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“The greatest outcome of a journey is not only what one discovers,
but who one becomes along the way.”






Abstract

Passive Internet-of-Things (IoT), a paradigm based on battery-free devices,
is a promising technology for realizing large-scale and sustainable wireless
connectivity. A key enabler of passive IoT is backscatter communication (BC),
which allows devices to communicate without generating their own RF signals.
Instead, passive devices convey information by modulating and reflecting
incident RF signals. However, the practical deployment of BC systems is
fundamentally limited by the severe double path-loss of the backscatter
channel and strong direct link interference (DLI) from the carrier emitter
(CE) to the reader. These effects lead to extremely weak backscattered
signals and impose stringent requirements on receiver hardware, including
high-resolution analog-to-digital converters.

This thesis addresses these challenges by leveraging distributed multiple-
input multiple-output (MIMO) techniques together with advanced beamform-
ing and detection methods. First, focusing on bistatic BC with two access
points, we propose: (i) a novel transmission scheme with a channel estimation
protocol; (ii) a transmit beamforming design that suppresses DLI between
the CE and the reader; and (iii) a generalized log-likelihood ratio test based
detector. The proposed framework significantly reduces the dynamic range
requirements at the reader and improves detection performance compared to
conventional schemes without interference cancellation.

Extending this setup, the thesis considers BC in distributed MIMO
systems, where multiple access points can be flexibly assigned as CEs or
readers. In this context, we develop: (i) a joint beamforming and access
point role selection framework to illuminate backscatter device and cancel
DLI; (ii) a channel estimation method tailored for operation under strong
DLI; and (iii) a theoretical analysis including a closed-form expression for the
probability of error and a model for quantization noise induced by DLI. The
results show that efficient interference management enables reliable operation
even with low-resolution analog-to-digital-converters.

Furthermore, we investigate the coexistence of BC with conventional user



communications in distributed MIMO systems. Specifically, we propose: (i)
a joint optimization framework that maximizes the user performance while
satisfying backscatter constraints; and (ii) robust beamforming designs based
on the S-procedure to account for imperfect channel knowledge.

In addition, we analyze a practical hardware impairment in distributed
MIMO BC systems. In particular, we study: (i) the impact of reciprocity
calibration errors on coherent beamforming gain and DLI suppression; and
(ii) robust design strategies to mitigate performance degradation under cali-
bration uncertainties.

The theoretical contributions are complemented by experimental valida-
tion using a large-scale distributed antenna system, demonstrating substantial
gains in interference suppression and signal-to-interference ratio.

Finally, the thesis investigates broad-beam design for multiple antenna
systems. In particular, we study the performance of dual-polarized phase-only
beamforming for achieving efficient wide-area coverage under both line-of-
sight and non-line-of-sight channel conditions. The results provide insights
into the use of multiple antenna systems for functionalities such as initial
access.

Overall, this thesis provides a comprehensive framework for the design and
analysis of BC systems in next-generation wireless networks. By integrating
advanced beamforming, detection, signal processing techniques, and AP role
selection, it significantly enhances the reliability, scalability, and practical
feasibility of passive IoT deployments.
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Popularvetenskaplig
Sammanfattning

Passivt sakernas internet (IoT), ett paradigm baserat pa batterifria enheter,
ar en lovande teknik for att maéjliggora storskalig och hallbar tradlés uppkop-
pling. En central mojliggorande teknik for passivt IoT ar bakatspridnings-
kommunikation (eng: backscatter communication, BC), som gér det mojligt
for enheter att kommunicera utan att generera egna radiofrekvenssignaler.
Istéllet Gverfor passiva enheter information genom att modulera och reflektera
inkommande RF-signaler. Den praktiska implementeringen av BC-system
begrénsas dock av den kraftiga dubbla vagforlusten i backscatter-kanalen
samt stark direktlanksinterferens (DLI) fran béarvagssédndaren (eng: carrier
emitter, CE) till lasaren. Dessa effekter resulterar i mycket svaga backscat-
tersignaler och stéller hoga krav pa mottagarhardvaran, inklusive hogupplosta
analog-till-digital-omvandlare.

Denna avhandling adresserar dessa utmaningar genom att utnyttja dis-
tribuerade multipel-ingang multipel-utgang (MIMO)-tekniker i kombination
med avancerad stralformning och detektionsmetoder. Forst, med fokus pa
bistatisk BC med tva accesspunkter, foreslar vi: (i) ett nytt éverforingsschema
med ett kanalestimeringsprotokoll, (ii) en sdndarstralformning som under-
trycker DLI mellan CE och ldsaren, samt (iii) en detektor baserad pa ett
generaliserat log-likelihood-kvottest (GLRT). Det foreslagna ramverket re-
ducerar avsevart kraven pa dynamiskt omrade vid lasaren och forbattrar
detektionsprestandan jamfort med konventionella metoder utan interferen-
sundertryckning.

Vidare integrerar avhandlingen BC i distribuerade MIMO-system, dar
flera accesspunkter flexibelt kan tilldelas rollen som CE eller lasare. 1 detta
sammanhang utvecklar vi: (i) ett gemensamt ramverk for stralformning
och rollval av accesspunkter for att belysa backscatter-enheter och reducera
DLI, (ii) en kanalestimeringsmetod anpassad for drift under stark DLI, samt
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(iii) en teoretisk analys inklusive ett slutet uttryck for felfrekvensen och en
modell for kvantiseringsbrus inducerat av DLI. Resultaten visar att effektiv
interferenshantering moéjliggor tillforlitlig drift &ven med lagupplosta analog-
till-digital-omvandlare.

Dessutom undersoker vi samexistensen mellan BC och konventionell
anvandarkommunikation i distribuerade MIMO-system. Specifikt foreslar vi:
(i) ett gemensamt optimeringsramverk som maximerar anvandarprestanda
samtidigt som backscatter-krav uppfylls, samt (ii) robusta stralformnings-
metoder baserade pa S-proceduren for att hantera osékerhet i kanalinforma-
tionen.

Vidare analyseras en praktisk hardvarubegransning i distribuerade MIMO-
baserade BC-system. Sarskilt studerar vi: (i) paverkan av kalibreringsfel i
reciproka kanaler pa koherent stralformningsvinst och DLI-undertryckning,
samt (ii) robusta designstrategier for att minska prestandaforluster under
kalibreringsosékerhet.

De teoretiska bidragen kompletteras med experimentell validering med
hjéalp av ett storskaligt distribuerat antennsystem, vilket demonstrerar be-
tydande forbattringar i interferensundertryckning och signal-tillinterferens-
forhallande.

Slutligen behandlar avhandlingen bredstraledesign for flerantennsystem. I
synnerhet analyseras dualpolariserad fasbaserad stralformning for att uppna
effektiv tdckning 6ver stora omraden under bade fri sikt (LoS) och icke-fri sikt
(NLoS). Resultaten ger viktiga insikter om anvéndningen av flerantennsystem
for funktioner sasom initial atkomst.

Sammanfattningsvis tillhandahaller denna avhandling ett omfattande
ramverk for design och analys av BC-system i framtidens tradlosa natverk.
Genom att integrera avancerad stralformning, detektion, signalbehandling
och rollval av accesspunkter forbéttras tillforlitlighet, skalbarhet och praktisk
genomforbarhet for passiva IoT-system avsevért.
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Chapter 1

Introduction and Motivation

Internet-of-Things (IoT) is a promising technology to enable several use
cases that require connectivity with stringent requirements in terms of cost,
complexity, and energy efficiency. These use cases help monitor and control
the surrounding environment, thus applications span critical sectors, such
as healthcare, logistics, manufacturing, and agriculture. There were almost
15 billion IoT connections in 2021, and this number is expected to reach 30
billion by 2027 [1]. Deploying and operating such a massive number of IoT
devices is a significant challenge.

Passive 10T refers to a new paradigm that focuses on IoT deployments with
battery-free devices, and the race toward the definition and standardization
of passive IoT has already been initiated; for instance, the third-generation
partnership project (3GPP) has run initial studies of use cases and require-
ments in Release 18 [2,3]. For their operation, passive IoT should rely on the
evolution of critical technologies, namely environmental energy harvesting,
low-power computing and backscatter communication (BC). In this thesis, we
contribute to the development of BC technology, as a promising communica-
tion solution for large-scale deployment owing to its low cost, low complexity,
and potential to enable energy-efficient solutions for battery-free IoT devices
and sensors. Furthermore, in this thesis, we explore the benefits of multiple-
input multiple-output (MIMO) technology to enhance the performance of
BC by addressing important limitations of BC, namely communication range,
direct link interference, and initial access.



1 Introduction and Motivation

1.1 Thesis Outline

In Chapter 2, we provide an overview of BC to set the background for the
thesis. First, we introduce the basic system model of the BC and explain the
working principle of a backscatter device (BD). Next, we provide details of
three different BC setups: monostatic BC (MoBC), bistatic BC (BiBC), and
ambient BC (AmBC). In addition, we discuss some of the main challenges
for BC.

In Chapter 3, we discuss distributed MIMO systems. We first introduce
massive and distributed MIMO and compare frequency-division duplexing
(FDD) and time division duplexing (TDD) operation. Then, we discuss some
practical challenges in distributed MIMO, with particular focus on reciprocity
calibration.

In Chapter 4, we summarize the main contributions of the thesis. We
explain how the included papers address different aspects of BiBC in dis-
tributed MIMO. In Chapter 5, we conclude the thesis and discuss possible
future research directions. Finally, the included papers are presented after
the introductory chapters.



Chapter 2

Backscatter Communication

In this chapter, we first provide a brief history of wireless power transfer
(WPT) and BC, followed by an introduction to the main elements of a BC
system. We then present the three main BC configurations: MoBC, BiBC,
and AmBC. Finally, we discuss the main challenges associated with BC.

2.1 Wireless Power Transfer

The idea of WPT started with Maxwell, who claimed that power could
be transferred in free space using electromagnetic waves [4]. Hertz later
experimentally validated Maxwell’s equations, showing that power indeed
can be transmitted in free space. In the 19th century, Tesla conducted the
pioneering experiments of long-range WPT [5]. However, due to the lack of
technology, WPT was inefficient and got limited attention. The advent of
high-power vacuum tubes marked a turning point, enabling the generation of
microwaves. Consequently, WPT over long-distances became possible by the
generation of narrow beams. In 1963, Brown demonstrated WPT to a small
helicopter using microwave frequencies [6, 7].

The popularity of WPT has increased with the development of technology
[8,9]. One of the main applications of far-field WPT is for low-power IoT
devices and BC.

2.2 Backscatter Communication

Information transmission using reflections was first used in photophone
technology discovered by Alexander Graham Bell [10]. In this technology,
the sound waves are projected onto a mirror using a special instrument, and



2 Backscatter Communication

FETERNS W

(a) Photophone (b) Heliograph (¢) The Thing
Figure 1: Information transmission using reflections.

Table 1: Examples of CEs, BDs, and readers in the literature

‘ Papers ‘ CE ‘ BD ‘ Reader ‘
[12] Smart watch Contact lens Wi-Fi device (smartphone)
[13] software-defined radio (SDRadio) Battery-free camera AP (SDRadio)

[14] Ambient sources Sensors to measure climate data access points (APs)
[15] Distributed antenna panels Zero-energy devices Distributed antenna panels

vibrations are created in the mirror. These vibrations are captured and
transmitted to a receiver mirror in the form of light, as shown in Figure
la. The vibrations in the receiver mirror are then converted to sound waves.
The heliograph shown in Figure 1b is another device that uses sunlight to
transmit information. To that purpose, the heliograph reflects the sunlight
based on Morse code to send data to the receiver station. It was mainly
used in the military during the 19th and 20th centuries. In 1945, The Thing,
a passive listening device for spying, was designed by Leon Theremin [11]
and placed in the residence of the US Ambassador in Russia. This device is
hidden inside a wooden carving, as shown in Figure lc, and operates without
the need of external power sources by reflecting radio frequency (RF) signals.
For its operation, sound waves vibrate a membrane inside the device, and
these vibrations produce variations on the reflection coefficient of the antenna
that enable the transmission of information by the reflected RF signals.

BC proposed in [16] in 1948 also uses the reflection principle to transmit
information. In this system, we have the following elements: a BD, a carrier
emitter (CE), and a reader. The BD has the capability to change the
frequency, amplitude, and phase of the incoming RF signal from the CE
and transmit information to the reader through the scattered signal. APs,
smart watches, Wi-Fi smartphones, and SDRadios are some examples of the
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Figure 2: Block diagram of the BD.

devices that can be used as a CE and a reader [12,17-20]. Table 1 gives some
examples of possible setups. A BC system can be implemented in three main
configurations, namely MoBC, AmBC, and BiBC, which are later introduced
in this chapter.

2.2.1 Backscatter Device

This subsection explains the basic working principle of the BD, illustrated in
Figure 2. The BD considered in this thesis is a passive, battery-free device.
It does not generate its own RF carrier signal and does not require an active
RF transmitter chain. Instead, it communicates by changing its antenna load
impedance and modulating the incident RF signal. As shown in Figure 2, the
BD consists of several components: an RF antenna, a backscatter modulator,
an RF energy harvesting circuit, a power splitter, a microcontroller, and IoT
sensors. The power splitter block is used to select the operation mode of the
BD as energy harvesting or BC.

The energy harvesting block comprises a matching circuit, a rectifier, and
an energy storage block. The matching circuit ensures that the maximum
power is transferred from the BD antenna to the rectifier. The rectifier then
converts the incoming RF power to DC power, which is then stored in the
energy storage block.

We assume the microcontroller is connected to an information source,
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such as a temperature sensor, humidity sensor, and accelerometer. The
energy-harvesting block supplies power to the microcontroller which controls
the RF switch to change the impedance of the load connected to the antenna
to modulate the scattered RF signal. The reflection coefficient of the BD,
which is the ratio of the complex amplitudes of the scattered signal to the
incoming signal, is defined as [21-23]

Zi— Z4*
o a 1
Vi 7+ Z&kv ( )
where i = 1,...,n, (-)* denotes conjugate, and Z; and Z, are the complex

impedance values of the load and the BD antenna, respectively. Here, n
denotes the number of different loads that can be connected to the BD
antenna.

2.2.2 Link Budget Analysis

In Figure 2, the CE sends an RF signal to the BD, and the BD modulates the
incoming RF signal and scatters it to the reader. The received backscattered
power at the reader in free-space is given by the Friis transmission equation
and bistatic radar range equation as [21]

A\ 2 PGG,
Py =oi <47Td1d2> 4 2)

where P, and G, are the received power and the reader antenna gain, respec-
tively, and P; and Gy stand for the transmit power and the CE antenna gain,
respectively. The distances between the CE and BD, and between the reader
and BD are di and do, respectively. The term X stands for the wavelength
of the transmitted signal, and o; is the radar cross section (RCS) of the BD
antenna defined as [21]

)\2
i =Gl — A,
7= Gyl A )

where |-| denotes absolute value, G} is the BD antenna gain, the reflection
coefficient 7; corresponds to antenna mode, and Ag corresponds to the
structural mode of the BD antenna and is independent of the load. The term
A depends on the antenna type, size, and material. The incident RF signals
are backscattered according to the structural mode and antenna mode of the
BD. The structural mode models the scattered signal due to the interaction
of the incident RF signal and the BD antenna structure, while the antenna
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Figure 3: The main BC setups.

mode represents the load-dependent scattering. The BD changes its RCS
by changing the load-dependent reflection coefficient ; to modulate the
scattered signal.

In addition, the structural mode can be assumed stationary if the BD and
nearby objects move slowly or stay constant [24]. As a result, a homodyne
receiver at the reader side can be used to cancel the received structural mode
scattering [23-25].

2.3 Types of Backscatter Communication

As seen in Figure 3, there are three types of BC:

e Monostatic: In MoBC, the CE and the reader are collocated and can
share parts of the same infrastructure such as antennas. First, the CE
sends a carrier signal to the channel, and then the BD modulates the
scattered signal by changing the load connected to its antenna [26].
The scattered signal is received by the reader and demodulated. The
MoBC system suffers from the round-trip path loss effect and requires
full-duplex operation if the same antennas are simultaneously used for
transmission and reception.

e Bistatic: In BiBC, the CE and the reader are spatially separated
from each other [27]. Therefore, BiBC does not require full-duplex
communications. Although it also suffers from the double path loss
effect, this effect can be decreased by optimizing the location of the
CE and the reader. Moreover, in a distributed setup, it is also possible
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to optimize the roles of the APs by selecting which ones should act as
CE and which ones should act as readers.

e Ambient: Similar to BiBC, in AmBC, the reader and the CE are
spatially separated from each other. However, there is no dedicated
CE in AmBC, and the BD modulates the RF signals transmitted
from ambient sources such as TV towers, base stations, Wi-Fi APs,
and Bluetooth devices [26]. Due to the absence of a dedicated CE,
AmBC cannot exploit transmit beamforming techniques to enhance
the received backscatter signal.

2.4 Challenges in Backscatter Communication

In this section, we describe some of the main challenges in BC, namely initial
access, energy harvesting, communication range, direct link interference, and
channel estimation.

2.4.1 Initial Access

Initial access is one of the key challenges in BC. Before the initial access,
the BD can be in sleep mode and cannot send any information to the
network. Therefore, the CSI of the BD cannot be obtained. Without channel
information, the CSI based beamforming cannot be applied to focus power
toward the BD.

To start the initial access procedure, it is necessary to activate the BD
by supplying sufficient power to exceed the BD RF front-end sensitivity
threshold. This sensitivity threshold represents the minimum required power
to awaken the BD, and typical sensitivity values range from —25 dBm to —10
dBm [28-30]. Some of the possible solutions for the initial access problem are
random beamforming, codebook-based beamforming, and geometry-based
beamforming [31-33]. While the first two methods may suffer from the fading
due to the multipath propagation, the latter requires geometric information
about the communication environment, such as the location of the BD, CE,
objects in the room, and room size.

In Paper G, we investigate broad beam beamforming for collocated and
distributed MIMO systems, which can support initial access by providing
wide-area coverage without requiring prior CSI or exhaustive beam sweeping.

10
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2.4.2 Energy Harvesting

BC is a promising solution for low-power IoT applications with battery-free
devices. However, energy harvesting is one of the challenging problems in BC.
A typical RF energy harvesting block consists of a matching circuit, rectifier,
and energy storage component. The efficiency of the energy harvesting block
is defined as [34]

DC output power

7 (4)

~ Received RF power in the BD antenna’

The efficiency of the harvested energy depends on the design of the rectifier,
the BD antenna, and the accuracy of the matching circuit in the operation
frequency [35]. Therefore, the efficiency can be increased by optimizing the
design of components of the RF energy harvesting block for specific use
cases and operating frequencies [34-36]. For example, one of the solutions to
harvest more energy is multi-band energy harvesting with multiple antennas
in the BD [34, 37, 38]. However, this requires a unique rectifier design for
high efficiency. Receive and transmit beamforming techniques can also be
utilized to increase the harvested energy [18,32,39]. In Paper D, we optimize
the transmission scheme to ensure that the incident RF power at the BD
antenna remains above a predetermined incident power threshold required to
support energy harvesting.

2.4.3 Communication Range

A passive BD does not have active components, e.g., power amplifiers and
RF synthesizers. In addition, BC suffers from the double path loss effect.
Therefore, the communication range of the BC setup is another crucial
problem to address. There are two different links in BC which are the links
from the CE to the BD and from the BD to the reader. While the first
communication distance is primarily dependent on the BD sensitivity and
the path loss between CE-BD, the second distance is primarily dependent on
the double path loss and the sensitivity of the reader.

Increasing the transmit power does not always solve the problem because
of the regulations on the transmit power limit [33,40-43]. Multiple-antenna
technology can be used for the transmit and receive beamforming to increase
the communication range in BC [18,32,39]. In addition, LoRa and LoRea
technologies are capable of achieving long-range communication by improving
the reader sensitivity using low data rates from tens of bps to kbps, but they
may require customized hardware and an active BD [19,44].

11
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To decrease the double path loss effect, distributed MIMO can also be
explored. In Papers B, C, and D, we explore the optimal selection of the
CE and the reader among multiple APs in a distributed MIMO setup to
decrease the path loss effect by illuminating the BD location. As a result, the
communication range can be increased compared to a conventional collocated
MIMO setup.

2.4.4 Direct Link Interference

In BC, the reader receives both the backscattered signal and the signal coming
from the CE, which creates direct link interference (DLI). The dynamic range
of the received signal in the reader is proportional to the ratio of the signal
strengths between the received interference from the direct link and the
weak backscattered signal [45,46]. This interference is strong compared to
the backscattered signal suffering from the double path loss effect. As a
result, the dynamic range of the received signal, a reliable indicator of the
necessary dynamic range of the reader circuitry, is high. Therefore, the reader
requires high-resolution analog-to-digital converters (ADCs) to detect the
backscattered signal due to the DLI causing quantization errors. ' However,
ADCs are power-hungry devices and one of the major power consumers,
especially with multiple-antenna technology [47]. Additionally, the BD signal
is shifted towards the least significant bits of the ADC because of the DLI,
which causes low signal-to-interference-plus-noise ratio (SINR).

In a MoBC setup, the DLI is called self-interference (SI). The SI can
be canceled by regenerating the transmitted carrier signal using specially
designed reader architectures [48-50]. However, the solutions are usually
complex and require high power consumption in MoBC. In AmBC and BiBC,
receive beamforming techniques [51,52], frequency shifting [12,19,20,53], and
coding in BD [54] can be utilized to decrease the effect of the DLI.

In Paper A, we propose a transmission scheme that first uses a transmit
beamforming technique to cancel the DLI and then applies a novel generalized
log-likelihood ratio test (GLRT) to detect the BD symbol in BiBC. In Papers C
and D, we propose a joint beamforming and AP role selection design to cancel
the DLI while illuminating the BD. In Paper E, we experimentally validate
one of our proposed interference cancellation algorithms in a distributed
MIMO setup.

LA detailed definition of an ADC dynamic range is provided in Appendix A.

12
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2.4.5 Channel Estimation

Channel estimation is another important challenge in BC. Unlike conventional
active wireless devices, a passive BD does not generate its own RF carrier
signal and cannot transmit conventional pilot signals. Instead, the channel
associated with the BD must be estimated from the backscattered signal.

Since the DLI can be much stronger than the desired backscattered
signal, it may dominate the received signal and degrade the accuracy of the
estimated backscatter channel. Moreover, the effective BC channel consists
of the product of two links: the channel from the CE to the BD and the
channel from the BD to the reader. This cascaded structure makes it difficult
to estimate the individual channel components separately.

In distributed MIMO systems, the problem becomes even more complex
because several APs may participate as CEs or readers, and the channel esti-
mation procedure should remain scalable with the number of APs. Therefore,
low-overhead and interference aware channel estimation methods are needed
for practical BC systems.

This thesis focuses on BiBC with multiple-antenna CEs and readers.
Several channel estimation methods have been proposed for such systems
[3,55-57]. In systems with multiple BDs, the BDs can use predefined ortho-
gonal reflection coefficient sequences during the channel estimation phase.
The reader can then separate the contributions of the individual BDs and
estimate their cascaded backscatter channels without mutual interference
under perfectly orthogonal reflection sequences. However, the cascaded chan-
nel only represents the product of the CE-BD and BD-reader channels. To
estimate these two channel components separately, additional measurements
are required. For example, a full-duplex CE can receive the backscattered
signal while transmitting the carrier signal, thereby providing additional
observations of the CE-BD link. This observation, together with the signal
received at the reader, can be used to estimate the individual components of
the cascaded backscatter channel [3,55].

A limitation of many existing channel estimation methods is that they
do not explicitly account for strong DLI at the receiver. Even when the
DLI is known or can be estimated, its high power may occupy much of the
ADC dynamic range and increase the quantization error affecting the weak
backscattered signal. As a result, these methods may provide inaccurate
estimates when low-resolution ADCs are used. In Paper C, we therefore
propose a channel estimation framework tailored to operate in the presence

of DLI.
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Chapter 3

Distributed MIMO Systems

In this chapter, we provide an overview of collocated and distributed massive
MIMO systems. We first discuss the benefits of massive MIMO and explain
how distributed deployments of APs can further improve coverage, link
reliability, and provide macro-diversity. Then, we discuss the underlying
duplexing schemes, FDD and TDD, and discuss the role of channel reciprocity
in reducing channel estimation overhead. Following this, we elaborate on
reciprocity calibration techniques in multiple antenna systems.

3.1 Introduction to Massive MIMO

Massive MIMO, introduced in [58], is considered to be a key technology for
the 5G and beyond communication systems because it can meet requirements
for the high data rate, low latency, high reliability, and massive device
connectivity. Massive MIMO uses a large number of antennas in an AP and
can serve multiple users simultaneously, using spatial multiplexing. The key
aspects of massive MIMO technologies are [59]:

e Increased spectral efficiency due to spatial multiplexing, which al-
lows multiple users to be served simultaneously using the same time-
frequency resources.

e Improved coverage by using large antenna arrays and beamforming
techniques to focus the transmitted energy toward intended users. This
also improves energy efficiency by concentrating the available transmit
power in desired spatial directions.

e Improved spatial separation of users due to favorable propagation,
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where the channel vectors of different users become approximately
orthogonal as the number of antennas increases [60].

e Reduced signal-processing complexity, since simple linear beamforming
and combining methods can achieve high performance when the number
of antennas is large and the user channels are sufficiently distinct.

e Improved resilience against small-scale fading due to channel hardening
[61].

One of the fundamental properties of massive MIMO is channel hardening.
As the number of antennas at the AP increases, the effective scalar channel
between the AP and each user after applying beamforming, such as maximum-
ratio transmission (MRT'), may become nearly deterministic due to channel
hardening, which follows from the law of large numbers [60]. In other words,
the random fluctuations caused by small-scale fading are averaged out across
the large antenna array. As a result, variations in the effective channel gain
observed by the users are reduced, which can simplify scheduling, power
allocation, and interference management [61]. Moreover, since users are less
likely to experience deep fading dips, massive MIMO can also contribute to
reduced latency and improved link reliability [59].

3.1.1 Massive and Distributed MIMO

In conventional collocated massive MIMO, a large number of antennas are
deployed at the same AP or base station site. On the other hand, in dis-
tributed MIMO, the antennas or APs are geographically distributed over a
large area and connected through backhaul/fronthaul links to enable coordi-
nation and information exchange. This distributed deployment can provide
additional benefits compared to collocated MIMO, particularly in terms of
macro-diversity and spatial multiplexing [62].

One important advantage of distributed MIMO is the macro-diversity
gain. In collocated MIMO, users located far from the antenna array, such
as cell-edge users, may experience severe path loss. In distributed MIMO,
however, the probability that each user is close to at least one AP increases
due to the geographical distribution of the APs. This can improve the
communication performance and provide a more uniform quality of service
across the coverage area.

Distributed MIMO can also improve the spatial multiplexing capability
of the overall system. Since the APs observe the users from different ge-
ographical locations, the user channels may become more distinguishable
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compared to the collocated case. This can improve the ability of the system to
spatially separate multiple users and serve them over the same time-frequency
resources. Therefore, distributed MIMO can enhance both coverage and
spectral efficiency compared to conventional collocated deployments.

3.1.2 FDD and TDD Operation

Both conventional MIMO and distributed MIMO systems typically operate
in two duplexing modes: FDD and TDD. In FDD, the uplink and downlink
transmissions use different frequency bands. Since the uplink and downlink
channels are generally different in this case, both channels must be estimated
separately. This can lead to a large channel estimation and feedback overhead,
especially in systems with many antennas at the AP.

In TDD, the uplink and downlink transmissions use the same frequency
band but occupy orthogonal time slots within a channel coherence interval.
Under channel reciprocity, the downlink propagation channel is the transpose
of the uplink propagation channel. Hence, uplink channel estimation is
sufficient, which significantly reduces the channel-acquisition overhead in
multiple-antenna systems, since the required pilot overhead scales with the
number of users rather than the number of AP antennas. In contrast, FDD
generally requires downlink training and channel-state-information feedback,
with an overhead that increases with both the number of AP antennas and
users. For this reason, TDD is often preferred over FDD in massive MIMO
systems.

3.1.3 Challenges in Distributed MIMO

Although distributed MIMO systems offer several performance benefits,
their practical implementation introduces additional challenges compared
to conventional collocated MIMO systems. One important challenge is the
implementation complexity of the backhaul/fronthaul links between the APs
and the central processing unit. As the number of APs and users increases,
the required data exchange, synchronization signaling, and computational
load also increase. Therefore, the computational capability and the back-
haul/fronthaul link capacity of the system need to be scalable with the
increasing number of APs and users [62].

Another important challenge is the need for coherent operation among
the distributed antennas. In particular, distributed MIMO systems require
accurate calibration among geographically separated antenna units to enable
coherent transmission. Without such coordination, the expected beamforming
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and interference suppression gains may be degraded.
In the next section, we focus on reciprocity calibration, which is one of
the key requirements for coherent TDD-based MIMO operation.

3.2 Reciprocity Calibration

Reciprocity calibration is critical for MIMO systems operating in TDD mode.
In an ideal TDD system, the uplink and downlink propagation channels
are reciprocal because they use the same frequency band at different time
instances within the same channel coherence time. Hence, the downlink
channel can be obtained from uplink pilot-based channel estimation.

In practical systems, however, the effective baseband channels also include
the responses of the transmit and receive radio-frequency chains. Since each
antenna branch has its own hardware chain, these responses are generally
different in the uplink and downlink. As a result, the uplink channel estimated
from the users’ pilot signals cannot be directly used for downlink operation
unless the system is properly calibrated.

To illustrate this, consider a system with M distributed APs, each
equipped with a single antenna, and K single-antenna users. The RF-chain
responses are modeled by diagonal matrices as

TUE — diag (e—ﬁum L eitm) (5)
dlag (eJT‘UE 1 eJTUE K) , (6)
TAP = diag (e /%P1 .. e_JtAP*M) , (7)
dlag (ej"'AP I J"'AP M) , (8)

where Tyg € CEXE and Ryg € CEX*X denote the transmit and receive RF-
chain response matrices at the users, respectively. Similarly, Tap € CM*M
and Rap € CM*M (denote the transmit and receive RF-chain response
matrices at the APs, respectively. The coefficients e //UE+ and e/"UEk
correspond to the transmit and receive RF-chain responses of the kth user,
while e7/¢AP.m and e/"AP.m correspond to the transmit and receive RF-chain
responses of the mth AP, where k € {1,..., K} and m € {1,...,M}.

Assuming noiseless communication, the estimated uplink channel can be
written as

Hyr, = RapH' Tyg, (9)

where (-)T denotes transpose and H' € CM*X denotes the uplink propagation
channel. Since the propagation channel is reciprocal, the corresponding
downlink propagation channel is H. However, due to the different RF-chain
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responses in transmission and reception, the effective downlink channel is
given by
Hpr, = RugHTxp. (10)

Consequently, the effective uplink and downlink channels are not directly
reciprocal even though the underlying propagation channel is reciprocal.
In particular, the AP dependent RF chain mismatches prevent the signals
transmitted by different APs from combining with the intended relative
phases at the users unless AP-side reciprocity calibration is performed.

The uplink channel in (9) can be expressed as

HirJL = TUERG]{]HDLTX%)RAP- (11)

Therefore, in reciprocity-based beamforming, the APs can use the esti-
mated uplink channel H{j; together with the AP-side reciprocity calibration
coefficients TgllgRAp for downlink beamforming design. The remaining
term TUERG]IE represents the users’ RF-chain mismatch. Since each user
is equipped with a single antenna, this term introduces one user-specific
complex scalar coefficient for each user. It therefore does not affect the
relative phases of the signals transmitted by the different APs and can be
estimated using a single downlink reference signal [63]. The AP-side and
user-side calibration coefficients are defined as

TK%»RAP = diag (ej(tAP,l'f‘TAPJ), o ’ej(tAP,M'H”AP,IvI)) ,
(12)

TUER{]]%] = diag <€_j(tUE,1+7‘UE,1)7 . e—j(tUE,K-H“UE,K)) .

To illustrate how these calibration coefficients are used, let x € CM*1
denote the downlink transmit vector designed based on the uplink channel
estimate. Before downlink transmission, the vector is pre-processed using the
AP-side calibration matrix as

Xcal = TX%)RAPX. (13)

Omitting additive receiver noise for clarity, the received signal at the users
can be written using (10) as

y = Hpr.xca = RugHRApPx. (14)

The received signal is then post-processed at the user side by multiplying y
with the user-side calibration matrix TUER[_H{: as

Yea = TueRygy = TusHRApx = H{j x. (15)
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This example shows that, after AP-side pre-processing before transmission and
user-side post-processing after reception, the effective downlink operation is
consistent with the transpose of the uplink channel. As a result, the transpose
of the estimated uplink channel can be used for downlink beamforming
design. 2

3.2.1 Estimation of Calibration Coefficients

The calibration coefficients in (12) are not known a priori and must be esti-
mated before reciprocity-based beamforming can be applied. The user-side
calibration coefficient can be estimated from a single downlink reference
signal [63]. In contrast, the AP-side calibration coefficients require multiple
measurements, since the relative RF-chain mismatches among the distributed
APs must be estimated. This task is particularly challenging in distributed
MIMO, because the APs are geographically separated and may use indepen-
dent transceiver chains and local oscillators. Therefore, practical calibration
methods rely on multiple over-the-air (OtA) measurements between the APs
to estimate the calibration coefficients.

Reciprocity calibration for distributed MIMO systems has been widely
studied [63-73]. Some works focus on practical calibration algorithms and
their experimental validation [66,67,71]. Other works address scalability
and calibration overhead. In particular, [69] develops a scalable calibration
framework, while [72] introduces a gradual calibration strategy to reduce the
required calibration overhead.

Another line of work investigates the accurate formulation of the calibra-
tion process. The studies in [64, 73] clarify misconceptions in the reciprocity
calibration literature and provide more accurate formulations of the calibra-
tion problem. In [64], the OtA measurements are used for both reciprocity
and full calibration of distributed antennas. The two individually calibrated
arrays, which can be distributed or collocated arrays, can also be jointly cali-
brated using simple bi-directional and uni-directional measurements between
the antenna arrays.

In [63], a beam-sweeping procedure for bi-directional measurements among
the APs, together with a maximum-likelihood estimator, is proposed to
estimate the reciprocity calibration coefficients. In [65], the OtA bi-directional
measurements are used for reciprocity calibration in different topologies, e.g.,
line and ring networks, and the error in the calibration process is analyzed. It

2Reciprocity calibration is not required for uplink data detection because the uplink
pilot and data signals pass through the same transmit and receive RF chains and therefore
experience the same effective uplink channel.
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is shown that the optimal approach is the calibration of all APs in the given
topology rather than the calibration of the selected APs that will be used
to serve a specific user [65]. Alternatively, the phase offsets introduced by
the transceiver chains can be estimated using geometric information about
the environment, such as the known locations of the transmit and receive
antennas, provided that a sufficiently strong line-of-sight (LoS) component is
available [74].

3.2.2 Relation to the Included Papers

In Paper F, we study the impact of reciprocity calibration errors in a dis-
tributed antenna system serving a passive BD. In particular, we analyze
how phase calibration uncertainty affects coherent beamforming gain and
DLI suppression. We also consider different AP partitioning strategies and
calibration measurement topologies.

Another calibration issue is considered in Paper A. When two distributed
antenna arrays are individually calibrated but not jointly calibrated, a residual
phase offset may remain between the arrays. As a result, the effective uplink
and downlink channels may differ by this unknown phase offset, given by

Hyp = ¢/°H]); . (16)

The proposed DLI cancellation algorithm is shown to remain applicable under
this residual phase offset. Moreover, we provide a modified version of the
proposed detector for the non-jointly calibrated antenna-array case.
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Chapter 4

Contributions of the Thesis

This thesis focuses on BiBC in distributed MIMO systems. The included
papers address several aspects of this setup, including interference cancellation
and signal detection, AP role selection in distributed deployments, broad
beam design for coverage and initial access, reciprocity calibration, and
experimental validation.

In Paper A, we propose a transmission scheme that uses transmit beam-
forming to cancel the DLI and a detector for recovering the BD symbol in a
multiple-antenna BiBC setup. In Paper B, we study the optimal selection of
the CE and reader among the available APs. Paper C extends this direction
by considering joint beamforming and AP role selection designs for BiBC in
distributed MIMO. We also propose a channel estimation algorithm for BC
tailored to operate under DLI conditions. In Paper D, we extend the system
model and optimize the user communication performance while satisfying BC
requirements by joint AP role selection and BF design. We also propose a
robust BF scheme that ensures reliable performance under channel estimation
erTors.

Paper F investigates the impact of reciprocity calibration errors on coher-
ent beamforming gain and DLI suppression in a distributed antenna system
serving a passive backscatter device. In Paper E, we provide an experimental
validation of the proposed interference cancellation approach in a distributed
MIMO setup.

Finally, in Paper G, we study broad beam beamforming for both collo-
cated and distributed MIMO systems. This technique can be useful for BC,
since broad beams can support initial access, synchronization, and coverage
extension without requiring exhaustive beam sweeping. We evaluate phase-
only dual-polarization BF (DPBF) and show that, for collocated MIMO,
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orthogonal space-time block code (OSTBC) achieves better coverage than
DPBEF in non-line-of-sight (NLoS) channels, but OSTBC requires additional
time or frequency resources. We also show that distributed MIMO can
provide improved coverage compared with collocated MIMO.

To make the thesis self-contained, we provide some details on the singular
value decomposition (SVD) and projection matrices in Appendix B and in
Appendix C, respectively.

4.1 Included Papers

Paper A: Direct Link Interference Suppression for Bistatic
Backscatter Communication in Distributed MIMO

Authored by: Ahmet Kaplan, Joao Vieira, Erik G. Larsson

Published in IEEE Transactions on Wireless Communications, vol. 23, no. 2,
Feb. 2024.

Abstract: Backscatter communication (BC) is a promising technique for
future Internet-of-Things (IoT) owing to its low complexity, low cost, and
potential for energy-efficient operation in sensor networks. There are several
network infrastructure setups that can be used for BC with IoT nodes. One
of them is the bistatic setup where typically there is a need for high dynamic
range and high-resolution analog-to-digital converters at the reader. In this
paper, we investigate a bistatic BC setup with multiple antennas. We propose
a novel transmission scheme, which includes a protocol for channel estimation
at the carrier emitter (CE) as well as a transmit beamformer construction
that suppresses the direct link interference between the two ends of a bistatic
link (namely CE and reader), and increases the detection performance of
the backscatter device (BD) symbol. Further, we derive a generalized log-
likelihood ratio test (GLRT) to detect the symbol/presence of the BD. We
also provide an iterative algorithm to estimate the unknown parameters in
the GLRT. Finally, simulation results show that the required dynamic range
of the system is significantly decreased, and the detection performance of the
BD symbol is increased, by the proposed algorithm compared to a system
not using beamforming at the CE.
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Paper B: Access Point Selection for Bistatic Backscatter
Communication in Cell-Free MIMO

Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson

Published in the proceedings of 2024 IEEE International Conference on
Communication (ICC).

Abstract: Backscatter communication (BC) has emerged as a key technology
to satisfy the increasing need for low-cost and green Internet-of-Things (IoT)
connectivity, especially in large-scale deployments. Unlike the monostatic BC
(MoBC), the bistatic BC (BiBC) has the possibility to decrease the round-
trip by having the carrier emitter (CE) and the reader in different locations.
Therefore, this work investigates the BiBC in the context of cell-free multiple-
input multiple-output (MIMO) networks by exploring the optimal selection
of CE and reader among all access points, leveraging prior knowledge about
the area where the backscatter device (BD) is located. First, a maximum a
posteriori probability (MAP) detector to decode the BD information bits is
derived. Then, the exact probability of error for this detector is obtained.
In addition, an algorithm to select the best CE-reader pair for serving the
specified area is proposed. Finally, simulation results show that the error
performance of the BC is improved by the proposed algorithm compared to
the benchmark scenario.

Paper C: Joint Access Point Selection and Beamforming Design
for Bistatic Backscatter Communication

Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson

Published in IEEE Transactions on Wireless Communications, vol. 25, Dec.
2025.

Abstract: Future Internet-of-Things networks are envisioned to use small
and cheap sensor nodes with extremely low power consumption to avoid the
extensive use of batteries. To provide connectivity to a massive number of
these nodes, backscatter communication (BC) is emerging as an energy- and
cost-efficient technology exploiting the reflection of radio frequency signals.
However, challenges such as round-trip path loss and direct link interference
(DLI) between the carrier emitter and the reader limit its performance. To
tackle these limitations, this paper proposes a joint access point role selection
and a novel beamforming technique for bistatic BC in a distributed multiple-
input multiple-output setup. The proposed approach boosts the received
backscattered energy while effectively mitigating DLI, thereby reducing the
error probability. We also propose a channel estimation method tailored to
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operate under DLI conditions and propose a mismatch detector using esti-
mated channel coefficients. Furthermore, we derive a closed-form expression
for the probability of error for the detectors and model the quantization
noise caused by DLI. Finally, comprehensive simulation results show that the
proposed method with 1-bit analog-to-digital converters (ADCs) effectively
mitigates DLI, reduces the quantization noise, and enhances backscattered
signal energy, achieving performance comparable to the benchmark scenario
with 8-bit ADCs.

Paper D: Backscatter Communication in Distributed MIMO
Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson
Submitted to IEEE Transactions on Wireless Communications.

Abstract: Backscatter communication (BC) is a promising solution for large-
scale Internet-of-Things (IoT) networks due to its ultra-low-power operation
and low cost. However, it suffers from double path-loss effect in backscatter
device (BD) channel and strong direct link interference (DLI) from carrier
emitter (CE) to the reader. In this paper, we study bistatic BC (BiBC)
integrated with conventional user communications in a distributed multiple-
input multiple-output (MIMO) system, where access point (AP) roles are
flexibly assigned. We formulate a problem to maximize the minimum user
signal-to-interference-plus-noise ratio (SINR) while satisfying BC constraints
and propose a joint beamforming and AP role selection framework. To account
for the imperfect channel knowledge, we also develop a robust optimization
framework based on the S-procedure, ensuring reliable performance under
channel estimation errors. In addition, we present closed-form zero-forcing
based beamforming for users and modified maximum-ratio transmission
for BDs. Simulation results show that the proposed approach outperforms
benchmark methods.

Paper E: Experimental Study of Interference Suppression for
Backscatter Communication in Distributed MIMO

Authored by: Ahmet Kaplan, Gilles Callebaut, Jarne Van Mulders, Erik G.
Larsson

Accepted for publication in the proceedings of 2026 IEEE Wireless Power
Technology Conference and Expo (WPTCE).

Abstract: Bistatic backscatter communication requires strong illumination
of a backscatter device (BD), while a spatially separated reader detects the
weak modulated reflection. In practice, the resulting direct link interference
(DLI) at the reader can dominate the received backscattered signal and
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limit detection performance. This paper experimentally investigates transmit
beamforming that jointly maximizes BD illumination and suppresses DLI at
the reader in a distributed multiple-input multiple-output setup. We compare
phase-only maximum ratio transmission (PO-MRT) with the proposed direct-
link suppression (DLS) scheme, which enforces a spatial null at the reader
under per-antenna power constraints. Measurements using a phase-coherent
42-element ceiling array at 920 MHz show that DLS reduces the DLI at the
target reader and improves the signal-to-interference ratio by up to 31 dB
compared to PO-MRT.

Paper F: Impact of Joint Reciprocity Calibration Errors on
Backscatter Communication in Distributed MIMO

Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson

Accepted for publication in the proceedings of 2026 Asilomar Conference on
Signals, Systems, and Computers.

Abstract: This paper investigates how joint reciprocity calibration errors
degrade coherent beamforming gain and direct-link interference suppression
in a distributed antenna system serving a passive backscatter device. A signal
model incorporating phase calibration uncertainty is developed, assuming
that the reciprocity calibration takes place by bi-directional over-the-air
measurements between the access points. The resulting backscatter commu-
nication performance is analyzed under different access point partitioning
strategies and calibration measurement topologies. In addition, a closed-form
beamforming solution is designed, where the transmit precoder suppresses
direct-link interference, and the receive combiner reduces the impact of
calibration errors. The results highlight the need for jointly designed ro-
bust access point partitioning and beamforming strategies for backscatter
communication under phase calibration imperfections.

Paper G: Analysis of Broad Beam Beamforming for Collocated
and Distributed MIMO

Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson

Published in the proceedings of 2025 IEEE Global Communications
Conference (GLOBECOM).

Abstract: Broad beam beamforming (BF) design in multiple-input multiple-
output (MIMO) can be convenient for initial access, synchronization, and
sensing capabilities in cellular networks by avoiding overheads of sweeping
methods while making efficient use of resources. Phase-only BF is key for
maximizing power efficiency across antennas. A successful method to produce
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broad beams is the phase-only dual-polarization BF (DPBF). However, its
efficiency has not been proved in non-line-of-sight (NLoS). Therefore, this
paper contributes by evaluating DPBF in collocated and distributed MIMO
configurations under both line-of-sight (LoS) and NLoS channel conditions.
We model the reflection coefficients for different materials in NLoS conditions
and propose the use of orthogonal space-time block code to improve the
coverage compared to the DPBF in collocated MIMO (C-MIMO). We further
propose a DPBF method for distributed MIMO and show that it achieves
better coverage than C-MIMO with DPBF.

4.2 Excluded Papers

The following publications are not included in the core thesis.
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¢ Dynamic Range Improvement in Bistatic Backscatter

Communication Using Distributed MIMO

Authored by: Ahmet Kaplan, Joao Vieira, Erik G. Larsson

Published in the proceedings of IEEE Global Communications Conference
(GLOBECOM), 2022.

This paper contains preliminary results of Paper A.

Reducing Dynamic Range in Bistatic Backscatter Communication
via Beamforming Design

Authored by: Ahmet Kaplan, Diana P. M. Osorio, Erik G. Larsson
Published in the proceedings of IEEE International Workshop on Signal
Processing Advances in Wireless Communications (SPAWC), 2024.

This paper contains preliminary results of Paper C.

Physically Large Apertures for Wireless Power Transfer:
Performance and Regulatory Aspects

Authored by: Benjamin J. B. Deutschmann, Ulrich Muehlmann, Ahmet
Kaplan, Gilles Callebaut, Thomas Wilding, Bert Cox, Liesbet Van der Perre,
Fredrik Tufvesson, Erik G. Larsson, Klaus Witrisal

Published in IEEE Wireless Communications, vol. 33, no. 2, Apr. 2026.

I contributed to the interference suppression section of the work.



Chapter 5

Conclusions and Future Work

This chapter briefly summarizes what has been achieved in this thesis and
outlines potential future research directions. Detailed conclusions are given
in the included papers.

5.1 Conclusions

This thesis has investigated BiBC in distributed MIMO systems. In particular,
the thesis has addressed key challenges in BC such as the double path-
loss effect, strong DLI, AP role selection, coexistence with conventional
user communication, and reciprocity calibration errors, while also providing
practical experimental validation.

The results show that distributed MIMO is a promising architecture for
supporting BC. By properly selecting the roles of the APs and designing the
transmit and receive beamformers, the backscattered signal strength can be
improved while the DLI at the reader can be significantly suppressed. As a
result, the reader can operate with a lower dynamic range, making reliable
recovery of the BD information possible even with low-resolution ADCs.

The thesis has also shown that BC can be integrated with conventional
user communication in distributed MIMO systems. Through joint beamform-
ing and AP role selection, the system can satisfy the requirements of passive
backscatter devices while maintaining the communication performance of
conventional users. Furthermore, the robust design results show that the pro-
posed framework can preserve reliable performance under imperfect channel
knowledge.

The thesis has also considered practical aspects of distributed MIMO.
The experimental results demonstrate the practical feasibility of the proposed
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interference suppression approach in a realistic distributed MIMO setup.
This confirms that the theoretical gains of distributed beamforming can also
be achieved in practice.

Another practical aspect studied in the thesis is reciprocity calibration.
The results show that system performance improves as the number of cal-
ibration measurements increases. The analysis further shows that phase
calibration uncertainty degrades both the coherent beamforming gain and
the suppression of DLI. In particular, DLI suppression is highly sensitive to
even small residual phase errors. These results highlight the importance of
calibration measurement design and calibration error aware beamforming in
distributed MIMO systems.

Finally, the thesis has investigated broad beam beamforming for collo-
cated and distributed MIMO. The results show that, for collocated MIMO,
OSTBC achieves better coverage than dual polarization beamforming in
NLoS channels, although OSTBC requires additional time or frequency re-
sources. The results also show that distributed MIMO with broad beam
beamforming can improve coverage compared with collocated MIMO due to
macro-diversity, thereby improving the reliability of initial access.

Overall, the thesis demonstrates that distributed MIMO can provide a
flexible and powerful infrastructure for future low-power IoT connectivity
based on BC. The proposed AP role selection and interference aware beam-
forming methods improve backscatter performance and suppress DLI, while
the robust and calibration aware designs preserve performance under channel
uncertainty and phase errors. Together with the experimental validation,
these contributions provide a practical foundation for reliable and low-power
BC networks.

5.2 Future Research Directions

BC is a promising solution for massive machine-type communication and IoT
applications requiring low-power and low-cost devices. To further enhance
the performance of BC, some potential directions for future research are as
follows:

e Low-overhead channel estimation: Future research should develop
channel estimation methods tailored to passive BDs, which cannot
transmit conventional pilot signals. The estimation overhead should be
minimized while providing sufficient accuracy for coherent beamforming
and AP role selection.
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e Initial access: A passive BD does not have a battery. Therefore, initial
access is an important challenge, especially when the channel of the
BD is unknown. Future research can develop initial-access schemes to
wake up the BD and estimate the BC channel. Different beamforming
techniques can be designed to supply sufficient energy for the BD to
exceed its device-sensitivity threshold [32]. Broad beam beamforming
is one promising direction for supporting initial access in BC systems.

e Calibration-aware transmission: Reciprocity calibration is critical
for coherent distributed MIMO operation. Future work should inves-
tigate calibration aware beamforming and AP selection methods that
are robust to residual phase errors and other hardware impairments.

o Lightweight security: Finally, physical-layer security is an important
topic for future BC networks. Due to the broadcast nature of the
wireless channel, BC systems may be vulnerable to eavesdropping and
unauthorized detection. Since conventional security techniques may be
too complex for passive BDs, lightweight physical-layer security methods
based on artificial noise, beamforming, and reflection-coefficient design
are promising research directions [75-79].
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APPENDIX A
Dynamic Range

This appendix provides the definition of ADC dynamic range, which is used
to characterize the impact of direct link interference on the reader.

The resolution of an ADC determines the smallest variation in the input
signal that can be distinguished by the converter. Consider a b-bit ADC with
lower and upper reference voltages Vrrr— and Vrgr4, respectively. These
reference voltages define the limits of the converter’s input range.

A b-bit converter provides 2° quantization levels. The voltage interval
associated with one least significant bit is therefore

Wi — _
A — VREF+ VREF ’
2b

(17)

where A denotes the quantization step size.

The smallest input-voltage change that can be distinguished by the ideal
converter is one quantization step, A. The largest difference between two
representable output levels is (22 —1)A. Following the voltage-ratio definition
in [80], the dynamic range of the converter is

(26 - 1A

DR =20 1Og10 < A

> = 20log;o(2° — 1) ~ 6.02b [dB].  (18)

Thus, each additional converter bit increases the dynamic range by ap-
proximately 6.02 dB.? Intuitively, each additional bit nearly doubles the
maximum representable amplitude relative to the quantization step, which
corresponds to an approximately fourfold increase in power and hence
10log;((4) =~ 6.02 dB.

In a backscatter reader, the required dynamic range is proportional to
the power difference between the strong direct link interference and the
much weaker backscattered signal. When the interference occupies a large
fraction of the ADC input range, only a limited number of quantization levels
remain available for representing the backscattered component. Suppressing
the interference before analog-to-digital conversion therefore reduces the
required dynamic range and improves the quantization accuracy of the weak
backscattered signal.

3For an ideal converter, the dynamic range may alternatively be defined as the ratio
between the root mean square amplitude of a full-scale sinusoidal input and the root mean
square amplitude of the quantization noise [80].
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APPENDIX B

Singular Value Decomposition

This appendix briefly reviews the SVD and low-rank matrix approximation
to make the thesis self-contained. These tools are used in the beamforming
designs presented in the included papers.
Consider a complex matrix A € CV*M with rank r» < min{N, M}. The
SVD of A is given as
A =UxVvH (19)

where (-)" denotes Hermitian transpose, and U € CV*N and V € CM*M
are unitary matrices. The rectangular diagonal matrix ¥ € CN*M contains
the singular values of A, ie., 01 > 02> ...20, >0=0/41 = ... =04
where ¢ = min{N, M}, on the diagonal. The columns of U and V are called
left-singular vectors and right-singular vectors of A, respectively. We can
partition the SVD of A as follows:

> o || V!
A=|U;, U L 20
uul [vg] (20)
where U1 = [ul,...lur], U2 = [uT_H,...,uN], V1 = [Vl,...,VT], VQ =
[Vit1, ..., V], and ¥ = diag(oy,...,0.).

The columns of Uy, Us, Vi and Vo contain a basis of the following
subspaces of CN and CM:

e The columns of Uy: Orthonormal basis for the column space, C'(A),
e The columns of Us: Orthonormal basis for the left nullspace, N(AH),
e The columns of V1: Orthonormal basis for the row space, C' (AH),

e The columns of Vj: Orthonormal basis for the nullspace, N(A).

The matrix A can be written as a sum of rank-1 matrices as
T
A= Zoiuiv?. (21)
i=1
We can use the SVD of a matrix to find the best rank-k approximation of

the matrix. The low-rank approximation problem is defined as follows:

min A - B, (22)
BeCNxM
rank(B)=k<r
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where ||-|| denotes the Frobenius norm. The optimal solution for the problem
in Eq. (22) is given by [81]

k
B= Zo-iuivli—'- (23)
=1

APPENDIX C

Projection Matrix

This appendix summarizes projection matrices and their construction using
the SVD. Projection matrices are used in the beamforming designs presented
in the included papers.

A square matrix P € CV*¥ is called a projection matrix if and only
if P2 = P. The projection matrix is idempotent, giving projection from
N-dimensional vector space to a subspace. The eigenvalues of a projection
matrix are A € {0,1}. This can be shown easily as follows:

Pv = \v = P?v = \?y, (24)

where v # 0 denotes the eigenvector of P, and the only solution for A\? = X
is either A = 0 or A = 1. A projection matrix satisfies

rank(P) = trace(P) (25)

because the number of non-zero eigenvalues of the projection matrix (which
is equal to its rank) is the same as the sum of its eigenvalues (which is the
trace of P) due to A € {0,1}.

In addition, if P? = P is satisfied along with P> = P, then P is an
orthogonal projection matrix. Let a; (i = 1,2,..., M) denote the columns of
A. Then the orthogonal projection matrix to the subspace spanned by the
columns of A is given by

P=AA"A)1AN (26)
where it is assumed that A A is invertible. If we assume that a; are mutually
orthonormal, APA =1 M, where I, denotes M x M identity matrix. In this
special case, the orthogonal projection matrix can be simplified as

P =AA"M (27)
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The projection matrix designed to project onto the orthogonal complement
of the subspace spanned by the vectors a; (i = 1,2,..., M) is defined as
PL =1y -P.

Next, we explore the design of the different projection matrices using
SVD of matrix A. There are four possible projection matrices as follows:

e Poa) = Uy (UYL tUl = U U,
o Pyany = Us(USU,) U = U, UY,
o Pyiam = Vi(VIV) IV = v Vi
o Pyia) = Vo (VEVy) " IVE = Vo v,

where Pc(A),PN(AH),PC(AH), and Px(a) are the projection matrices de-
signed to project onto C'(A), N(AM), C(A"), and N(A), respectively. Note
that, UNU, =1, UNU, = 1y, V'V, =1, and VEV, =1,,_,.
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