentioned limitations, a solution is proposed in section 4.3.2.

4.3.1 Measurement of the hybrid correction structure

In order to experimentally test the complete hybrid correction structure, a measurement at
9.7 GHz is taken. The design of the RF-FF is limited to one operating frequency, which in our
case is fixed at 9.7 GHz, regardless of the additional ripples in response to the Up-CPO at this
operation frequency (as seen in section 4.2).

Figure 4.15 shows the experimental setup of the hybrid correction structure including the
circuit of RF-FF with an external bias tee. A first optical signal emitted at A, = 1550 nm is
intensity-modulated at a high radiofrequency f, = 9.7 GHz via the MZM1. A second signal
emitted at A; = 1545 nm is intensity-modulated via the MZM2 by a low RF
frequency f,; varying from 0.1 to 1 GHz. Both optical signals are propagating into the SOA-
XN. The signal of CPO at the frequency f; is generated by the difference between fi,y4 and
fc using an RF mixer, amplified by an RF amplifier. An EDFA amplifies the modulated input
data signal. The optical injected powers are adjusted by the optical attenuators Attl and Att2.
Inside the SOA, the gain modulation induced by CPO modulates the second signal and an Up-
CPO signal is created by XGM at f. + f;. The optical power of the Up-CPO signal at the
output of SOA-XN is filtered by an optical filter (OF) tuned at A, with an optical bandwidth of
about 1 nm, and then detected by a photodiode (Pd). The RF-FF associated to an external bias
tee, is then placed after the photodiode (Pd). The experimental controls are the input optical
powers and the input bias current to the SOA-XN, the microwave modulation frequencies, and
the voltage control of the RF filter. The tunable delay correction can be obtained by tuning the
pair “Bias current ~Gain” of SOA-XN and “Vpc” of RF-FF.

We fix a high bias current I = 450 mA, which refers to gain 13.5 dB. The relative RF power
and the relative phase shift of the RF signal P, 4, are then measured by a VNA at different
bias currents (different gains of SOA-XN) and different RF-FF Vpc with respect to the
reference. A photograph of the whole bench of the complete hybrid correction measurement is
presented in Figure 4.16.



-180- CHAPTER 4. HYBRID CORRECTION STRUCTURE

RF Generator

PL
£.(9.7 GHz) D>— 8
RF
amplifier 1

Data
v

Dc Bias 1

Figure 4.15 Experimental set-up of hybrid correction structure using RF-FF with external
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Figure 4.16 photograph experimental set-up of hybrid correction structure using RF-FF
with external bias tee.

For each SOA-XN gain, we select a specific Vpc. Figure 4.17(a-b) depicts the measured
relative RF power and the relative phase shift response of the hybrid correction structure. We
notice that there are small ripples occurring over the measured relative RF power response,
compared to the mean value (in dotted line). Besides, the level of relative RF power range can
vary from —14.5 dB to —23.4 dB (maximum and minimum mean values).

We apply a 10% moving average to the measured relative phase shift response (of Figure
4.17(b)) before calculating the delay correction response noted as “Hybrid delay”. The results
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are presented in Figure 4.17(c). We observe that additional ripples occur over the hybrid delay
response. This is due to the effects of low operating frequencies on the SOA-XN response as
seen in section 4.2. In the complete hybrid measurement, the use of the external bias tee with
its imperfections, as seen in section 4.1.2, limits the possibility of the correction of the Up-
CPO responses. In fact, the correction of the delay response is partially done for the frequency
interval 9.2 - 9.7 GHz, but the response of hybrid delay is asymmetric and shifted towards the
low frequencies, which induces a significant shift at frequencies larger than 9.7 GHz, compared
to frequencies smaller than 9.7 GHz.
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Figure 4.17 Measurement of hybrid correction structure over 1 GHz of: (a) relative RF
power (solid lines) and mean values (dotted lines). (b) Relative phase shift. (¢c) Calculated
delay (solid line) and polynomial fit (dashed lines).
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In order to verify the functionality of the hybrid correction structure without the artifact from
the bias tee and from the low operating frequency, we need to separate the measurements of
the SOA-XN and the RF folded filter. A solution of the simulation of hybrid correction
structure based on experimental data is proposed in the next section.

4.3.2 Simulation of the hybrid correction structure based on experimental data of
SOA-XN

This section presents the simulation of the hybrid correction structure of the SOA-XN coupled
with the RF-FF filter, via the ADS simulator, based on the experimental data.

Figure 4.18 below shows the structure of the hybrid delay generation for simulation. The first
stage contains RF power and phase shift responses of Up-CPO for SOA-XN, based on
experimental data presented in section 4.2. The second stage contains the measurement results
of the RF folded filter employing a bias tee internal to the VNA, as presented in section 4.1.1.
After obtaining the results of the first and second stages separately, we combine both stages
through the ADS simulator.

! 1
| i
P | OF :
| SOAXN A/~ OE RF-FF
P! Ac i Corrected delay
i Stage #1 Stage #2 i

Figure 4.18 Hybrid correction structure of SOA-XN + RF-FF (RF folded filter).

Figure 4.19(a-b) depicts the delay response of Up-CPO using SOA-XN (stage #1), and the
delay response of RF-FF (stage #2), over 1 GHz of frequency band (which is the desired
correction region from 9.2 to 10.2 GHz). Figure 4.19(c-d) presents the normalized delay
responses of stages #1 and #2. We can see from all the precedent figures Figure 4.19(a-d) that
in the frequency range 9.3 to 10.1 GHz, RF-FF presents an opposite ripple compared to the
delay response of Up-CPO using SOA-XN. So, the combination of the two stages will give an
expected optimum correction in this frequency range (9.3 to 10.1 GHz).
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Figure 4.19 Calculated delay response from measured phase shift of: SOA-XN and
polynomial fits (dashed line) (a). RF-FF (b). Normalized calculated polynomial delay of
SOA-XN (c), and normalized calculated delay of RF-FF (d).

Table 4.5 represents delay depth values of stage #1 with respect to the bias current varying
from 80 mA to 450 mA over 1 GHz, and the values of delay ripples of stage #2 (calculated in
Table 4.1). We report that the minimum depth is about 0.2 ps and the maximum is 25.1 ps, for
300 mA and 95 mA, respectively. The calculated delay ripples of RF-FF, have a minimum
ripple of 5.4 ps at Vpc = 20 V, and a maximum of 12.6 ps at Vpc = 14 V. When comparing the
values of RF-FF delay ripples with the values of delay depths of Up-CPO (Table 4.5), we notice
that we cannot correct the delay response for I < 150 mA (which is referred to as a gain higher
than 6 dB), since the maximum depth in Up-CPO response of SOA-XN is 2.5 ps, much smaller
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than the minimum value of RF-FF ripple of about 5.4 ps at Vpc =20 V (as we can see in Table
4.5).

Table 4.5 Delay response of SOA-XN and RF-FF over frequency range 9.2 GHz to 10.2
GHz.

Stage #1: SOA-XN Stage #2: RF-FF
Bias Gain (dB)  Delay depth Ve Delay ripple Delay ripple
current (ps) (9.2~9.7 GHz) (9.7~10.2 GHz)

(mA) (ps) (ps)

80 2.25 22.9 14V 12.6 4.6

85 3 25.1 15V 10.7 5.3

95 3.5 16.5 16V 8.7 5.9

100 4.25 15.1 17V 7.4 5.7

115 4.75 8.9 18V 6.0 5.8

125 6 6.9 19V 5.9 6.1

150 6.5 2.5 20V 5.2 5.4

200 9.5 0.3

300 11.5 0.2

450 13.5 0

The delay correction for each gain is done by selecting for each delay depth of SOA-XN the
suitable delay ripple from Table 4.5. To properly chose the correct delay ripple, we select the
one closest to the delay depth and having the most symmetric response. Thus, we select for the
SOA-XN gains: 3.5 dB, 4.25 dB, 4.75 dB, and 6 dB of the first stage, the corresponding RF-
FF Vbc: 16 V, 16 V, 18 V, and 20 V, respectively. Gains 2.25 and 3 dB have a delay depth
larger than the delay ripple of RF-FF (over 1 GHz). Besides, we notice that these delays have
a depth up to 6.8 ps across 0.5 GHz frequency range. Therefore, we select for these two gains
the RF-FF Vpc: 20 V, which has a complementary and more symmetric response across 0.5
GHz frequency band.

The simulation results of the combination of SOA-XN delay depths correction of each gain
using the ripples of the RF folded filter based on experimental data of both stages are presented
in Figure 4.20 and Figure 4.21.

Figure 4.20 shows the normalized delay correction response of SOA-XN+RF-FF of each gain,
compared to the normalized delay response without using the hybrid correction structure. We
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notice that the delay responses for each gain is enhanced over the total instantaneous bandwidth
of 1 GHz, compared to the delay of SOA-XN (dashed line).
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Figure 4.20 Normalized delay response of SOA-XN with (solid line) and without (dashed
line) the hybrid correction structure for different gains (a)-(f).

The asymmetric response occurs in Figure 4.20(c)-(d) for frequencies smaller or equal to
9.55 GHz, due to the asymmetric response of the RF-FF for Vpc =17 V to 14 V (Figure 4.5(b)).
A numerical comparison of each case (a)-(f) with and without using the hybrid correction

structure is presented next.
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The delay response of the hybrid correction structure is presented in Figure 4.21. A tunability
of ~ 56 ps for the corrected delay is obtained (between minimum and maximum mean values
of gain).
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Figure 4.21 Delay response of the hybrid correction structure for different gains. Mean
values (dotted line) over 1 GHz.

In the following, we perform multiple numerical comparisons of the delay response with and
without using the hybrid correction structure in terms of peak-to-peak variation Ageiqy p—p, %
of improvement in terms of A4, »—p reduction, standard deviation o4.,4, to measure the
divergence from the mean value and the ratio of corrected to non-corrected 644, . We divided
the comparisons into three categories of gain SOA-XN:

a- Large delay depths: the first category refers to gains of 2.25 and 3 dB, where the delay
depth is maximum. Figure 4.22 illustrates Ageqy p—p Of the first category with and
without correction, with the percentage of Ageiqy p—p Improvement. We can see that
Agelay p-p 18 improved in the frequency band ranging from 0.125 to 0.875 GHz for
gains of 2.25 and 3 dB (Figure 4.22(a-b)). A maximum improvement of 80 % is
achieved for 0.375 GHz frequency band as seen in Figure 4.22, at the gain 2.25 dB +
RF-FF set to Vpbc= 20 V. This is due to the fact that SOA-XN has a depth equal to the
delay ripple (RF-FF set to Vpc =20 V) at a frequency band < 0.5 GHz. At 1 GHz the
delay depths at gains 2.25 and 3 dB are larger than 20 ps, but RF-FF cannot correct the
depth larger than 12.6 ps, due to limitations in ripple ranges of RF-FF (Table 4.5).
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Figure 4.22 Results of first category for: Age1qy p—p and % of improvement (a) and (c).
Ogelay and the ratio of 04,4, (b) and (d).

Besides, an improvement in o, is registered from 0.25 to 1 GHz of frequency band at “gain
2.25 dB + RF-FF Vpc 20 V” (see Figure 4.22(b)), and from 0.25 to 1 GHz frequency band is
registered at “gain 3 dB + RF-FF Vpc 20 VV” (Figure 4.22(d)). For both gains, a minimum ratio
of 04e14y ~0.45 is obtained at the frequency band of 0.5 GHz.

b- Medium delay depths: the second category refers to gains of 3.5 and 4.25 dB, which
have medium delay depths. Figure 4.23(a) and Figure 4.23(c) present, Ageqy p—p With
and without correction, and the percentage of Age4y p—p improvement for the results
of the second category. They show that we can achieve delay corrections in the
frequency band range of 0.25 GHz, up to 0.875 GHz. This is due to the response of RF-
FF filter set at Vpc = 16 V: it has less depth on the extremities; between 9.2 GHz to
9.35 GHz and 10.1 to 10.2 GHz (as seen in Table 4.5). A maximum improvement of
almost 65 % is achieved at frequency band of 0.5 GHz at “gain 4.25 dB + RF-FF Vpc
=16 V”. At “gain 3.5 dB + RF-FF Vpc = 16 V”, 55 % of Ageiqy p—p maximum
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improvement is attained at 0.625 GHz frequency band. Besides, an enhancement in

Odelay 18 registered from 0.375 to 1 GHz of frequency band (see Figure 4.23(b) and

Figure 4.23(d)). A small ratio of 04,14, ~0.49 is obtained for a frequency band of 0.75

GHz.
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Figure 4.23 Results of second category for: Ageiqy »p—p and % of improvement (a) and (c).
Ogelay and the ratio of a4.4, (b) and (d).

c- Minimum delay depth: the third category refers to a minimum delay depth registered
for gains of 4.75 and 6 dB, over 1 GHz frequency band. Figure 4.24(a) and Figure
4.24(c) show that we can realize a delay correction in the frequency band range between

0.25 and 0.875 GHz. A maximum reduction of ~64% in the variation of delay for gain
4.75 dB is registered using RF-FF Vpc set to 18 V, at the frequency band 0.625 GHz
(Figure 4.24(a)). These improvements are not only limited to the reduction of the delay

variation, but also in the divergence from the mean value g¢4y, in the range of 0.625
to 1 GHz (Figure 4.24(b and d)).
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Figure 4.24 Results of third category for: Ageiqy p—p and % of improvement (a) and (c).
Ogelay and the ratio of a4.4, (b) and (d).

Figure 4.25 shows the relative RF powers based on experimental data of the hybrid corrected
structure (solid lines) and the mean values (dotted lines). Hence, the mean value is calculated
from the measured data over the range of 9.2 to 10.2 GHz. It shows that the relative RF power
have close response to the mean value.

The whole results are reported in Table 4.6, where we can see that over 1 GHz of frequency
band we have a small improvement of no more than 0.29 dB for Aggpower p—p USing the hybrid
correction structure (C), compared to when no correction is employed (N.C).
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Figure 4.25 Hybrid correction structure response of relative RF power (solid lines) and
mean value (dotted lines).

Table 4.6 shows that when using correction, Agrpower p—p IS always lower than the non-
corrected one in overall frequency band of 1 GHz. The common frequency band correction
among the three gain categories ranges from 0.25 GHz to 0.875 GHz.

Table 4.6 Agppower p—p (dB) of the normalized RF power comparison between responses

of SOA-XN without and with hybrid correction structure versus the frequency band.

0.15 GHz 0.25 GHz 0.5 GHz 0.75 GHz 1 GHz
Gain N.C | C. N.C C. N.C C. N.C C. N.C C.
225dB | 0.121 | 0.076 | 0.121 | 0.115 | 0.121 | 0.117 | 0.215 | 0.135 | 0.301 | 0.148
3dB 0.095 | 0.089 | 0.111 | 0.109 | 0.173 | 0.137 | 0.236 | 0.144 | 0.429 | 0.207
3.25dB | 0.065 | 0.060 | 0.151 | 0.124 | 0.151 | 0.116 | 0.229 | 0.153 | 0.449 | 0.206
4.25dB | 0.081 | 0.079 | 0.098 | 0.095 | 0.111 | 0.093 | 0.228 | 0.111 | 0.446 | 0.152
4.75dB | 0.111 | 0.095 | 0.146 | 0.097 | 0.112 | 0.108 | 0.151 | 0.113 | 0.383 | 0.175
6 dB 0.098 | 0.083 | 0.122 | 0.120 | 0.122 | 0.120 | 0.171 | 0.108 | 0.336 | 0.171

N.C: No correction (response of SOA-XN only).
C.: Correction using hybrid correction structure (SOA-XN + RF-FF).
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Figure 4.26 Hybrid correction structure response: (a) Relative phase shift over 1 GHz. (b)
Relative phase shift across 9.95 to 10.2 GHz.

The corresponding relative RF phase shifts are also depicted in Figure 4.26. The evaluation of
the linear relationship between the measured relative phase shift of the hybrid correction
structure with respect to the linear regression line of phase shift, ¢ = =2t f + ¢, re, are
expressed by the linear phase error “e€”. The linear phase error is the difference between the
relative phase shift of the hybrid correction structure and the linear regression line.

Table 4.7 gives the phase shift regression line equations for each case. It shows that at most
1.88x107 error in phase linearity occurs for “gain 2.25 dB + RF-FF 20 V” (case 1), while at
least 0.16x107° error in phase linearity registered for “gain 6 dB + RF-FF 20 V"’ (case 6). Thus,
the relative RF phase shifts in Figure 4.26 has a linear phase response over the frequency.

In this section, we have only corrected the Up-CPO response of SOA-XN. We notice that for
all configuration cases, the phase offset in Table 4.7 (¢ rsee- 2186.2, 2144.9, 2090.3, 2069.5,

2020.6, and 2000.5) is not the same.

In order to obtain the same offset, in other words a TTD, which refers to a regression graph to
the point where the line intersects with the Y-axis, a second RF-PS can be added to the second
stage. For cases 2 to 6, RF-PS must have a maximum phase shift of ~160° to attain a reference
phase offset of 2160°, which corresponds to ¢, s = 360° X k. Phase offsets of 15°, 70°, 90°,
140° and 160° can be added to cases 2 to 6, respectively, to obtain this phase reference. As a
result, the intersection of the phase shift linear regression line for each configuration case of
the tunable device at f = 0 Hz is at ¢, r5er = 2160°: @ TTD is obtained.
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Table 4.7 Linear regression line for phase shift of the hybrid correction structure over 1 GHz
of frequency band.

Case Hybrid correction structure Linear regression line €
1 Gain 2.25dB + RF-FF 20 V ¢ = —287.07f+ 2186.2 1.88x10°
2 Gain 3 dB + RF-FF 20V ¢ = —282.97f+2144.9 1.03x10°
3 Gain 3.5dB + RF-FF 16 V ¢ =—277.21 1+ 2090.3 0.58x10°
4 Gain 4.25dB + RF-FF 16 V ¢ = —275.08 f + 2069.5 0.74x10°
5 Gain 4.75dB + RF-FF 18 V ¢ = —269.95f + 2020.6 0.22x10°
6 Gain 6 dB + RF-FF 20V ¢ = —267.82 f + 2000.5 0.16x10°

A comparison between our work and different types of delay lines/TTD - which was presented
in chapter 1- is summarized in Table 4.8. The comparison focuses on the delay range, the
instantaneous bandwidth and the tunability.

In [1] a tunable delay is varied from 0.5 to 10 ns with an instantaneous bandwidth of 100 MHz,
while increasing the Stimulated Brillouin Scattering (SBS) pump power. For TTD, the optical
carrier phase shift is adjusted to ensure a constant extrapolated phase offset at the origin of RF
frequencies (null frequency). The signal carrier is passed through a separate optical filter
implementing an RF phase shift. Through altering the pump power, a tunable TTD of 0.5 to 50
ns is obtained over an instantaneous bandwidth of 10 MHz [2].

In [3] the time delay varies from 2.5 to 24 ns with an instantaneous RF bandwidth of 15 MHz,
while the pump power is adjusted from 5.7 to 14.4 dBm. For TTD operation, the optical carrier
(OC) phase shift has to be adjusted for each delay by tuning the DC bias of the DPMZM.
Therefore, the Separate Carrier Tuning (SCT) delay line can operate as a TTD, providing a
tunable TTD up to 24 ns. Using TTD hybrid structure, which is comprised of a SOA-NL
cascaded with a RF-FF and a RF-PS (presented in chapter 3), and by tuning for each bias
current (SOA-NL gain) the suitable Vpc bias of folded filter and RF-PS, a tunable TTD 718.1
to 784.9 is obtained. Approximately 67 ps of tunability range is achieved over 1 GHz of
instantaneous bandwidth.

For tunable delays using Up-converted CPO by XGM, a tunable delay from 0 to 380 ps is
achieved by adjusting the SOA’s current with an instantaneous bandwidth of 320 MHz [4].
For the simulated hybrid correction structure based on measured data, approximately 56 ps of
tunability range is achieved over 1 GHz of instantaneous bandwidth by changing the pair of
the “bias current” of the SOA and “Vpc” of RF-FF.
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Table 4.8 Comparison between tunable delay/TTD approaches.

Tunable delay Delay range Instantaneous Tunability
lines/TTD bandwidth
[1] 0.5t0 10 ns 100 MHz -Carrier frequency
[2] 0.5to 50 ns 10 MHz -Pump power

-Frequency detuning

[3] 2.5t024 ns 15 MHz -Pump power
-Dc bias of DPMZM
[4] 0 to 89 ps 320 MHz -Bias current of SOA
-Pump power
TTD hybrid structure 718.1t0 784.9 1 GHz -Bias current of SOA-
simulation (SOA-NL) ps NL

-Dc bias of RF-FF
-Dc bias of RF-PS

Simulated hybrid 745 to 801 ps 1 GHz -Bias current of SOA-
correction structure XN

based on measured -Dc bias of RE-FF
data

4.4 Conclusion

In this chapter, the experimental results of tunable RF filters are presented (RF-FF and RF-
CF). We have presented, and experimentally proved the combined effects of both a low
operating frequency and an external bias tee addition. For RF-FF, the bias network must be
integrated in the early stage of the design. Based on experimental data, we have also
demonstrated, to the best of our knowledge, the feasibility of our approach to correct the Up-
CPO responses of a SOA. We have also demonstrated that the improvement of reduction in
delay variation is achieved by using a simulated hybrid correction structure based on measured
data (SOA-XN and RF-FF). The common frequency band correction among the three gain
categories is ranging from 0.25 GHz up to 0.875 GHz. We achieved a delay line tunability
range of ~56 ps. A tunable delay is achieved by changing the bias voltage of the varactor with
respect to gain categories of SOA-XN. A constant phase shift must be added after the RF folded
filter, in order to tune the offset that will give an intersection point ¢, ¢ rs.; = 360° X k located
at null frequency for all the operating points. Thus, a TTD can be obtained. A comparison
between our work and different types of delay lines/TTD has been presented.
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Conclusion and outlook

This thesis presents theoretically and experimentally the analysis of CPO and Up-CPO SOA
responses, the design and the characterization of RF tunable filters and the demonstration of
realizing high frequency tunable delay lines and a true time delay via a hybrid structure.

The thesis began with the principle of MWP systems, we investigated the differences between
phase shifter and true time delay. We have provided a review of the implementation of phase
shifters, based on electrical and optical approaches, as well as an implementation of true time
delay based on optical approaches. Electrical approaches operating at high frequency are
susceptible to electromagnetic interference, and tend to be bulky and lossy. Indeed, CPO in a
semiconductor optical amplifier is the most favorable technique, which suits the requirements
in terms of bandwidth to a few GHz, low power, small footprint, and tunability of phase
shift/delay based on SOA current or input optical power.

Chapter 2 has investigated at first, CPO effects in SOA devices for microwave photonics phase
shifters, theoretically as well as experimentally. The obtained microwave phase shift is
determined by the gain dynamics. We experimentally showed, via four SOAs structures, that
we can attain a relative phase shift up to 89.3°, close to the theoretical maximum around 1 GHz
for an extra nonlinear SOA (SOA-XN) at the cost of an increase in the RF gain penalty. Also,
using SOA-XN, we showed theoretically and experimentally that a particular response with a
high RF phase shift appears near 180° at low frequencies. In the second part of chapter 2, we
showed that we can optically have control of the RF phase shifting in a SOA based on the
addition of the XGM response of a CW signal at a SOA output. The phase shift can be
independently controlled from the operating conditions of the SOA by varying the external
CW power. The impact of the XGM response of the amplified spontaneous emission on the
signal relative phase shift has also been studied. A small-signal analysis is developed, and a
numerical calculation is used to analyze the controllable RF phase shift. The measurement
results for several control signal powers are presented. We have obtained tunable phase shifts
in the range from 16°to 45°, for an input optical signal at -15 dBm and an external CW power
of 5dBm.
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In the last part of chapter 2, we have theoretically and experimentally analyzed the Up-CPO
signal undergoing CPOs and pump-probe configuration in four different SOA structures. We
have calculated the amplitude, phase, and delays of Up-CPO signal responses. We demonstrate
that modeling SOAs by two sections is sufficient, both for linear and nonlinear SOAs, with a
good agreement between theoretical and experimental results. Finally, we evaluate the absolute
response delay of the SOAs, and we propose the use of a second stage to correct the nonlinear
delay response of SOA-NL and SOA-XN in order to obtain a tunable delay line and a TTD
system.

In chapter 3, the concept of compact tunable RF filter and tunable RF phase shifter is presented.
We introduce a new approach of “Tunable RF filter” by using half-wavelength open circuit
stubs with a cross coupling between resonators 1 and 6, in order to tune the delay response. We
showed that the installation of a capacitor, located at the minimum of electric field is a feasible
solution, and demonstrated the suitability of our synthesis of folded and curved filters through
simulation and implementation. The tunable RF phase shifter (RF-PS) is implemented based
on transmission lines and varactor diodes. The simulation results of tunable RF filters and RF
phase shifter are presented. Tunable delay is achieved by altering the bias voltage of the
varactor.

In the second part of chapter 3, a TTD hybrid structure is proposed and validated through
simulation. By combining two stages SOA-NL and the RF stage (RF-FF + RF-PS), a TTD is
obtained for SOA-NL. A maximum improvement of 60 % in the reduction of delay depth at
Gain 0 dB is registered for frequency bands ranging from 0.5 GHz to 0.75 GHz. The obtained
results show that we can achieve delay correction in the frequency band ranging from 0.15
GHz to 1 GHz, at Gain 0 dB and Gain 5 dB. A low error around 0.2x10°® in phase linearity is
registered for grcorrected,sd8, USing “gain 5 dB + RF-FF Vpc 14 V. Finally, by adding RF-PS to
the second stage, a TTD is achieved over a 67 ps range from 718.1 ps to 784.9 ps.

In chapter 4, we demonstrated by simulation, based on experimental data, the feasibility of our
approach to correct the nonlinear responses of SOA-XN. This is the first time that the RF phase
shift technique has been applied to correct the nonlinear response of SOA devices to the best
of our knowledge. The improvement of the reduction in delay variation is achieved using a
hybrid correction structure based on measured data “SOA-XN and RF-FF”. A maximum
improvement of 80% is achieved for a frequency band of 0.375 GHz, at “gain 2.25 dB + RF-
FF set to Vpc = 20 V”. The mutual frequency band correction among the three categories of
gains is ranging between 0.25 GHz and 0.875 GHz. We obtained a delay line tunability range
of ~56 ps for SOA-XN with a hybrid correction structure using a RF folded filter. Additionally,
the effects of both a low operating frequency and the bias tee are experimentally investigated.

In experimental setup, an increase in delay ripple is observed when using a bias tee for linking
the optical and the RF stages, compared to the case without one, which prevented to estimate
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the tunable delay improvement. In future work, a bias network must be integrated in the design
layout of the RF tunable filter.

In our TTD hybrid structure, the RF second stage “RF-FF and RF-PS” was placed after the
photonic stage “Up-CPO”, which requires a new development of the RF stage when the
working frequency is changed. On the contrary, Up-CPO has a full tunability up to some THz.
In order to take the advantage of this feature, a possible correction can be done in the early
stage by using a pre-distortion RF stage. Consequently, the nonlinearity in SOA response will
be corrected at low frequencies by the microwave device before the step of increasing the
frequency by the means of the Up-CPO technique which has the advantage to have a device
independent of the carrier frequency. On the other hand, the device works at intermediate
frequency, rather than at very high frequency, making its design and characterization easier.
This development will be performed within the upcoming project READER (Architecture d’un
systeme de REtards Accordables photonique micro-ondes DEporté pour des Réseaux
d'antennes allant jusqu’au THz) which is supported by the Brittany Region and the Finistére
Departement Council.
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Glossary of Acronyms

ADS: Advanced Design System

APD: Avalanche photodiode

ASE: Amplified Spontaneous Emission

Att: Attenuator

BPF: Band Pass Filter

BW: Bandwidth

CPO: Coherent Population Oscillations
CW: Continuous Wave

DC: Direct Current

DCF: Dispersion Compensating Fiber

DF: Dispersion Fiber

DSB-SC: Double Sideband Suppressed Carrier Signal
DSF: Dispersion-Shifted Fiber

DS-SMF: Dispersion Shifted Single-Mode Fiber
DPMZM: dual-Parallel Mach-Zehnder Modulator
EDFA: Erbium Doped Fiber

EM: Electromagnetic

FBG: Fiber Bragg Grating

FWM: Four Wave Mixings

HPF: High Pass Filter

IL: Insertion loss

LNA: Low Noise Amplifier

LO: Local oscillator

LPF: Low Pass Filter

MLIN: Microstrip Line

MEMS: Micro-Electro-Mechanical Systems
MWP: Microwave Photonics

MZM: Mach-Zehnder Modulator

OC: Optical Carrier

O/E: Optical to Electrical

OF: Optical Filter

OSA: Optical Spectrum Analyzer

OSSB: Optical Single Sideband

PC: Polarization Controller

Pd: Photodiode
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GLOSSARY OF ACRONYMS

PS: Phase Shifter

RF: Radio Frequency

RFC: Radio Frequency Chokes

RF-CF: Radio Frequency Curved Filter

RF-FF: Radio Frequency Folded Filter

RF-PS: Radio Frequency Phase Shifter

RTPS: Reflection Type Phase Shifter

SBS: Stimulated Brillouin Scattering

SCT: Separate Carrier Tuning

SGM: Self-Gain Modulation

SMF: Single-Mode Fiber

SOA: Semiconductor Optical Amplifier

SOA-L: Semiconductor Optical Amplifier-Linear
SOA-NL: Semiconductor Optical Amplifier-NonLinear
SOA-XN: Semiconductor Optical Amplifier-Extra NonLinear
SPDT: Single Pole Double Throw Switches

SPM: Self-Phase Modulation

PAAs: Phased Array Antennas

TFBG: Tilted Fiber Bragg Grating

TL: Transmission Line

TLS: Tunable Laser Source

TTD: True Time Delay

Up-CPO: Up-converted Coherent Population Oscillations
UWSB: Ultra-Wide Band

VNA: Vector Network Analyser

VOA: Variable Optical Attenuator

XPM: Cross Phase Modulation

XGM: Cross Gain Modulation
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Appendix

A.1 Parameter values of the model implemented under ADS

Table Al: Parameter values of the model implemented under ADS

Parameters Value Unite Definition
L 750%10° m Length of the active area of SOA
w 2.4x10° m Width of the active area of SOA
d 95x10°° m Thickness of the active area of SOA
ao 5x10720 m? Differential gain
Ao 1580%10° m Wavelength at peak gain for N,
Ny 6.5x10% m-3 Carrier density at transparency
a0 2973 m Losses in the active zone at Nyand A4,
Iy 0.234 Reference confinement factor at N, and A,
A 2x10° st Non-radiative recombination coefficient
B 8.64x101° md st Spontaneous recombination coefficient
C 3.61x10%0 mé g1 Auger recombination coefficient
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A.2 SOA-L datasheet

INP

Semiconductor Optical Amplifier Device (Gain-type)

IPSADI1301/1304 & IPSAD1501/1504 (1310nm/1550nm)

Features

= Wide Optical Bandwidth

=  High Saturation Output Power - InPhenix
= Low Polarization Sensitivity q ArSAD Iy
AN .
= Low Gain Ripple —:“,‘jg' _
= MOQW or Bulk Structure X
= 40G+ Ready
Applications

=  Booster Amplifier (B-type)
= In-line Amplifier (L-type)
» Loss Compensation for Optical Cross-connect

IPSAD1301/1304 SOA Gain Type Device Specifications

IPSAD1301 IPSAD1304
Parameter Symbal In-Line Type Booster Type Unit
Min. Typ. | Max Min. | Typ. | Max

Drive Current Ir 250 250 mA
Peak Wavelength Ao 1280 1340 | 1280 1340 nm
3 dB Optical Bandwidth Ao 45 55 nm

Small Signal Gain @ %, G 18 22 13 16 db

Gain Ripple with Respect to A AG 0.5 1.0 0.5 1.0 dB
Saturation Output Power P 10 10 dBm

Polarization Dependent Gain FDG 0.5 L0 0.5 1.0 dB

Noise Figure NF 7 7.5 7 1.5 dB

IPSAD1501/1504 SOA Gain Device Specifications
IPSAD1501 IPSAD1504 Unit
Parameter Symbol In-Line Type Booster Type
Min. Typ. | Max Min. Typ. | Max

Drive Current Ir 350 350 mA
Peak Wavelength A 1510 1590 1510 1590 nm
3 dB Optical Bandwidth Absgs 45 55 nm
Small Signal Gain (@ A G 18 20 12 15 dB
Gain Ripple with Respect to A AG 0.5 1.0 0.5 1.0 dB
Saturation Output Power P.u 10 10 dBm
Polarization Dependent Gain PDG 0.5 1.0 0.5 1.0 dB
MNoise Figure NF 2.0 9.0 dB
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A.3 40G-2R-ORP datasheet

SHEET | 40G-2R2-ORP

Technologies

Twin 40G/s 2R Optical Regenerator

Features
40Gb/s operation
Low switching energies (<100fJ per pulse per SOA)
Low insertion loss (<5dB fibre to fibre)
High output power (>0dBm)
C Band operation (1530-1565nm)
Single stage 2R regeneration for 2 independent data channels
Dual stage regeneration for a single data channel

Applications
Transmission impairment mitigation
Wavelength conversion

Cascaded two stage 2R regeneration with or without
wavelength conversion

Optical logic element

Description

CIP Technologies twin optical regenerator provides the capability for 2R regeneration (Re-shaping and Re-amplifying)
of degraded data at rates of up to 40Gb/s and is bit rate and protocol transparent. The package houses two 40Gb/s
regenerators in the same footprint as that previously required for a single regenerator device (40G-2R-ORP) and can
regenerate two independent channels simultaneously. In addition, the two regenerators can be looped back to pro-
vide cascaded two stage regeneration and allow the output wavelength to be the same as the input wavelength.

The device can support applications in long-haul, metro and access networks. In addition, the device performs a va-
riety of optical logic functions and can be used in optical processing applications.

The optical module is a hybrid integrated device consisting of two planar silica Mach-Zehnder interferometers with a
quad array of non-linear SOAs in the interferometer arms. Independent thermo-optic phase shifters are incorporated
to allow precise phase control of the interferometers. The module includes Peltier and thermistor for temperature
control, electrical pins for SOA bias currents and phase shifters, 8 way fibre ribbon input (8x FC/APC connectors),
and 4 way fibre ribbon output (4x FC/APC connectors). The package dimensions are 90mm x 31mm x 14mm.

Parameter Rating Unit N
SOA bias current (per SOA) 400 mA
Average switching data power +13 dBm
Average CW wavelength power +13 dBm
Peltier Current 2.5 A
Operating Temperature 30 °C
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A.4 SOA-NL-OEC-1550 datasheet

PRELIMINARY DATASHEET | SOA-NL-OEC-1550 E “ E

SOA-NL-OEC-1550 - 1.55pm Non-Linear cg,,¢ for Integrated Photonics
Semiconductor Optical Amplifier (SOA)

Description

The Non-linear SOA is a high confinement factor device optimised for high gain and fast optical recovery and hence
fast switching speeds. It utilises CIPs proprietary InP buried heterostructure design and is available in either a 14-
pin butterfly package with a thermistor, thermo-electric cooler and single mode fibre pigtails or as a custom chip-
on-carrier product.

Features

L]
L]
L]
e TEC cooled
.
L]
.

1.55pm operation
High gain (30dB)
InP Buried Heterostructure design

Suitable for non-linear and switching applications
Available as packaged device or chip-on-carrier
APC connectors provided

The product is appropriate in wavelength converter or four wave mixing applications and is used in CIPs wavelength
converter device. Custom specification variants may be defined as appropriate for other non-linear applications.
Arrays of non-linear SOAs are also available either packaged or as chip-on-carrier.

Op tical and electrical characteristics au specifications are at 20°C and 1535-1560nm unless stated otherwise.

Item Test condition Min. | Typ. | Max. | Unit

Gain 200-300mA 25 34 dB

Polarisation Dependent Gain (PDG) 200mA 0.5 3 dB
Noise Figure (NF) 200mA 8 1 dB
Saturated Output Power (SOP) 200mA 6 dBm
ASE Ripple 200mA, at gain peak 1 dB

Gain Peak 200mA 1550 1570 | nm

Gain Recovery Time 300mA, P,>0dBm, 10-90% rise time 80 ps

www.ciphotonics.com

CIP, Adastral Park, Martlesham Heath, Ipswich, IP5 3RE, UK Tel: +44 (0) 1473 663210

........Fesearching solutions

info@ciphotonics.com

rev B
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A.5 SOA-XN-OEC-1550 datasheet

PRELIMINARY DATASHEET | SOA-XN-OEC-1550

C|1]P

SOA-XN-OEC-1550 - 1.55um Non-Linear ~'echnologies
Semiconductor Optical Amplifier (SOA)

Features

e 1.55um operation
High gain
Low saturation output power
Very fast gain recovery times
Low saturated PDG
InP Buried Heterostructure design
TEC cooled
Available as packaged device
APC connectors provided

Application Examples
e All optical processing
Wavelength conversion
Cross-phase modulation
Cross-gain modulation
Four-wave mixing

Description

The ultra non-linear SOA-XN is a high confinement factor device optimised for high gain and very fast gain recovery
providing very fast optical switching speeds. It utilises CIP’s proprietary InP buried heterostructure design and is
available in either a 14-pin butterfly package with a thermistor, thermo-electric cooler and single mode fibre pig-
tails

The product is appropriate in wavelength converter or four wave mixing applications and can also be used in CIP’s
hybrid integrated regenerator/wavelength converter products. Custom specification variants may be defined as
appropriate for other non-linear applications. Arrays of non-linear SOAs are also available either packaged or as
chip-on-carrier.

Optical and electrical specifications All measurements are at chip temperature of 20°C & 1535-1560nm
unless stated otherwise.

Item Test condition Min. | Typ. | Max. | Unit
Small signal Gain | = 500mA 25 dB
Polarisation Dependent Saturated Gain (PDG) | = 500mA, P;,>0dBm 1 dB
Saturated Output Power (SOP) | = 500mA 12 dBm
Saturated Gain Recovery Time (1/e) | = 500mA, P;,>0dBm, 1555nm 10 ps
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hyperfrequences pour des réseaux d’antennes.

Mots clés : Photonique hyperfréquence, Filtres hyperfréquence, Optoélectronique, Déphaseur,
Photonique, Retards accordables vrais, SOA (amplificateurs optiques a semi-conducteurs).

Résumé : La génération de retards accordables
vrais (TTD) pour des signaux hyperfréquence par
association de technologies hyperfréquence et
photonique (MWP) est fondamentale pour les
systemes embarqués, les communications par
satellite et les radars. De plus, une structure
hybride utilisant les technologies MWP augmente
les capacités et les libertés de conception des
fonctions a réaliser, tout en bénéficiant d'une
forte immunité aux interférences
électromagnétiques et des faibles pertes des
fibres. Une des approches photoniques les plus
prometteuses est l'oscillation de population
cohérente (CPO) et la CPO avec montée en
fréquence (Up-CPO) dans un amplificateur
optique a semi-conducteurs (SOA).

Dans cette thése, nous analysons,
théoriquement par une analyse petit signal puis
expérimentalement, les réponses en fréquences

CPO et Up-CPO pour guatre structures de SOA
différentes. Nous proposons aussi une nouvelle
architecture, combinant deux étages, basée sur
une approche photonique pour le premier étage
utilisant une technique Up-CPO. Le deuxiéme
étage consiste en un déphaseur RF accordable
et un filtre RF accordable, qui corrige a la fois
les réponses de non-linéarité du premier étage
et ajoute un décalage de phase nécessaire pour
obtenir un TTD. En utilisant une approche
hyperfréquence-photonigue combinant Up-CPO
dans un SOA avec un filtre accordable RF a une
fréquence de fonctionnement de 9,7 GHz, nous
démontrons par des simulations utilisant les
résultats expérimentaux la possibilité de réaliser
un TTD accordable a haute fréquence d'environ
56 ps avec une amélioration maximale de 80%
pour une bande de fréquences de 0,375 GHz.

High Frequency Tunable Delay by Microwave-Photonics Techniques for Antenna Networks.

Keywords : Microwave photonics, Microwave filters, Optoelectronics, Phase shifter, Photonics,
True time delay, SOAs (Semiconductor Optical Amplifiers).

Abstract : Tunable true-time delay (TTD) at a
microwave frequency by association of
microwave and photonic (MWP) technologies is
extremely valuable for embedded systems,
satellite communications and radars. Moreover, a
hybrid structure using MWP technology increases
the capabilities and design freedoms of functions
to be realized while benefiting from a high
immunity to electromagnetic interference and low
losses of optical fibers. Two of the most promising
photonic approaches to provide a tunable
microwave phase shift are the Coherent
Population Oscillation (CPO) and the Up-
converted CPO in a semiconductor optical
amplifier (SOA).

In this PhD thesis, we analyze theoretically by
small signal analysis and experimentally CPO

and Up-CPO RF responses for four different
SOA structures. We then proposed a new
architecture combining two stages based on a
photonics approach for the first stage using an
Up-converted CPO technigue. The second
stage consists of a tunable RF phase shifter and
a tunable RF filter, which corrects the non-
linearity responses of the first stage and adds a
phase offset needed to obtain a TTD.

By using a microwave-photonics approach
combining Up-converted CPO in a SOA with an
RF tunable filter at an operating frequency of 9.7
GHz, we demonstrate by simulations using the
experimental results the possibility of realizing
high frequency tunable TTD of about 56 ps with
a maximum improvement of 80% for a 0.375
GHz frequency band.





