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ABSTRACT

A Self-Interference Canceler is the principle component that allows for Simultaneous
Transmit And Receive (STAR) of radio signal broadcasting. Previous research and designs
by other groups have resulted in systems that either operate at high powers or are capable of
cancellation over a wide bandwidth. This work seeks to build upon previous research in order
to design an analog SIC that is capable of both high power (~100W) and wide instantaneous
bandwidth (~1GHz) cancellation. The system is designed as a vector modulator using
off-the-shelf hybrid couplers and switches with a custom variable attenuator designed using
PIN diodes in a Waugh attenuator architecture. The system was fabricated on a four layer
PCB and measured with a network analyzer. Simulated results for variable attenuator and
overall vector modulator are presented.
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Chapter 1

Introduction

This thesis forms preliminary work as part of a larger project being undertaken at MIT
Lincoln Laboratory. The project aims to create an improved self interference canceler for
Simultaneous Transmit And Receive (STAR). This thesis focuses on design work for the

analog subsystem within this larger project.

1.1 Motivation

In this modern era of constant communication and wireless media, the ability to transmit
large amounts of data is increasingly necessary. Unfortunately, the usable frequency band is
intrinsically limited with erce competition for channels. To deal with this, the elds of RF
engineering and information theory have rapidly expanded, leading to improved transmission
methods and data encoding schemes to increase data bandwidth. Wireless standards are
constantly improving and evolving, as can be seen with the rollout of 5G and current research
into 6G.

One limiting factor in wireless transmission is the inability for a system to simultaneously
transmit and receive data as the transmitted signal is so strong it would overpower any other
signal seen by the receiver. To deal with this, modern systems use advanced split time and

frequency duplexing methods to ensure only transmitting or receiving is occurring at any
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given time. However, this still imposes a fundamental limit on the bandwidth. A possible
solution to this is In-Band Full Duplex systems (IBFD), also known as Simultaneous Transmit
and Receive. In principle, STAR operates by coupling o a part of the transmitted signal
before transmission, and inverting/phase shifting it through a Self Interference Canceler (SIC)
before passing it to the receiver so that it cancels the transmitted signal, allowing the receiver
to read in other data. Through transmitting and receiving at the same time, functional
STAR systems would e ectively double the available bandwidth, greatly improving wireless
communications.

In practice, implementing a STAR system is di cult as the transmitted signal is several
orders of magnitude larger than the received signal, requiring lots of attenuation. Furthermore,
in addition to the direct path signal, there are many re ections of the transmitted signal
caused by the surrounding environment, leading to extra interference that must be canceled.
Thus, crowded environments require many taps to cancel these di erent timed re ections.
If the transceiver is moving, the SIC must be able to dynamically cancel the re ections
coming from the changing environment. Altogether, this makes the prospect of STAR
nontrivial to implement. Despite this, strides have been made with some research groups
creating functional STAR prototypes. However, while this prior work has demonstrated
functional SIC prototypes, the focus is usually either on narrow bandwidth and high power
or wide bandwidth and low power. In this project, | seek to design an analog front-end for a
high power, wideband SIC capable of canceling transmit signals of at least 100W over an
instantaneous bandwidth of 1GHz. Speci cally, | am designing an analog vector modulator

to cancel the high power direct path transmit signal.

1.2 Objective

While the most e ective SIC feature a mixture of di erent techniques including analog, digital,

and photonic cancelers, this thesis focuses speci cally on the design of a high power analog

14



canceler. The canceler has only one tap which is focused on canceling the high power direct
path signal. This project entails design of a custom variable attenuator capable of high
dynamic range and power handling. The variable attenuator forms the basis of the vector
modulator which will perform the overall phase shift and attenuation to make the input
transmit signal cancel the received transmit signal.

After designing and simulating both the variable attenuator and overall vector modulator,

a board will be fabricated to test the e ectiveness of the design as a physical system.
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Chapter 2

Background

2.1 Self Interference Cancelers

Self-interference cancelers operate by tapping o a portion of the transmit signal before it is
broadcasted, processing it in order to make it identical to the received transmit signal but 180
degrees out of phase, and then recombining it at the receiver. This leads to the cancellation
of the transmitted signal in the received signal while leaving any other received signals intact
and capable of being interpreted. One of the main di culties with this is accounting for and
canceling all of the re ected path signals caused by the environment in addition to just the
direct path signal. Despite this, multiple methods for SIC have emerged. For the most part
they all follow the architecture pictured below in Figure 2.1. with cancellation happening in
some subset of the propagation domain, analog domain, or digital domain. Furthermore an

organized tree of all the existing SIC techniques is displayed below in Figure 2.2.

2.2 Time Domain Analog Cancellation

The SIC method used in this work is analog cancellation in the time domain. This method
performs cancellation by tapping o multiple copies of the transmit signal. Each of these

copies, or taps, is then sent through a delay line, variable attenuator, and phase shifter, before
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Figure 2.1. Generic IBFD Transceiver Architecture [1]

Figure 2.2: Organized SIC Techniques [1]

being recombined and fed to the receiver. With this, each of the taps will e ectively cancel a
di erent part of the transmitted signal's re ections, with the rst tap being for the direct
path. Since all the delays have di erent timing and the attenuators and phase shifters are
controlled separately, the tap can be tuned over the designed range. Notably, some designs

also switch out the discrete variable attenuator and phase shifter for a vector modulator.
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Figure 2.3. Generic Tapped Delay Line Canceler Architecture [2]

2.3 Related Works

To help create my design | rst performed a deep dive into recent advances in SIC's. | focused
this search by only considering papers that had implemented a physical system, as well as
those that used at least in part analog time domain based cancelling. For the most part,
these designs were narrowband and lower power with performance focused on speci c radio
bands. Additionally, several of the designs make use of CMOS processes which is infeasible
for my work given both power and time constraints, but were nonetheless helpful in terms
of overall system architecture. | also grouped the papers based on if they used discrete
phase shifters and variable attenuators or vector modulators. The beginning of this search,
and the most in uential papers were those by my research advisor Ken Kolodziej and his
past implementations of SIC systems [2]. Much of my design uses the same simulations and
architecture as his design. It also gave me a baseline for the literature review as | could look

at which groups had cited his papers and subsequently review their research. Additionally,
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one of his papers was actually a survey of the systems and advances in the eld up until 2020
[1]. This was great as it both directly cited other relevant papers and was cited heavily by
other research groups in the eld. A table detailing the relevant implemented systems from

di erent research groups is shown below.

2.4 High Power and High Bandwidth Cancellation

Of the surveyed literature, two groups in particular stood out for being particularly high
power or high bandwidth. One group from Tampere University in Finland designed a canceler
that could handle transmit signals of up to 100W. They did this using a vector modulator.
However, their work is quite narrow-band, focusing on a range of 225-400MHz. | used their
variable attenuator and architecture as a basis for my designs, modifying it to function at

higher frequencies.

Figure 2.4: Overall Architecture Used in Heino et al. [4]

Another group with relevant work is out of University of Florida, and their design functions
with a high bandwidth [23]. Their work involves a replica antenna which isn't feasible for my
design since my SIC is intended to be antenna agnostic. However, the Florida group uses a
tapped delay line in addition to this replica antenna method. Their tapped delay line makes

use of a nite impulse response lIter and resonator. Their architecture is shown below.
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Figure 2.5: FIR Resonator Tapped Delay Line in Tarek et al. [22]
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Table 2.1: Literature Survey Overview

Group Architecture Max Operating SIC Can- Total
A liation Band- Frequency cellation System
width Cancel-
lation
MIT Lincoln 4 tap delay line | 100 MHz | 2.4-2.5 GHz 34.4dB 90 dB
Lab [1 3] with discrete
parts
Tampere Single tap with 175 MHz | 225-400 MHz| 30-40 dB 100dB
University [4 7] vector
modulator
Yonsei 3 tap delay line | 200 MHz | 3.6-3.8 GHz 30dB 55dB
University [8, 9] with discrete
parts
University of CMOS nested 20 MHz | 890 -910 MHz 52 dB 79 dB
British vector
Columbia and modulator
UCSD [10]
Southwest 4 tap delay line 20 MHz 910 - 930 26 dB 65 dB
Jiaotong with asymmetric MHz
University power divider
[ChinaSelf , 11]
Tokyo Institute CMOS single 2 GHz 111- 113 GHz| 20dB 60 dB
of Technology | tap with discrete
[12, 13] parts
Tyndall Single tap 200 MHz | 2.3 - 2.5 GHz| 15-40 dB 70 dB
National bandpass lter
Institute [14, 15]
Columbia[16 19] | Multitap stacked 40 MHz 0.1-1 GHz 41dB 60 dB
capacitor vector
modulator
Florida Multi Tap FIR 1 GHz 2.4 -3.4 GHz 30 dB 70 dB
International Filter and
University resonator
[20 26] Replica antenna
and tap line
with discrete
parts
UCLA [27] 3-tap passive 50 MHz 1.8-2.4 GHz 15 dB 20dBc
emulator
Stanford [28, 29]| Multitap with 80 MHz 2-2.6 GHz 45 dB 110dB

discrete parts
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Chapter 3

Design and Simulation

Simulations of the variable attenuator and vector modulator were all done in Keysight's
Advanced Design System (ADS). ADS was selected as the simulation software since it has
exceptional high frequency performance. Furthermore, | had signi cant previous experience
with its use.

Based on the literature review, | chose my design to use a tapped delay line architecture.
In this iteration, | only simulated one tap which simpli ed design and allowed the system's
use case to be the cancellation of the direct path transmission between transmit and receive
antenna. As noted in the literature review, the majority of relevant past tapped delay line
works fell into one of two architectures: a vector modulator, or having discrete variable
attenuators and phase shifters. Since both of these architectures required the design of a

custom variable attenuator, that was the initial focus of the design stage.

3.1 Variable Attenuator

The bulk of the design work for this project lay in the variable attenuator. Because of how
high-power the system is, most commercially available o the shelf components are insu cient.

As such, | had to create my own from discrete components.
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3.1.1 Initial Design

The initial design of the variable attenuator was heavily inspired by the one used in Heino et
al. [4]. Their design makes use of PIN diodes to su ciently control the voltage that gets
passed through. The theory behind this is that PIN diodes act as resistors at RF controlled
by a DC current. By applying a variable voltage, you set the resistance, and thus loss of
the RF signal you send through them. The design of this requires selecting PIN diodes that
function at the desired frequency and power, as well as implementing and modeling the bias

network. A schematic of the attenuator design in Heino et al is shown below.

Figure 3.1: PIN Diode Based Variable Attenuator Architecture [4]

Initially, | recreated their results in an ADS simulation. To do this | imported the spice
model provided in the MA4P7455-1255 datasheet into ADS [30]. Heino et al. only focused on
the 225 400 MHz range but the MA4P7455-1255 is rated up to 4GHz. Once | had replicated
their results for this lower frequency range, | ran simulations from 1GHz to 5GHz. This

involved changing out the biasing network as the datasheet provided a di erent one depending
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on the frequency. For these simulations ¥unwias Was held constant at 0.75V as suggested by

the datasheet while \erieshias Was swept from 0 to 20V.

Figure 3.2: Recommended Bias Structure of the MA4P7455-1255 from 1-4GHz [30]

Figure 3.3: Simulation Schematic and Controls for Attenuator Based on the MA4P7455-1255

Unfortunately, while the magnitude and phase response of these initial simulations was
promising, the impedance matching was not. The high attenuation values seemed to be
coming from mismatch in impedance rather than actually dissipating the signal across the
PIN diodes. For our system, we desired a consistently low;S0 usage of the impedance
mismatch for attenuation was unideal. This attenuation and mismatch is displayed below.

Note S; and S, are the same in this instance since the system is symmetric.
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Figure 3.4: §; and S vs. Vpias Over Multiple Frequencies

| attempted to x the impedance issue by also varying Vhunwias @nd building a Pi
matching system for the input and output but neither of these approaches could su ciently
improve the matching over the wide frequency range.

Furthermore, | found the datasheet for the PIN diodes that compose the MA4P7455-1255,
the MA4P7455, and their max RF CW incident power was only 1W. While this was su cient
for the SIC in Heino et al. since the signal would have been su ciently attenuated by the
delay line and other components, it was too low for this project. In order to make as high

power a canceler as possible, diodes with a higher max RF CW were desired.
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3.1.2 Attenuator Theory and Realistic Diodes

Having found that the MA4P7455-1255 would be insu cient for my project, | had to select
new diodes. Fortunately, since these diodes would be discrete rather than packaged like the
MA4P7455-1255, | had the exibility to choose di erent ones for the shunt and series paths.
Before doing this though, | wanted to better understand the system by using ideal models.
As mentioned previously, the design is built o of PIN diodes. These function as resistors
at RF depending upon the DC current that is run through them. The attenuator architecture
used to make this attenuator is a Waugh attenuator. This is essentially just a Pi attenuator
except the central resistor is broken into 2 series ones so that the DC biasing circuitry is

simpli ed.

Figure 3.5: Equations Relating Attenuation and Resistance Values of a Pi Attenuator [31]

In order to set the RF resistances for this Waugh attenuator, a DC bias voltage,,\s,
is injected in between the series diodes where it then passes through the PIN diodes before
traveling to ground through a resistor. Further, there is a voltage, VMun applied to the other
end of the shunt diodes. The DC current is prevented from entering the RF ports through
the placement of blocking capacitors, while the RF doesn't go to the power or ground of the
DC paths due to the large resistors in the way.

Doing this analysis, | also noticed that there was nothing preventing RF from leaking
through to the source of the Shunt voltage, so | added an inductor to the circuit at that point.
| then combined the 2 shunt voltage sources into one for easier production on a physical
board.

The inductor and capacitor values are set by the desired frequency range , making them

10nH and 100pF respectively. As such, the tunable values/parameters that a ect attenuation
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are:
" Bias voltage applied (Mias)
~ Shunt voltage applied (Mpunt )
~ Resistance of the resistor where pys is inserted (Rnsertion )
" Resistance of the resistors in the DC path to ground (Rsipation )

These all change the DC current and thus change the RF resistance of the PIN diode,
ultimately setting the attenuation based on the pi attenuator equations.

After analyzing the system, | needed to determine what the DC currents were when |
changed the available levers. Bias and shunt voltages are coming from a xed range based on
the power supplies and are adjustable after the circuit is implemented, whereas the resistance
values need to be decided beforehand. As such, | focused on narrowing the resistances rst.
Lower resistances means a greater current spread over the same voltage range, so in order
to assist with the goal of having a high dynamic range, | wanted to keep the resistances
as low as possible. However, this leads to a power handling issue for the components. The
highest rated resistors | found were around 0.75W. Assuming the voltage range goes up to
20V, the minimal resistance allowed waR = VFZ = 5—225 =533 . In order to have a decent
bu er | went with needing at least 1000 within a current path. Thus, | set the resistances
t0 Rinserion = 1000 and Ryissipaion = 500 . Given these constraints, | then swept M,s or
Vsnunt While holding the other constant at 0.7V to get a sense of the current range. This is
shown below. Notably, there is still an amount of change in the shunt current whilepys is
swept even though the \,« remains constant.

Having established the current ow through the system, | wanted to simulate it with
realistic diode models. I initially looked into what PIN diodes existed in the Modelithics

library. Modelithics provides realistic models of various vendor components that allow for

much more accurate simulations. | selected the only Macom PIN diode that existed in the
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Figure 3.6: (a) Series and Shunt Currents while }s is Swept (b) Series and Shunt currents
while Vgnunt is Swept

library, the MA4P504-132, and ran simulations to nd the S-parameters using both this diode
and an ideal one. The simulations were done by sweeping.V while leaving Vshnt =0.7 since
that was the lowest voltage at which the shunt diode was constantly biased. Interestingly,
using realistic models for the PIN diodes actually improved performance at this speci ¢ bias
point.

Ultimately, this was still insu cient as simultaneous control of S;; and $; was impractically
di cult. Changing either V ¢hunt OF Vpias @ ected the current and resistance across both the
series and parallel paths, making it di cult to maintain both attenuation and matching.

Thus, the problem was ultimately a need to decouple the series and shunt control voltages.

3.1.3 Decoupled Shunt and Series Paths

| controlled these DC currents individually by adding blocking capacitors to the circuit to
separate the shunt and series paths at DC while still allowing the RF signal to ow freely.
After adding the capacitors in, it became much easier to control the current through each
PIN diode.

With ner control, | then went back to controlling the attenuation. As mentioned
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(a) (b)

Figure 3.7: (a) 1 and S1, S1 VS. Vpias With Ideal Diodes (a) $:1 and S1, S;1 VS. Vpias With
MA4P504-132 Diodes

Figure 3.8: Schematic with Separated Shunt and Series DC Paths, Final Schematic
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Figure 3.9: (a) Series and Shunt Currents while }s is Swept (b) Series and Shunt Currents
while Vghunt IS Swept

previously, the available PIN diode models were insu cient and didn't cover the desired
resistance ranges so | switched back to using ideal components for this. | rst modeled what
the current passing through the diodes was as their respective control voltages changed to
give an idea of the available current range. Then | simulated the resistance vs. current graph
for this diode to understand what resistance ranges were available. These two charts were

then combined to form a resistance vs. voltage curve for both the shunt and series paths.

Figure 3.10: (a) DC Current Range through Series Diodes (b) DC Current Range through
Shunt Diodes
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Figure 3.11: Simulation Setup to Extract Diode Model Parameters

Figure 3.12: R vs. | curve of the ADS lIdeal PIN Diode Model
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Figure 3.13: (a) Total Resistance vs. Voltage of Series Diodes (b) Resistance vs. Voltage of
Shunt Diodes
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3.1.4 Creating Arbitrary Attenuation

Having separated control of the PIN diodes resistance, | could generate arbitrary attenuations.
Before doing this, | gured out what the maximal and minimal attenuation | could create
were. This was decided by maximizing or minimizing the series resistance and then sweeping

the shunt resistance till | found the one which created the best match. The results for this

are shown below.

Figure 3.14: (a) $; at Maximal Attenuation (b) S 1,/S,, at Maximal Attenuation (C)R series
at Maximal Attenuation (d) R shune at Maximal Attenuation

With this wide range (41dB) of possible attenuation, | had a large space of arbitrary
attenuation to work with. In order to determine how | would set these attenuations, | made
use of an online PI attenuator calculator [32].

After inputting the desired attenuation and getting out the resistance values, | would

nd the corresponding voltage on the resistance chart and use that to run the simulation.
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Figure 3.15: (a) $; at Minimal Attenuation (b) S 11/S,, at Minimal Attenuation (C)R series at
Minimal Attenuation (d) R ghunt at Minimal Attenuation

Unfortunately, this did not give me the expected results. After investigating, | discovered
that the resistance of the shunt diodes was not being properly calculated. However, even
when | xed that, the resistance value remained o . As such, | changed my methodology to
be setting the R1 based on the current chart since it was accurate and then sweeping,¥
until I got the desired attenuation with good matching. | repeated this process in order to
create attenuation for 5dB, 10dB, 15dB, 20dB, and 30dB. This was successful and | was able
to create arbitrary attenuation states. A selection of these results is shown below.

Having shown that | could create arbitrary attenuations with ideal components, | then
con rmed that this was possible using realistic ones. For this, all ideal components were
replaced with the Modelithics version of their intended component. The exception to this
was the PIN diodes as there was no Modelithics component for this, nor any S-parameter

les/documentation online. | ran the realistic simulation using the same voltages as the
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Figure 3.16: Pi Attenuator Calculation for 30dB [32]

Figure 3.17: (a)$; at 30dB Attenuation (b) S;11/S,, at 30dB Attenuation (C)Rseries at 30dB
Attenuation (d) R shunt at 30dB Attenuation

ideal system at 10dB of attenuation and compared them. As can be seen in Figure 3.21 The
resulting graphs for the realistic circuits are much less smooth but still achieve the desired

speci cations. Having successfully created a functional variable attenuator in simulation, |
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Figure 3.18: Pi Attenuator Calculation for 10dB [32]

Figure 3.19: (a)$; at 10dB Attenuation (b) S11/S,, at 10dB Attenuation (C)Rseries at 10dB
Attenuation (d) R shunt at 10dB Attenuation

then moved on to designing the full SIC.
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Figure 3.20: Schematic for Variable Attenuator Using Realistic Components

Figure 3.21: Using Realistic Components (a}gat 10dB Attenuation (b) S;11/S,, at 10dB
Attenuation (C)R series at 10dB Attenuation (d) Rghyne at 10dB Attenuation
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3.2 System Architecture and Why Discrete Components

Don't Work

My initial approach to the architecture was to have a discrete phase shifter and variable
attenuator. This would have allowed for simpler control of the system. This approach entails
purchasing an o the shelf phase shifter that could handle the high power and bandwidth of

the system.

A preliminary simulation with the variable attenuator and otherwise ideal components

was quite promising.

(@)

(b)

Figure 3.22: Discrete Component Simulations (a) Schematic (b) Results

Unfortunately, attempting to create a practical implementation of this proved infeasible
within time constraints. | looked through commercially available parts, speci cally focusing
on high power handling and bandwidth. Macom, Qorvo, and ADi all had some parts that

were fairly relevant but Macom had the largest selection. Of these | ultimately selected the
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MAPS-010144 since it operated from 2.3-3.8GHz and could handle up to 27dBm of input
power [33]. Any attempts to simulate the phase shifter were unsuccessful. The manufacturer
provided S-parameter data but when plotted they did not match with the datasheet. As such
it was hard to use them in a full system simulation.

Furthermore, even if the simulations had worked, the LSB was 22.%vhich wouldn't give
as precise a phase control as a vector modulator could. | looked into possibilities of designing
a custom phase shifter also based on PIN diodes, however this would have ultimately been
infeasible due to time constraints. As such, | shifted the architecture away from having a
discrete phase shifter and attenuator towards a vector modulator approach. In addition
to giving better phase control and being possible to simulate, this also had the bene t of
expertise from the group at Lincoln Laboratory as their last SIC design had used a vector

modulator architecture.

Figure 3.23: Datasheet Phase vs. Phase of Importegd; arameters [33]

3.3 Vector Modulator

Having fully settled on the vector modulator architecture, | based most of the overall system
design upon the vector modulator previously built by the group [3]. In this approach the

input signal is rst split into | and Q data via a 90 hybrid coupler. Each of these is then
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further passed through an 180hybrid coupler with a switch to select positive or negative
phase. This allows for control over the complete 360ange. The | and Q signals are then
passed through separately controlled variable attenuators before being combined and output.

This architecture and full phase pro le is shown below.

Figure 3.24: Vector Modulator Architecture [3]

In order to ensure this system could be built, | looked into available 9Gand 180 hybrid
couplers. The parameters | focused on for this were bandwidth and high power handling.
Werlatone had the widest selection of couplers that met these constraints as both their 90
and 180 couplers had 2-6 GHz frequency ranges and 100W or more CW power handling.
Since the important bandwidth and power considerations were met, the parameters | looked
into next were insertion loss, phase margin, and VSWR. The 9@ouplers all had comparable
VSWRs, so | selected the QH8193 since it had the lowest insertion loss at 0.25dB and highest
isolation at 20dB. For the 180 coupler, isolation was comparable so | selected based on
VSWR. As such, the H10126 was selected due to having the lowest VSWR at 1:30:1 while
still maintaining an insertion loss of 0.8dB.

Having settled on the couplers, this also constrained the frequency range on the overall

system to 2-6 GHz.
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3.3.1 Simulation

Much like with the variable attenuator, the simulations were broken into 2 pieces: ideal and
realistic. For the ideal case, all components were taken from the built in ADS library and
fed parameters based on their datasheets. For the realistic circuit, the hybrid couplers were
built using imported S-parameters while the splitter, inductors, capacitors, and resistors were
all imported from the Modelithics library. In this, the substrate was assumed to be 10mil
RO4350B and the corresponding material properties were input. Both schematics are shown
below. The internal schematic for the variable attenuators correspond to those discussed
in section 3.1. Notably, the realistic version of the design still used ideal PIN diodes and

switches since there didn't exist good models of the physical components.

(@) (b)

Figure 3.25: Vector Modulator Simulation Schematic with (a) Ideal Components (b) Realistic
Components

In order to model all possible switch states, | grouped the simulations by sectors and ran
simulations with maximal attenuation on both | and Q, minimal attenuation on both | and
Q, and maximal attenuation on | and minimal attenuation on Q. The speci c controls for

this are displayed below.
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Figure 3.26: Simulation Controls to Analyze all Quadrants of the Vector Modulator

3.3.2 Results

For brevity, only results from the 3rd sector are shown here with the remaining simulations
appearing in Appendix A.In both ideal and realistic simulations, the vector modulator
behaved as desired. Thus, | then moved to layout so | could have a physical board to test.

Minimal Attenuation:

Figure 3.27: Minimal Attenuation: (a) Input/Output Matching of Ideal System (b) Gain of
Ideal System (c) Phase Response of Ideal System
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Figure 3.28: Minimal Attenuation: (a) Input/Output Matching of Realistic System (b) Gain
of Realistic System (c) Phase Response of Realistic System

Maximal Attenuation:

Figure 3.29: Maximal Attenuation: (a) Input/Output Matching of Ideal System (b) Gain of
Ideal System (c) Phase Response of Ideal System

Figure 3.30: Maximal Attenuation: (a) Input/Output Matching of Realistic System (b) Gain
of Realistic System (c) Phase Response of Realistic System
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Minimal Attenuation for | with Maximal Attenuation for Q

Figure 3.31: Minimal | and Maximal Q: (a) Input/Output Matching of Ideal System (b)
Gain of Ideal System (c) Phase Response of Ideal System

Figure 3.32: Minimal | and Maximal Q: (a) Input/Output Matching of Realistic System (b)
Gain of Realistic System (c) Phase Response of Realistic System
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Chapter 4

Hardware Implementation

After simulation, 1 wanted to make a physical prototype of the system. This entails creating
a PCB with a test trace for impedance matching, an individual variable attenuator, and the

full vector modulator.

4.1 Components

The rst step in physical creation was determining the speci c components to be used. All
selected components were SMT for ease of fabrication. Passive components were selected
mostly on the basis of their power handling, with the capacitors and inductors also depending
on Q and Self Resonant Frequency (SRF). The Vishay CRCW series was selected for the
resistors as it could handle 750 mW while still maintaing a small form factor. Capacitors had
a similar power consideration but Q-factor was also relevant, leading to the GQM series from
Murata with a 250VDC rating and Q of 1400. For the inductor, the SRF was also important,
so the LQW series from Murata was selected as it could handle currents of up to 330mA and
its SRF was 7GHz, well above the vector modulators range of 2-6 GHz.

The most important of components were the PIN diode. Simulations had shown the
current through the shunt paths could range from 0-12mA while the series path ran from

0-6mA. As such, the selected PIN diodes had to reach the desired resistances within these
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current ranges. Assuming a attenuation range of 3dB - 35dB the respective resistances would
have to be R1 =17 , R2 =300 and R1 =1405, R2 =51 [32]. This translates to a
range of 51-300 for Rshunt and 8.5-702.5 for Rseries since there are two diodes in series.
Most of the PIN diodes capable of handling more than 1W of CW power only have ranges
around 0.1-10 , which is much lower than the desired range. Ultimately, | had to select a
diode with power handling below the desired 10W in order to get this resistance range. As
such the MMP4403-GM2 was selected as it could accommodate the desired resistance range

while still being able to handle 5W of power.

Figure 4.1: MMP4403-GM2 Resistance vs. Current [34]

The active components had more factors to consider in determining selection, but ul-
timately the most important ones ended up being frequency range, power handling, and
insertion loss. The switch was selected as it had been used for a previous vector modulator
made by the group at Lincoln Laboratory and had good speci cations with 9kHz 8GHz
frequency range, 0.85dB insertion loss, 36 dB isolation, and 36dBm of CW power handling.
With 2.5W power handling, 0.7-6GHz frequency range, and 1.8dB of insertion loss, the
EP2W+ was selected as the splitter/combiner. As stated in Chapter 3, the selected hybrid
couplers were Werlatone's QH8193 and H10126.

An overview of all selected components, as well as links to their datasheets is included in
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the Bill of Materials in Table 4.1
Table 4.1: BOM

Reference Value/Description Part Number Manufacturer
Designators
C1, C2, C3, C4, C5, 100pF GQM1875C2E101FB12D Murata
Ce6, C7, C8, C9, C10, [35]
Cl11, C12, C13, C14,
C15, C16, C17, C18,
C19, C20, C21, C22,
C24, C25
D1, D2, D3, D4, D5, PIN Diode MMP4403-GM2[34] Microchip
D6, D7, D8, D9, D10,
D11, D12
J1, J2, J5, J6, J8,J9| SMA connectors 0732511153[36] Molex
J3 2 pin connector 691709710302 [37] Wurth
J4 8 pin connector 691709710308 [37] Wurth
J7 3 pin connector 691709710303 [37] Wurth
L1,L3,L5 10nH LQWO04AN10NHOOD [38] Murata
R1, R5, R9, R13, R14 750 CRCW1210750RFKEAHP Vishay
R18 [39]
R2, R3, R4, R10, R11 500 CRCW1210499RFKEAHP Vishay
R12, R15, R16, R17 [39]
R6, R7, R8 50 CRCW121049R9FKEAHP Vishay
[39]
U4,U5 Switch PE42553B-Z [40] p_semi
U7 Splitter EP2W+ [41] MiniCircuits
Ul 90 Hybrid Coupler QH8193 [42] Werlatone
u2,U3 180 Hybrid H10126 [43] Werlatone
Coupler

Notably, selecting the components also restricted the power handling capabilities of the
device. The switch had the lowest power handling at 36dBm CW. The switch receives the
signal after it passes through both hybrid couplers. Each coupler contributes a 3dB loss in
addition to 0.8dB and 0.25dB of insertion loss. Back solving, this gives a theoretical maximal
input power of 43.5dBm = 22W, which is less then the original goal of 100W. The system
still functions as a SIC though since much of the signal would be attenuated before reaching

the vector modulator. There is loss when coupling o the signal from the transmit path and
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when splitting it into multiple taps. As such, this system would still be able to function with

a 100W transmit signal.

Furthermore, this limitation stems almost entirely from the switch, as both the PIN
diodes and Hybrid couplers are rated up to 100W, meaning that by switching out for a higher

powered switch, the system could handle even higher power signals.
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4.2 PCB Design

The rst step was determining what the physical PCB stackup would look like. | selected

a 4 layer board in order to have a large central groundplane and seperate routing for DC
and RF signals. Rogers RO4350B 0.1 inch was selected for the top and bottom layers due to
its low dielectric constant and loss at RF. The middle layer was selected to be FR4 due to
its relative inexpensiveness, since it was to be surrounded by ground planes on either side

anyway. This full stackup is depicted below.

Figure 4.2: Board Layer Stackup

In order to layout the PCB, | used KiCAD. Firstly, | rebuilt my schematic within KiCAD
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and assigned part numbers and footprints to each component. Some of the parts were
standardized and already existed in the KiCAD library, such as the capacitors being 0603s.
Others, such as the switch and splitter, didn't exist in the KiCAD library, so | downloaded
them o of SnapMagic. For both Werlatone couplers, no preexisting footprints existed online,

so | created them myself based on their datasheets.

Figure 4.3: Vector Modulator Schematic in KiCAD

Once the schematic has been created and footprints assigned, | moved to layout and
placed the components into roughly the physical positions they would be in. Notably, all
components were to be soldered to the top of the board. Furthermore, the test structures and
individual variable attenuator were placed towards the top of the board so that the board
could be v-scored and eventually separated from the vector modulator. This allowed for both
easier testing as well as simpler routing of the DC signals.

For typical DC PCBs, the next step is to then connect all the components with copper
traces and vias. However, since this board is intended for usage at 2-6 GHz this is insu cient.
For improved signal integrity, | used coplanar waveguide: a copper trace surrounded on both
sides by dielectric and then ground and a via fence. The dimensions of this waveguide are
based on the frequency of the signal as well as the properties and thickness of the dielectric

and copper. Using the board stackup and included KiCAD calculator, | calculated these
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Figure 4.4: Variable Attenuator Schematic in KiCAD

(a) (b)
Figure 4.5: (a) QH8193 Footprint; (b) H10126 Footprint

dimensions. Via size was similarly calculated in this manner.
Following this, | created waveguide traces for RF signals on the top layer of the board

and regular copper traces for the DC control signals on the bottom of the board. Both top
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Figure 4.6: Calculations for Waveguide Dimensions

and bottom, as well as the central ground planes were ooded with copper for ground. The

resulting PCB layout is displayed.

(a) (b)
Figure 4.7: (a) PCB Top Layer Design; (b) PCB Bottom Layer Design
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(a) (b)
Figure 4.8: (a) PCB Top Layer 3D View; (b) PCB Bottom Layer 3D View
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