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The usage of backscatter communications in metal-rich environments is limited by the deep nulls present
due to dense multipath. With the round-trip path losses incurred by backscatter communication links, the
system link budget is very sensitive to these nulls. Real-world applications require a strategy to mitigate
this path loss actively in a wireless uplink, while conforming to the size, weight, and power constraints of
the system. Past research has shown that electronic mode stirring can mitigate the effects of multipath in a
static scenario. This work presents an automated reconfiguration strategy that can search through a set of
electronic mode stirring states to optimize for improved link margins. The experiments are performed with
a 2.4 GHz dual-polarized electronic mode stirring system designed for use within metal animal cages used
in neurological research. Path loss measurements represent the spatially dependent multipath, with an
animal motion model to simulate a real-time system. Measurements indicate that the system can reduce
worst-case one-way path loss by 26 dB in static scenarios. Then, the simulation measures the number of
path loss samples which exceed a nominal threshold for reliable communication. The percentage of
samples that exceed this path loss threshold in the un-stirred system is 32%, regardless of simulated
velocity. Under slow moving conditions, automated reconfiguration improves that percentage of samples
exceeding the path loss threshold to 8%, a reduction of 75%. The improvement is less pronounced with fast
motion, which results in a percentage of 26%-28% that exceed the path loss threshold. Given a sufficient
update rate, this simple reconfiguration strategy could be used to mitigate multipath for backscatter

communication.
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Chapter 1

Introduction

This thesis is adapted from the unpublished paper "Automated Optimization of Electronic Mode Stirring for
Enhanced Backscatter Link Margin in Reverberant Cavities," to be submitted in December 2023 to the IEEE
Journal of Radio Frequency Identification [[1]. This thesis also fully describes the integrated dual-polarized
electronic mode stirring system developed for the original work by S. M. Reyes, A. Oursland, M. Lee, T.

J. Moody, and M. S. Reynolds [2]].

1.1 Backscatter Communication Systems

Backscatter communication systems offer an extremely power-efficient and low complexity solution for
wireless data transfer [3;4]. These systems transmit data by reflecting an externally-generated carrier wave,
eliminating the need for power-intensive frequency synthesis and amplification in wireless devices. These
simplifications in backscatter allow for less complex and less power-consuming designs, which can mini-
mize the size, weight, and power requirements of the wireless uplink. However, the round-trip nature of
the backscatter link results in reduced link margin, particularly in metal-rich environments having the deep
nulls typical of dense multipath. These environments have an uneven distribution of field strength due to
constructive and destructive multipath, especially in what is known as a resonant cavity.

A technique known as mode stirring allows for the redistribution of the electromagnetic modes which
induce the multipath behavior of the environment, thus mitigating the multipath effect for a fixed position

[S; 16]]. Of specific interest is the electronic mode stirring technique, which leverages a similar principle
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to the key mechanism of backscatter, that modifies the reflections at specific points in the environment to
influence the pattern of multipath in the environment. Electronic mode stirring is also convenient due to the
lack of mechanical motion required in the environment, meaning it has wider applicability. This capability
to mitigate path loss offers the opportunity to enable backscatter solutions in more applications which are

extremely constrained in weight, size, and power.

1.2 Neurological Research Applications

Some relevant emerging applications for backscatter communication are the high bandwidth data uplinks
used in biomedical telemetry applications. For example, neuroscience research extensively utilizes neural
recordings from non-human primates (NHPs) to explore the relationship between basic neural functions and
more complex behavior [[7]. Recent progress in the field has resulted in a shift away from tethered (wired)
neural recording systems, and toward the use of wireless brain-computer interfaces (BCIs) that hold the
promise of providing continuous neural recording from freely-moving animals, with the goal of enhancing
the quality of the neural data while minimizing the stress and physical limitations imposed on the NHPs
185 195 [10].

In the development of wireless BCIs for long-duration neural recording in freely moving animals, one
major challenge is the high power consumption of existing wireless data uplinks. The size and weight con-
straints on BCI batteries, typically limited to 1 — 3 cm?, result in rapid depletion due to the high DC power
requirements of standard wireless technologies like WiFi and Bluetooth Low Energy (BLE) [11512]]. The
benefit of reduced power consumption and high energy per bit efficiency have driven the development of
backscatter uplink designs [13;[145[15]. Unfortunately, the non-human primate (NHP) metal-cage environ-
ment functions as a resonant cavity. This means that multipath presents a major challenge to these systems.
Prior work has indicated that electronic mode stirring could offer mitigation in these NHP environments
[16]. This has motivated the design and characterization of such a system to address this issue [2].

Similar work has attempted to leverage multiple-input and multiple-output (MIMO) techniques to mit-
igate multipath for backscatter systems [[17; [18; [19]. However, these solutions have low applicability in
the BCI application, as BCIs are usually very small compared to the signal wavelength. Other proposed

solutions include designing custom RF-transparent polycarbonate cages [20], which reduce reflections but
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are both more costly and less durable than metal cages, as plastic materials degrade quickly under frequent

autoclave sterilization and chemical cleaning, which is essential in animal care facilities.

1.3 Outline of Content

This thesis presents a system that serves to mitigate multipath losses and improve link margin in reverberant
cavities. The system is comprised of an integrated 2.4 GHz dual-polarized electronic mode stirring compo-
nent and an automated reconfiguration component. It also includes a brief demonstration of the system on

an active backscatter uplink within the same metal-cage environment.

1.3.1 Dual-Polarized Electronic Mode Stirring

For the mode stirring system, the original characterization of the 2.4 GHz dual-polarized system is presented.
Using four mode stirring antennas, controlled by a single Arduino concentrator, an experiment comprised of
72 positions within a metal-cage environment is presented. This system was able to mitigate the statically
measured worst-case multipath, where the greatest benefit is realized by the fully dual-polarized design. The
measurements present an improvement in path loss of 14.3 dB, from 59 dB of worst-case one-way path loss

to 44.7 dB.

1.3.2 Automated Reconfiguration

The results of this analysis motivated the implementation of an automated reconfiguration system for elec-
tronic mode stirring. To characterize the real-time approaches offline, a simulation engine is developed for
modeling path loss based on a given position. This includes a model of animal motion for a range of position
variations, focusing on a slow and fast moving case. Performance of the system is characterized against a
nominal link budget based on the Bluetooth Low Energy specification. The analysis and simulation utilize
a set of real measurements from a centimeter-square grid with 2124 positions. The high resolution data
presents a measured worst-case path loss well beyond that of the coarse measurement, reaching 75.8 dB
in the un-stirred state. The fully-stirred system was capable of reducing this by 26 dB, down to 49.8 dB.
As compared to a well stirred system, the implemented electronic mode stirring system has a tendency

to excite a single dominant mode, presenting a behavior that is to be defined as sufficiently stirred. This
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sufficiently stirred criteria accounts for the limited effective control space available to this electronic mode
stirring system, since not all possible mode distributions can be reached.

Simulation against a motion model then measures the number of path loss samples which exceed the
nominal threshold for reliable communication. The percentage of samples with path loss exceeding this
threshold in the un-stirred system is 31%-32%, regardless of simulated motion. Under slow moving, locally
stable, conditions, automated reconfiguration improves that percentage of samples with path loss exceed-
ing the threshold to 8%, a reduction of 75%. For fast motion the improvement is less pronounced, for a

percentage of 26%-28% that exceed the path loss threshold.

1.3.3 Demonstration

The final section presented is a brief demonstration of mode stirring with a Bluetooth Low Energy backscat-
ter tag. The manual measurement of received signal strength between a backscatter tag and an Android
phone provide an early view of what the next step in the development cycle would look like. For the 4
manual measurement positions, the mode stirring contributed the most improvement to the points with the
most path loss. These ranges for path loss align with the mean behavior of the high resolution analysis from

the prior measurements.
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Chapter 2

Dual-Polarized Electronic Mode Stirring

This section is adapted from "Dual-Polarized Electronic Mode Stirring for Improved Backscatter Commu-
nication Link Margin in a Reverberant Cavity Animal Cage Environment," [2]]. The sections concerning the
electrical and mechanical design of the integrated system were the contribution of Sara M. Reyes, Madeleine

Lee, and Theodore J. Moody. Contributions by the author relate to the experimental design and analysis.

2.1 Motivation

Common approaches to mitigating multipath interference, such as the use of MIMO links to leverage path
diversity, are not practical for the NHP application due to the need to minimize the size, weight, and power
of the brain-computer interface (BCI) device. As the size of the BCI device decreases, the effective path
diversity decreases, as the antennas on a small BCI device effectively sample the same multipath-heavy
channel. Electronic mode stirring in the NHP metal-cage environment has been shown to be effective at
modifying the channel to mitigate multipath [16]. The previously developed system utilized to measure
this improvement was comprised of discrete components, commercial off-the-shelf (COTS) radio frequency
(RF) switch evaluation boards and COTS horizontally-polarized patch antennas that were cabled together
to form an electronic mode stirring antenna (MSA). This work presents an integrated solution, comprising
of a dual-polarized, air dielectric patch antenna, and a pair of complementary metal-oxide—semiconductor
(CMOS) single pole, dual throw (SPDT) RF switches, which is characterized in a reverberant cavity analog

of the metal cage.
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2.2 Integrated Electronic Mode Stirring System Design

L IIlI|I|II|Ii!!!lIIII|III|lIIIIIIII|IIII|IIII|IIII|’IIII
1 2 3 4 5 6
CENTIMETERS

(b)

Figure 2.1: (a) Photos and (b) printed circuit board (PCB) layouts of the 2.4 GHz mode stirring antenna
(MSA) assembly, showing the antenna PCB (left) and the RF switch PCB (right).

The dual-polarized electronic mode stirring system consists of two printed circuit board (PCB) assem-
blies, the MSA assembly and a concentrator assembly. The MSA assembly integrates all RF functionality,
leveraging a 2.4 GHz air dielectric patch antenna and SPDT RF switches attached to a selectable set of
loads. The individual PCB for the MSA assembly were fabricated on 0.8 mm, two-layer, FR-4 substrate.
The concentrator assembly provides digital control functions. The digital control allows control of multiple
MSAs by a PC via a USB connection and a supporting Python driver. The concentrator PCB leverages an
Arduino Mega 2560 to provide 5 V logic-level drive signals to an MSA via a 6-pin flat cable. This system

is capable of supporting up to eight MSAs at a time.
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As shown in Figure the layout of the MSA PCB assembly is comprised of a stack of two PCBs.
Each PCB contains the same four mechanical mounting points, three electrical connection points for ground,
and pair of feed points for the two polarizations of the antenna. The two PCB are separated by 6.35 mm
spacers that serve double-duty as mechanical fasteners and electrical feed connections. The two feed points
are perpendicular to each other to excite the vertical and horizontal polarization modes. Based on simulation
results from CST Microwave Studio, the feed points are spaced approximately 14 mm from the center to
yield a 50 €2 feed point impedance.

The top PCB contains the 28 mm radius, dual-polarized, circular, patch antenna. The bottom PCB
contains a ground plane on the upper layer with two CMOS SPDT RF switches (Analog Devices ADG919).
Both switches are placed as close as possible to their respective feed points to minimize microstrip losses.
Each switch is configured to present either a short circuit or open circuit, which results in a 180-degree phase
shift for reflected signals in that polarization.

Voltage dividers are included to convert the 5 V logic-level signal to 2.5 V — below the maximum voltage
rating of 2.75 V for the RF switches. Diagnostic light-emitting diodes (LEDs) are also included to indicate
the RF switch state. Figure [2.2]displays the full block diagram of the control logic from the concentrator to

the MSAs, including the logic and terminations at the SPDT RF switches.

Arduino Mega Ant 1
" Cpntrol RF Switch A
£ [ Control Bits A Bit1 A oL
o ) Control —y] Horizontal |
5 T»Control BitsB Bjt1 B Antenna Polarization O/ )
O
USB Port Control Ant 2 1
or Bit 2_A "] f
T Control Bit A
Control —}
PC Output Bit 2_B RF Switch B
[ ]
: .
Vertical |
Control Ant 8 Polarization 1
Bit 8_A ] Oj
Control —)] ?
Bit 8_B Control Bit B
(a) (b)

Figure 2.2: (a) Block diagram of the concentrator control logic signals and (b) the mode stirring antenna
(MSA) with RF switch states (open and short).
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2.3 Experimental Setup and Results

A commercial off-the-shelf (COTS) pet crate is used to represent the bulky, floor-mounted metal cage envi-
ronment. This allows the cage analog to be easily placed on a bench top for measurement and repositioning
of the BCI. The crate is wrapped in a bronze mesh, of 1 mm spacing, to increase the number of resonant
modes within the cavity at the 2.4 GHz industrial, scientific, and medical radio (ISM) band. By reducing the
amount of signal leakage through the relatively large gaps in the crate, the mesh-wrapped pet crate functions
as a resonant cavity. Four MSAs were mounted within the cage and placed to cover distinct quadrants. The
concentrator assembly was then mounted to the top of the cage and wired to the MSAs through additional
holes in the mesh wrapping. A photo of the cage with mounted equipment is shown in Figure [2.3a

An experimental campaign was undertaken using one linear-polarized cage-mounted antenna (L-Comm
Inc. HG2048P) and the BCI antenna (2.4 GHz monopole antenna). The BCI was mounted atop a tissue
proxy, comprised of 0.5 L of 0.91% saline solution to simulate the body of the non-human primate. Twenty
four measurement positions on a 10.1 cm x 10.1 cm grid were chosen over three planes (5 cm Z-axis
spacing), starting from the floor of the cage plus the height of the tissue proxy. A Keysight vector network
analyzer (VNA) is used to measure the forward voltage gain (S21) of the system, between the cage-mounted
antenna and the BCI, over the 2.4 GHz ISM band (2400-2483 MHz, at steps of 500 kHz). This measurement
was then repeated for all combinations of RF switch state for the electronic mode stirring system (256 total
states for 4 MSAs). A block diagram of the full setup is recorded in Figure [2.3b]

For the analysis of a wireless uplink, the inverse magnitude of Sy; is converted to a one-way path loss,
as described in equation [2.1]

Gp = [Sa| o

20logq (G;l) = One-way path loss dB

By measuring the path loss of the system at each mode stirring state, the worst-case and best-case path loss
can be determined for all positions. The data was organized and analyzed based on which polarization was
preferentially scattered by the MSAs. The case without mode stirring (baseline) involved removing power
from the concentrator board, which has the effect of terminating the mounted MSAs to a near-50 €2 load (1

state). The vertical polarization data is comprised of all mode stirring states that had horizontal RF switches
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Figure 2.3: (a) Photo and (b) block diagram of the test setup used to characterize the 2.4 GHz ISM-band
wireless channel inside the test cage.

left in the open-circuit terminations, allowing only vertical switches to vary (16 states). The horizontal
polarization data was analyzed analogously. Finally, the dual-polarization data is comprised of all possible
mode stirring states (256 states).

For each of the data sets, the Sy; measurements are converted to one-way path loss and used to compute
a state-specific worst-case for that position. The worst-case is the maximum one-way path loss over the
frequency range, such that the least power reaches the BCI. For the single and dual-polarization data, the
mean and standard deviation of the possible worst-case over mode stirring state is recorded for each position.
Then for the set of possible mode stirring states available, the optimal stirring result is assigned to that
position. The optimal one-way path loss is the minimum over possible mode stirring states. This leaves a

single measurement at each position over the three planes for each electronic mode stirring scenario.
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2.3.1 Results
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Table 2.1: 2.4 GHz One-way Path Loss Measurement Summary Over All Planes (Decibels)

Without MS | With MS With MS With MS | Dual pol MS vs.
Vertical pol. | Horizontal pol. | Dual pol. without MS
Worst-Case 59.0 50.3 51.9 44.7 -14.3
Mean 26.1 259 26.0 25.8 -0.3
o 4.3 3.8 4.0 3.6 -0.7

Table 2.2: 2.4 GHz One-Way Path Loss Measurement Summary Comparing Dual Pol. Only (Decibels)

Plane 1 Plane 2 Plane 3
Without MS | Dual pol. MS | Change | Without MS | Dual pol. MS | Change | Without MS | Dual pol. MS | Change
Worst-Case 59.0 44.7 14.3 58.5 44.1 14.4 55.6 41.6 14.0
Mean 25.6 253 0.3 26.6 26.2 0.4 26.2 25.8 04
o 4.1 3.6 0.5 4.6 3.8 0.8 42 35 0.7

Figure 2.4] presents the series of heat maps from the analysis, showing the measured worst-case at each
of the 72 surveyed positions. These heat maps show the one-way path loss at each location with no stirring,
vertical polarization only, horizontal polarization only, and with dual-polarization.

Table [2.1] and Table [2.2] summarize the top-level statistics of the observed results. The use of dual-
polarized electronic mode stirring is shown to improve the worst-case one-way path loss across all surveyed
locations by 14.3 dB. The mean one-way path loss was also improved by 0.3 dB given this cage setup.

The reported improvement from [[16] was recorded in two-way insertion loss and was noted as a 35.6 dB
improvement in the actual NHP environment. Two-way insertion loss is a synonym for the two-way path
loss. This implies that the reported improvement from the prior work was 17.8 dB in one-way path loss.
This deviation in the results shown in Figure[2.4]and Table [2.2)as compared to the prior work is likely due to
the much more extreme worst-case measured in the actual NHP environment. The worst-case in this bench

measurement was 59.0 dB, while the worst-case in the prior work was over 74 dB of one-way path loss.

2.4 Conclusions

This chapter presented a novel dual-polarized electronic mode stirring system operating for usage in the
2.4 GHz ISM band. The initial testing of performance, in an facsimile of the NHP metal cage environ-
ment, improved a baseline 59 dB worst-case one-way path loss to 44.7 dB with the usage of electronic
mode stirring. The improvement of 14.3 dB in worst-case one-way path loss represents the ability of the

system to improve the link margin of a backscatter system operating within a reverberant cavity. This same
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measurement also indicated a distinct benefit to the individual control of the two polarization states of the

antenna.

21



Chapter 3

Automated Reconfiguration

This section is adapted from the authors contributions in the unpublished paper "Automated Optimization of
Electronic Mode Stirring for Enhanced Backscatter Link Margin in Reverberant Cavities," to be submitted
in December 2023 to the IEEE Journal of Radio Frequency Identification [1]. The portions relating to the
development of the simulation framework are the contribution of Oleg lanchenko and the author. Ryan
Douglas contributed the development of the two-axis motion controller.

In this work, the integrated electronic mode stirring system described in the previous chapter, [2], is
leveraged to develop an automated solution to mitigate multipath. An improved measurement of the rever-
berant cavity allows the development of a system model with animal motion. By using the animal motion
model, the ability of the electronic mode stirring system to dynamically improve the worst-case one-way

path loss is characterized. It also, for the first time, analyses the well stirred criteria of the system.

3.1 Motivation

Thanks to the shift away from tethered (wired) neural recording systems, in favor of wireless brain-computer
interfaces (BCls), the stress and physical limitations imposed on the non-human primates (NHPs) is reduced
[8; 195 110]. This freedom of motion also means that the wireless uplink will experience a dynamic channel
that results in a variable multipath response. The wireless uplink will need to overcome this dynamic mul-
tipath to maintain reliable communication. With backscatter uplinks, this effect is more extreme as the link

experiences the multipath impairment in the forward and reverse channel. As previously shown, electronic
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mode stirring is capable of mitigating static multipath impairment in reverberant cavities [16}2]. To imple-
ment electronic mode stirring system in dynamic applications, real-time reconfiguration strategies must be
explored. The goal of an automated reconfiguration system should be to reduce the path loss between the
transceiver and the BCI. This work proposes a simple, real-time technique to reduce the impact of multipath

in the BCI application.

3.2 Strategy

To characterize real-time reconfiguration strategies, a very accurate spatial model of path loss in the cage
is required. This model can be comprised of measured data from the reverberant chamber at a very fine
resolution. By sampling a very dense grid of points, well below the wavelength of interest, a robust repre-
sentation of the multipath nulls will be captured. For the modeling in this work, a centimeter-square grid
is of interest because we are operating in the 2.4 GHz ISM band with a wavelength around 12.5 cm, so the
grid sampled finer than A\/10. This improved-resolution data is then fed into a simulation engine designed
to represent a real time system. The simulation engine must also implement an animal motion model that

drives the selected position for each sample. A complete simulation engine flow is recorded in Figure [3.1]

Select starting
location / mode
stirring configuration.

l

Extract measured
S-parameters.

Update to new
location per animal
motion model.

4

One-way path
loss below
threshold?

Select new mode
stirring configuration.

Figure 3.1: Flow chart for real-time system model in simulation, it requires spatially accurate path loss
model of cage and animal motion model. Reconfiguration strategies will each be simulated using this
technique — Baseline (no mode stirring), One-bit, and Random
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In this simulation engine, each measurement is compared against a path loss threshold that is based on
a nominal link budget. In the case of a mono-static backscatter system, the following terms can describe
a simplified link budget for reliable reception (equation [3.1): receiver sensitivity (Sg), received power
(Pp), transmitted power (Pr), transceiver antenna gain (G 4), backscatter loss (Gl_gl), and one-way path loss
(G;l). The link budget dictates that the received signal power must be greater than or equal to the sensitivity
of the receiver for reliable communication. The mono-static received power can be approximated as the
transmit power being scaled by the antenna gain twice, the one-way path loss twice, and the backscatter loss

once. An upper-bound on one-way path loss can be derived using this link budget (equation 3.2).
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For this analysis, backscatter loss and antenna gains will be lumped to together to simplify as a margin

term (M). This leaves the receiver sensitivity, transmit power, and margin terms to define a bound for

_ Pr
Gp' < \/P—RM (3.3)

As prior work utilized a Bluetooth Low Energy (BLE) compatible uplink for the BCI, we will compare to the

one-way path loss.

BLE specification [21;22]. The Bluetooth 5.3 specification indicates that a Class 1.5 Bluetooth Low Energy
(BLE) transmitter has a maximum power output power of 10 dBm. It also specifies that the unencoded
receiver sensitivity must be less than or equal to -70 dBm for the 1 Mbps data rate. To accommodate
receivers with improved sensitivity, antenna gains, and unknown backscatter losses, a margin term of 10 dB

will be applied. Converting to decibels, this results in a maximum allowed one-way path loss of 45 dB

(equation [3.4).
104+70+10 90

20log;o G5! < — =5 =4dB (3.4)
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3.3 Automated Optimization

For the simplest real-time system, there is no assumption that the position of the BCI is known for any given
measurement. Therefore, the system must be able to independently adapt to changes in path loss caused
by BCI motion. The simulation utilizes the measured forward voltage gain (S2;), which can be used to
infer one-way path loss. If the system detects an excessive path loss, then it can leverage electronic mode
stirring to mitigate the current multipath state. To do so dynamically, the system will need some strategy for

choosing what the new mode stirring state should be. The strategies that are compared in this work are:

* Baseline: This is the system at a random, fixed, state. This randomizes the initial distribution of nulls

in the environment, but it cannot leverage other electronic mode stirring states to mitigate them.

* One-Bit Search: 1If the path loss exceeds the threshold, the system will flip a random bit in its config-
uration, changing the state of just one antenna in one polarity. This is the set of configurations with a

Hamming distance of 1 from the current state.

* Random Search: If the path loss exceeds the threshold, the system will randomly select a new config-

uration from all possible options.

In all cases, an underlying animal motion model is used to represent the motion of the BCI during op-
eration. This animal motion model is based upon Brownian motion, which is implemented as a multivariate
Gaussian process on the change in position of the BCI after each sample. The process will have zero mean
and a covariance matrix comprised of O'gi o 12. This 045 term describes the standard deviation of motion
per update in any direction during the simulation. The mean magnitude of this multivariate process has a

well described quantity, based on the Rayleigh distribution (R (o 4;s¢)), shown in equation

K (R(Udist)) = O-dist\/z 3.5

This ultimately describes the relationship between the real-time system update rate and the mean animal

motion or BCI velocity. Letting f represent the frequency of samples/updates in Hz, and s the average
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velocity of the animal, we can derive equation

§ = fo-dist\/i (3:6)

If the system is to be run at 200 Hz then a deviation of 0.1 cm would be equivalent to a mean animal
motion velocity of 25.1 cm/s. Notably, scaling the system update rate allows for this same level of deviation
to represent a proportionally scaled velocity. In a system with known animal motion velocity, the equivalent
deviation rate could be computed for any given update rate.

This motion deviation term represents how likely the path is to change at each update step in the simu-
lation. If the change in position is small relative to the wavelength being considered then the path is likely
very similar. In this case the simulated grid will be at the centimeter-square level, well below the wave-
length of 12.5 cm. How stable this path is between samples defines a classification for the type of motion
being observed. For this analysis, the chosen classifications are: quasi-static (50 samples per update), slow
moving (10 samples per update), and fast moving (1 sample per update). Since fast motion guarantees every
path will be a new path, further classification would require an analysis of how far it could move it a single
update.

If we simulate Brownian motion across a set of possible o4;5; and look for the distribution of samples
it takes to reach 0.5 cm offset in x or y offset, we can classify a set of deviations into those groups. Shown
in Figure [3.2] the resulting empirical probability density function (PDF) is shown for a range of deviations
from 0.1 cm to 0.9 cm. These motion simulations contained one-hundred thousand trials, each running until
either the offset was exceeded or 50 updates, the limit for the quasi-static case.

An example of slow moving case is the 0.1 cm deviation per update, with a median of 14 static samples.
The 0.3 cm deviation case is somewhere between a slow and fast moving scenario, with a median of 3 static
samples. For the larger deviations, they describe varying degrees of motion that encompass larger and larger
areas of space that can be covered per sample, though to a single position they all constitute a fast moving
target with a median of 1 static samples. In the analysis of the techniques, this set of deviations will be used

to determine how effective electronic mode stirring is under motion.
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Figure 3.2: Empirically derived probability density function for the local stability of the multipath effect on
the BCI under the animal motion model, simulation capped at 50 position updates. Shown in log scale for
the y-axis.

3.4 Two-Axis Motion Controller

To measure the cage environment accurately enough for this analysis, an improved BCI positioning tech-
nique is implemented. In prior works [16] [2], the BCI was manually moved between measurements to a
limited set of positions within the resonant cavity environment. This manual movement made it difficult to
repeat measurements at a given position reliably and limited the types of measurement scenarios that were
possible. In this work, a three-axis Newport ESP301 motion controller is integrated into the test fixture,
with a fixed third axis. The motion controller enables a fine spatial resolution, with accuracy in movement
down to 1 mm, and full automation of the test system.

Two 600mm motion stages (Newport IMS600BPP), alongside a wooden dowel and a 3-D printed mount-
ing disc, are put together to form a simple plane of motion for positioning the BCI antenna. The dowel is
mounted to the motion stages using a pair of structures, which apply a tension-force to reduce BCI vibration
and maintain a 7 cm height above the floor of the cage during motion. The ESP301 is controlled via a Python
serial interface that allows for fine-tuned control of the position, velocity, and acceleration of each axis. A
calibration set of three positions is referenced to ensure the accuracy of the positioning at the start of each

test, with the zero-position located 5 cm from the corner of the crate in both the x and y axis.
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3.5 Measurement Fixture

The metal cage assembly, with MSAs and concentrator attached as shown in Fig. [3.3] is then setup next to
the two-axis motion controller. In the front of the crate, a gap in the bronze mesh allows for the dowel to
freely move within the crate. The total movement range of the BCI exceeds that of the space within the crate

available, so the sweep is constrained to a centimeter-square grid over a 58x35 cm area (2124 positions).

Stirring Control
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Figure 3.3: (a) The block diagram of the automated test setup with (b) an overhead view of the physical
system.

A Keysight vector network analyzer (VNA) is then attached to the cage-mounted transmit antenna and
the BCI (2.4 GHz monopole, and L-Comm Inc. HG2048P). In the automated test code, the VNA is used
to measure the scattering parameters, including Ss;, remotely. As the motion controller steps through the
coordinate grid, the concentrator iterates through all of the electronic mode stirring states and triggers VNA
measurements of two-port network behavior over the 2.4-2.483 GHz band, which uses 500 kHz steps (167
frequency points). The measured VNA data is recorded in complex format to allow for magnitude and phase

analysis.

3.6 Analysis Techniques

For the centimeter-square grid data, the system performance is analyzed in terms of worst-case one-way path

loss and mode stirring behavior. The first method analyzes the amount of improvement in the worst-case
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path loss under a variable number of mode stirring antennas. The second method characterizes how well
stirred the system is over frequency and across all positions.

This path loss analysis follows from the prior chapter — section [2.3] equation [2.1] involving the conver-
sion of So; into one-way path loss. For each position and state, the worst-case over frequency is found as
the maximum one-way path loss. In contrast to the previous analysis, individual sets of the data are arranged
from the data based on the number of desired MSAs. The number of states per set is based on the number of
active MSAs. A reference configuration, with all RF switches in the open state, is selected as the comparison
point for these sets. Then, the minimum worst-case pass loss in each set is assigned to each position. What
remains is a heat map of worst-case path loss over all positions in the crate for each set of mode stirring
states. The statistics from this heat map can be compared to the reference configuration as an indicator of
improvement per antenna.

To analyze the mode stirring behavior of the system, the well stirred criteria will be evaluated. Mode
stirring effectiveness is typically discussed in terms of reaching statistical field uniformity in an environment
[23;24]]. That is to say, we can treat any single point in the environment as similar to any other over the state
space even though they are very different for a specific stirring state.

A result of statistical field uniformity is that many modes will be excited over the range of the stirring
space at a given position [24]]. If the un-stirred component of the electric field is removed from the measure-
ment, then the over-moded ensemble of stirring states will cause any remaining rectangular electric field
component to converge to a zero-mean, circularly-symmetric, bivariate normal distribution. This implies
that the magnitude of the stirred field strength component will be Rayleigh distributed.

In the case of this automated system, the goal is not necessarily to reach statistical field uniformity.
Instead, the automated system attempts to improve link margin by removing only the worst components of
the multipath. In these scenarios, it can often be the case that the contribution of a single antenna can be the
difference between reliable communication and a dense null. Under this modified criteria, there can arise a
strong non-central component in the distribution. A Rician distribution describes the magnitude of this type
of distribution, which is circularly symmetric around some offset vector. The Rayleigh distribution happens
to be a special case of this scenario, where the offset vector is zero. It is therefore of interest to evaluate this

system over both criteria, and we therefore consider the Rician to be a sufficiently stirred result.
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Unlike the path loss analysis, the forward voltage gain (S2;) data is left in complex form initially. To
remove any un-stirred component from the data set, the mean value over stirring states ({.S21)) will be

removed at each position and frequency (equation [3.7).

S21,stirred,i = S21,i - SQl,unstirred,i ~ 521,1' - <521> (37)

From this new set of complex vectors, the stirred magnitude for all stirring states can be computed for
distribution analysis. The distributions will be compared using a goodness-of-fit test, to determine the
likelihood that the data matches the expected model. The Anderson-Darling statistic is computed against
an empirical distribution function for each sample set. This statistic is used in an upper-tail test for a the
null-hypothesized target distribution (Hy), such that statistic values above some critical value reject the null
hypothesis. The critical value is based the desired « of the upper-tail test, or Type I error. This distribution
test is performed against both the well and sufficiently stirred criteria, for all positions and frequencies. The
critical value used in this instance is equivalent to o = 0.05, which has been prescribed to be 1.341 [23].
Finally, over all positions, the percentage of positions that meet the criteria at a given frequency will be
recorded. This percentage metric will indicate how stirred the system is across the ISM band within the

cage.
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3.7 Experimental Results
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Figure 3.4: Heat map of the worst-case one-way path loss magnitude for the reference and fully stirred cage
over the centimeter-square grid (59x36 positions). Lighter colors indicate better performance.

Table 3.1: Optimally-Stirred Worst Case Path Loss (Decibels)

ISM Band (2.4-2.483 GHz)
# of MSAs | Max | Apmax | Mean | o | Above 45 dB
Reference | 75.8 | N/A 41.8 | 8.5 32.0%
One | 63.3 | 12.5 394 | 6.6 20.4%
Two | 584 | 17.5 376 |55 10.3%
Three | 54.3 | 21.5 363 | 4.8 3.6%
Four | 49.8 | 26.0 352 | 44 0.9 %

The reference scan indicated that there were 32% of positions that exceed the link budget threshold
without electronic mode stirring. This can be observed in Figure [3.4] which displays the worst-case one-

way path loss over all positions for the reference and fully-stirred cage. This included a worst-case one-way
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path loss of 75.8 dB in the reference, which exceeded that of the previous coarse grid measurement and
the original measurement performed in the NHP metal cage [2; [16]. The most extreme nulls measured in
this environment are typically surrounded by other challenging path scenarios, indicating local similarity in
the destructive interference. A statistical analysis for these results over the number of active mode stirring
antennas (MSAs) is shown in Table[3.1]

The baseline improvement from dual-polarized electronic mode stirring in this fine-resolution scan indi-
cated that even just a single antenna resulted in the worst-case being improved by 12.5 dB, with an additional
4-5 dB of improvement per additional MSA. This also dramatically reduced the standard deviation in the
path loss from 8.5 dB to as low as 4.4 dB in the four MSA system. Notably, as the number of antennas

increased, the number of points that exceed the threshold of 45 dB are reduced to less than 1%.
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Figure 3.5: Percentage of positions that satisfy the well (Rayleigh) and sufficiently (Rician) stirred criteria
over frequency.
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Figure|3.5|displays the percentage of positions in the environment which do not exceed the critical value
for the well and sufficiently stirred criteria. Every frequency in the band is sufficiently stirred in at least 60%
of positions, as compared to the well stirred case which is never reaches 60% of positions for any frequency.
This is also observed as a gap of 30-45% of positions between the two criteria, which aligns with the mean
value across frequency of 75% of positions being sufficiently stirred and 40% being well stirred. The median
criteria was also found at each frequency, to approximate a typical statistic for each frequency. The mean of
this typical value across frequency was found to be 1.801 in well stirred scenarios and 0.699 for sufficiently

stirred.
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3.8 Optimization Results

With the combination of this high resolution model for the cage environment and the animal motion model
previously described, the real-time system simulation can be performed. The simulation of the three re-
configuration strategies was undertaken over a variety of motion scenarios and MSA configuration states.
Running a thousand trials, each with a thousand samples, of each strategy over various motion models al-
lows a representative sampling of all positions in the cage (045t € {0,0.1,0.3,0.5,0.7,0.9}). The data is
presented as a percentage of samples that exceed the one-way path loss threshold. The analysis focuses on
the localized motion case (slow moving), the performance while varying animal velocity, and the effect of

limiting the number of MSAs in the system.
3.8.1 Localized Motion

Simulated Path Loss During Motion
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Figure 3.6: Comparison of samples that exceed the threshold for the Baseline, One-bit, and Random recon-
figuration strategies, each simulated with Brownian motion with a o4;5; of 0.1 cm per sample.

Based on the classifications of the motion model, the o4;5; =0.1 cm (slow moving) case serves as the
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key data point for localized motion performance. For the million samples recorded in each simulation, a
plot of the percentage of samples exceeding any given path loss is presented in Figure [3.6] This figure
includes a line indicating the path loss threshold and records the percentage of samples that exceeded it.
In the baseline case, without mode stirring, 32% of samples exceeded the path loss threshold. The one-bit
and random strategies both resulted in an improvement, reducing the numbers of samples exceeding the
path loss threshold to 11% and 8% respectively. Between the two techniques, random presented the greatest

improvement for local-motion, a reduction of approximately 75% of samples.

3.8.2 Varying Animal Velocity

Motion Model with Electronic Mode Stirring
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Figure 3.7: Comparison of samples that exceed the threshold for Baseline, One-bit, and Random reconfig-
uration strategies, presented over a range of o4 for the Brownian motion model.

Fig. [3.7)summarizes the percentage of samples exceeding the one-way path loss threshold for the strate-
gies as 045 Was increased. Without mode stirring, the percentage is always between 31% and 32%, which

aligns with the analysis from the static heat map data. In the static motion case, the one-bit technique was
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only able to reduce the percentage of samples exceeding the threshold to 2% due to the limited search space,
and likely longer convergence times. In the random reconfiguration case, the percentage was reduced to
1%, which aligns with the static data, meaning that random was capable of converging quickly in the 1000
samples of the simulation. This behavior is observed across all deviations, showing that the random strategy
has a slight edge over the one-bit search strategy. Utilizing the one-bit or random reconfiguration techniques
offers an improvement across all deviation rates, though the improvement degrades as motion reaches the
fast motion case, where motion is stirring the path at every sample. When o 4;5; reaches 0,7 cm (fast motion),
the difference between the various strategies is greatly reduced, resulting in approximately 28% of samples

exceeding the threshold for the one-bit case and 26% for the random case.

3.8.3 Random Antenna Combinations

Random Search with Limited MSAs
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Figure 3.8: Comparison of samples that exceed the threshold for the Random reconfiguration strategy as
the number of available mode stirring antennas (MSAs) is increased, each simulated with Brownian motion
with a 04;5 of 0.1 cm per sample.

To understand the benefit of the increased search space of the random search strategy, a secondary
simulation was performed. In this case, the same simulation strategy is used, but the search space of states
for the random search strategy is limited based on a desired number of MSAs. The zero and four cases
are therefore the baseline and random search strategies as previously described, with the one through three

cases representing systems with a reduced number of MSAs available. Figure displays the percentage
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of samples exceeding the threshold for these simulations. The benefit of a single antenna is a reduction of
roughly 30% of samples exceeding the threshold, reducing the total percentage from 32% in the baseline to
22% for one antenna. Each additional antenna provides a similar relative improvement, though this results
in diminishing returns, reaching just 11% and 8% of samples exceeding the threshold for the three and four

MSA cases.

3.9 Conclusions

In this chapter, it is shown that an electronic mode stirring system can use a simple random search tech-
nique to mitigate path loss in a dynamic system. Though the benefit degrades at high relative motion,
a sufficiently high update rate can enable performance improvements to approach the static threshold of
improvement. Utilizing a nominal link budget for a BLE backscatter uplink, the system was able to re-
duce excessive path loss from 32% of samples down to 8% under localized motion scenarios. With only
256 states from 4 MSAs, it was demonstrated that the current electronic mode stirring solution developed
presents a sufficiently stirred behavior in the 2.4 GHz ISM band, allowing single dominant paths to improve
performance. This is improvement is realized even though the stirring contribution itself is generally not

over-moded throughout the cage environment.
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Chapter 4

Demonstration with BLLE Backscatter in the

Mode-Stirred Cage Environment

This section is adapted from the author’s contributions in the work "Automated Optimization of Electronic
Mode Stirring for Enhanced Backscatter Link Margin in Reverberant Cavities," to be submitted in December
2023. This portion of the work utilizes the same integrate electronic mode stirring system [2]], but replaces

the BCI with a BLE backscatter tag previously described in [4; 25]].

4.1 Motivation

To better understand the achieved link margin improvement in an actual backscatter communication system,
it is important to measure this effect with an actual backscatter uplink. Having the metal cage environment
available and an automated motion system, the only piece required to realize this is a backscatter device and
receiver. Fortunately, a Bluetooth Low Energy (BLE) compatible backscatter tag can be used in place of the
BCI, serving as the data source [25]. For the receiver an unmodified Android phone is utilized, from which
a set of measured received signal strength indicator (RSSI) values can be captured and recorded over the full

set of mode stirring states.
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4.2 Modified Measurement Setup

The same test fixture as described in Chapter [3]is employed with the following modifications. This BLE
backscatter tag replaces the BCI antenna in the cage. It requires an external carrier wave (CW) source set
to 2.4145 GHz, which can be provided by the VNA. The VNA will transmit this CW signal at 10 dBm, via
the cage-mounted antenna. This allows the tag to repeatedly broadcast an advertising packet at 2.402 GHz

— containing the payload "Alice" — to any BLE enabled device. The BLE tag is shown in Figure [4.1b]

o ,.
]m‘r[un,||||||||||||

o 2

(a) (b)

Figure 4.1: (a) Google Pixel 6 inside of pet crate with (b) BLE Backscatter tag.

Because the VNA is not capable of receiving the BLE packets, an Android phone will be used instead.
A Google Pixel 6 Android phone, in airplane mode, is placed in a corner of the animal crate. Shown in
Figure {.Ta] the phone is placed near the wall of the crate so the screen can be seen through the bronze
mesh. A free BLE scanning application, running on the Android phone, then reports the received signal
strength indicator (RSSI) for each packet, Figure [4.2]

Since the transmit and receive antenna in this system are separated, the link budget is now bi-static. The
key difference is that the channel is no longer reciprocal, that is to say the forward and reverse path are
different. This means that any inferred one-way path loss measurements are the average of the two separate

paths.
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Figure 4.2: BLE Scanner application showing an RSSI measurement from the Android phone.

In this scenario, the motion controller moves the tag to four positions and individual RSSI measurements
are manually recorded for every mode stirring state at each position. This is greatly reduced from the

sampling of the automated system, due to manual entry of the data.

4.3 Measured Results

Table 4.1: Inferred One-Way Path Loss in Mode Stirring BLE Measurement (Decibels)

(X,Y) | Max (dB) | Mean (dB) | Min (dB) | Range (dB)
(10,10) 34.5 33.1 32.0 2.5
(20,10) 40.0 37.6 35.5 4.5
(30,10) 38.5 36.7 35.0 3.5
(40,10) 42.0 38.8 37.0 5

Table [4.1] indicates the inferred one-way path loss over the stirring states, as computed in equation 4.1}

For example, a 40 dB one-way path loss in this case would be equivalent to a -70 dBm RSSI.

Transmit Power dBm — RSSI dBm
2

Inferred One-Way Path Loss dB = “4.1)

The maximum measured one-way path loss was equivalent to a -74 dBm RSSI received signal. No
stirring state resulted in the loss of a packet, so all 1024 data points are represented in this data analysis.
The dual-polarized electronic mode stirring system has an expected mean improvement of 2.4 dB for one
effective MSA and 4.2 dB for two MSAs, see [3.1]in Chapter [3] In these measurements, the improvement

ranges are between 2.5-5 dB, with the largest improvement occurring at the position with the greatest one-
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way path loss. This trend is well aligned with the typical expected behavior of the system and indicated that

the largest improvements occur in the highest path loss scenarios.

4.4 Conclusions

This demonstration showed the actual impact on a backscatter uplink when utilizing an electronic mode
stirring system. For the four sampled positions, representing positions all within the previously explored
link budget, additional margin was gained at all measured locations, with more improvement realized at
the more extreme multipath cases. This brief exercise illustrates the effect on BLE compatible uplinks,
particularly that the system is capable of generating a sufficiently stirred set of multipath states that effect

the RSSI received at a receiver.
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Chapter 5

Conclusions and Future Work

This thesis presented a thorough analysis of the performance of a 2.4 GHz dual-polarized electronic mode
stirring system within a reverberant cavity. This includes the development of an automated reconfiguration
system to mitigate multipath for improved link margins. A nominal link budget, based on the Bluetooth
Low Energy specification, serves as a starting point for further design of systems in both the biomedical
wireless systems that motivated this work as well as other backscatter applications. Through simulation, the
system offers a means to mitigate multipath under dynamic motion, with the amount of possible improve-
ment being controlled by the update rate of the configuration. This effect was most prominent in cases of
slow-moving scenarios (locally stable), with roughly 10 samples of path similarity before motion begins to
severely degrade the system.

A very simple reconfiguration strategy offered improvement over all tested motion behaviors. The strat-
egy utilizes a random search and no knowledge of position information. For slow moving targets, the random
search strategy can reduce the number of samples exceeding the threshold by 75% — resulting in only 8% of
samples having insufficient link margin, down from the un-stirred 32% of samples. This improved further
in the quasi-static cases down to 1% of all samples, meaning that the convergence of the random search is
very effective at finding a sufficient state when there are repeated samples at a given position. However,
it will be challenging to realize the full benefits of electronic mode stirring in scenarios where the motion
velocity outpaces the maximum update rate. In these cases, the percentage begins to exceed 26%, though it

still outperforms the no-stirring case. This indicates the importance of the update rate in the system design,
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as needing to scale with the typical expected velocity for motion.

The system was also shown to be sufficiently stirred through the stirring of at least a single dominant
mode in 75% of all positions, and was able to satisfy the well stirred condition in a minority (40%) of
positions. Reaching the well stirred criteria in more cases would require more mode stirring antennas or
additional phase states, which would increase the search space of possible mode stirring states. The increase
in search space could potentially increase the convergence time of the system in real-time operation.

In the final demonstration, the manual measurement of received signal strength for a Bluetooth Low
Energy compliant backscatter uplink showed consistent results with the path loss improvements previously
observed with the VNA. For the four measured positions, all were distributed near the mean anticipated
path loss of the system. The 2-5 dB range of signal strength of the electronic mode stirrer indicates that the
system is best suited to remove the worst components of multipath in the environment and does not impact

the strong line-of-sight cases.

5.1 Future Work

Further development of the automated reconfiguration system would benefit from integration of the concen-
trator control into a system sampling in real-time from an active receiver. Having real-time control of the
mode stirrer could allow for an experiment with real-world motion and backscatter. This real-world experi-
ment could validate these simulated findings. Furthermore, the inclusion of additional terminations or mode
stirring antennas could enable the system to reach the well stirred criteria in more positions. The impact on
convergence time would be an important metric in relation to the real-time system design. Finally, devel-
oping or integrating a localization system within the mode stirring system could allow for the development
of improved control algorithms, leveraging a running history of configuration behavior and performance at

each position.
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