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Abstract
Active integrated antennas (AIAs), including antenna-in-package (AiP) and
antenna-on-chip (AoC) implementations, tightly couple radiating structures
with active circuitry and therefore lack accessible antenna ports. While this
integration improves efficiency, compactness, and beamforming capability at
millimeter-wave and sub-terahertz frequencies, it fundamentally complicates
measurement and validation. Traditional characterization methods are often
infeasible due to the absence of accessible antenna ports, and conventional
over-the-air (OTA) techniques primarily provide field-based observables such
as radiation patterns and radiated power, offering limited direct insight into
terminal electrical quantities.

This licentiate thesis addresses the challenge of extracting electrically mean-
ingful information from integrated antenna arrays without direct RF access.
A scalable backscattering-based OTA measurement framework is developed,
in which controlled load modulation at the antenna ports enables reconstruc-
tion of input impedance and realized gain from remotely measured scattering
responses. The methodology is extended from single-element demonstrations
to array-level characterization and reconfigurable intelligent surfaces (RIS),
establishing a generalized measurement architecture suitable for integrated
apertures with embedded switching capabilities.

In parallel, electronically controlled load-pull techniques are investigated as
a complementary tool for validating active RF devices under realistic antenna-
imposed loading conditions. A compact, self-contained load-pull measurement
platform is implemented to emulate dynamic load environments and study
device behavior in integrated contexts.

Together, these contributions advance the measurement and validation of
active integrated antenna systems by bridging field-based OTA observations
and terminal-level electrical characterization, enabling more reliable system-
level verification of highly integrated millimeter-wave architectures.

Keywords: Antenna measurements, backscattering, antenna arrays, load-
pull.
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CHAPTER 1

Introduction

1.1 Motivation

The continuous growth in mobile data traffic and the demand for higher data
rates have been a key driving force behind the evolution of modern wireless
communication systems. To meet these demands within the limited available
spectrum, increasingly spectrally efficient modulation schemes are employed,
such as high-order quadrature amplitude modulation (QAM) in combina-
tion with wideband multi-carrier waveforms. A well-known consequence of
such modulation formats is their inherently high peak-to-average power ratio
(PAPR) [1].

High PAPR signals force radio-frequency (RF) power amplifiers (PAs) to
operate with significant output power back-off in order to maintain linearity
and satisfy spectral emission requirements. As a result, the power-added
efficiency (PAE) of the PA is severely degraded, since most conventional PA
architectures achieve their peak efficiency only near saturation [2]. This effect
becomes increasingly critical in modern base stations and user equipment,
where a large fraction of the total power consumption is associated with RF
transmission.
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Chapter 1 Introduction

In parallel, modern wireless systems rely heavily on multiple-input multiple-
output (MIMO) and phased antenna arrays to increase spectral efficiency, cov-
erage, and link reliability. While such architectures provide substantial perfor-
mance gains, they also require a large number of parallel RF transceiver chains
and power amplifiers. Consequently, inefficiencies at the level of individual RF
components accumulate and translate directly into increased system-level en-
ergy consumption [3].

From a broader perspective, the information and communication technol-
ogy (ICT) sector contributes a non-negligible share of global greenhouse gas
(GHG) emissions. Recent studies estimate that ICT accounts for several per-
cent of global electricity consumption, with wireless access networks repre-
senting a significant and rapidly growing portion due to both infrastructure
operation and device manufacturing [4], [5]. Although successive generations
of mobile communication systems (from 2G and 3G to 4G and 5G) have
improved energy efficiency per transmitted bit, the overall energy footprint
continues to grow due to the increasing traffic demand [4].

These concerns are reflected in regulatory and policy frameworks, such as
the European Climate Law, which establishes legally binding targets for cli-
mate neutrality and places increasing emphasis on energy-efficient technologies
across all sectors, including telecommunications [6]. In this context, further
reductions in the energy consumption of wireless networks are of both eco-
nomic and societal importance.

To continue improving the efficiency of wireless systems, it is no longer
sufficient to optimize individual RF building blocks in isolation. Instead, a
system-level perspective is required, in which traditionally separate parts of
the RF chain are co-designed and tightly integrated [7]. One prominent ex-
ample is the integration of power amplifiers directly with antennas or antenna
arrays, forming so-called active integrated antennas. By integrating matching
networks directly into the antenna, such architectures reduce losses and to-
tal device size while offering the potential for substantially improved overall
efficiency

At the same time, this high degree of integration introduces significant chal-
lenges. In active integrated antenna systems, the antenna and active circuitry
are no longer independent entities, and classical concepts such as well-defined
antenna ports or standardized reference impedances may no longer exist. As
a consequence, conventional measurement and characterization techniques be-
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1.2 Active Integrated Antennas

come difficult or even inapplicable. In particular, validating the performance
of active integrated antennas and integrated antenna arrays, where direct
access to the antenna port is unavailable, requires alternative measurement
approaches capable of operating at the system level.

Motivated by these challenges and opportunities, this thesis focuses on the
measurement and characterization of active integrated antennas and antenna
arrays. The goal is to develop and evaluate measurement methodologies that
accurately capture the performance of tightly integrated antenna and antenna
array systems, thereby enabling the design and optimization of energy-efficient
wireless communication technologies.

1.2 Active Integrated Antennas
Active integrated antennas (AIAs) are systems in which radiating elements are
co-designed and co-integrated with active circuitry such as power amplifiers
(PAs), low-noise amplifiers (LNAs), switches, phase shifters, oscillators, or
complete transceiver front-ends. In contrast to conventional RF architectures
with standardized 50 Ω interfaces and clearly defined reference planes, in AIAs
the antenna is a part of the active device’s load environment and can be used
as a functional element in the device’s matching. Intermediate interconnects,
transitions, and external matching networks are often intentionally eliminated
in order to reduce insertion loss, footprint, and cost [7], [8].

Active integrated antennas span a wide range of technologies and integration
levels. Packaging-wise they can be realized at the board level, package level,
or directly on chip, and frequently combine multiple integration domains in
hybrid solutions.

Board-level and module-level integration. In board-level implementations,
antennas and active electronics are realized on a common printed circuit board
(PCB) or multi-layer module substrate, typically with packaged integrated
circuits mounted in close proximity to the radiating elements. This approach
remains attractive for prototyping and for lower mmWave bands, and is widely
used in practical phased-array demonstrators and cost-oriented 28 GHz array
modules [11], [12]. Although short RF traces may still exist between device
and radiator, the antenna impedance already strongly influences the active
device operation.

5



Chapter 1 Introduction

(a) Antenna-in-package (AiP) photo [9]. (b) Antenna-on-chip (AoC) from [10].

Figure 1.1: Schematic categorization of active integrated antennas based on pack-
aging technology.

Antenna-in-package (AiP). In antenna-in-package solutions, the antenna
array and one or multiple RFICs are integrated within the same package using
technologies such as LTCC, or organic substrates. AiP is widely adopted
for highly integrated mmWave beamforming modules, because it combines
compactness with reduced RF loss and scalable array assembly [12]–[18]. In
many realizations, the antenna structure forms part of the output or input
matching network of the active device.

Antenna-on-chip (AoC). At very high frequencies, antennas can be inte-
grated directly on silicon or within the chip stack. Such antenna-on-chip im-
plementations enable extreme miniaturization and wafer-level scalability, but
efficiency is often limited by substrate losses and metallization constraints [19],
[20].

This division is not strict, and there are many examples of hybrid ap-
proaches, but it serves to illustrate the diversity of integration strategies and
the corresponding implications for design and measurement.

Regardless of the packaging technology, active integrated antennas can also
be categorized based on the active device co-integrated with the antenna.

From a system perspective, AIAs can also differ in the integrated active
function. Transmit arrays integrate PAs with radiators and may exploit direct
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1.3 Measurement techniques for integrated RF systems

matching or harmonic shaping through the antenna geometry [8], [21], [22].
Receive architectures integrate LNAs with antennas for joint impedance and
noise optimization [23], [24]. Highly integrated transceiver arrays combine
beamforming ICs and radiators into compact steerable apertures [12], [15],
[18]. In oscillator-based architectures, frequency generation and radiation are
merged into a single structure [25].

Despite their diversity, active integrated antennas share a fundamental char-
acteristic: the absence of a well-defined, physically accessible antenna port.
In many implementations, there is no standardized 50 Ω reference plane at
the antenna interface, and the antenna impedance forms part of the matching
environment of the active device. The effective load presented to the device is
therefore determined not only by local matching structures, but also by array
coupling, bias conditions, beamforming configuration, and the surrounding
environment.

As a consequence, conventional S-parameter measurements, which rely on
physically accessible ports and well-defined reference impedances, cannot be
directly applied at the antenna interface. At the same time, over-the-air mea-
surements alone do not provide direct access to the electrical quantities at the
device terminals.

In this thesis, the characterization problem is addressed by separating the
analysis of the active device from that of the antenna structure. First, the ac-
tive device is characterized under large-signal conditions so that its behavior is
known for a range of load impedances. Second, the integrated antenna or an-
tenna array is characterized using over-the-air (OTA) measurement techniques
that do not require direct electrical access to the antenna ports. Combining
these two aspects enables validation of active integrated antenna systems even
when a conventional antenna port is not available.

1.3 Measurement techniques for integrated RF
systems

This section provides an overview of the two principal measurement domains
that form the methodological foundation of this thesis.

Second, over-the-air (OTA) measurement techniques are discussed as the
primary framework for characterizing integrated antennas and arrays in the
absence of direct port access.
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Chapter 1 Introduction

Together, large-signal device characterization and OTA antenna character-
ization define the measurement space within which the contributions of this
thesis are positioned.

Large signal measurements of active RF devices
Large-signal characterization of active RF devices requires controlled variation
of the impedance presented at the device ports. Load-pull (LP) measurements
address this need by synthesizing different source and/or load reflection coef-
ficients while recording performance metrics such as output power, efficiency,
gain compression, and linearity [26]–[28]. Over the years, numerous load-pull
implementations have been proposed. Rather than classifying them by appli-
cation domain (harmonic, wideband, modulated, etc.), it is more instructive
to distinguish them by their impedance synthesis architecture.

Driver
PA

50Ω

a1 b1

DUT

a2 b2

Impedance
Tuner

50Ω

Figure 1.2: Schematic of an example passive load-pull measurement system.

Passive load-pull systems

Passive load-pull employs mechanically tunable impedance networks, typically
based on slide-screw or slug tuners, to present a desired reflection coefficient
at the fundamental frequency. These systems are robust, offer high power
handling capability, and remain widely used for baseline device characteri-
zation and modeling [27]. However, passive approaches suffer from several
limitations: (i) restricted Smith chart coverage due to insertion loss, (ii) slow
mechanical tuning, (iii) narrowband operation, and (iv) limited control over
harmonic impedances. Since the work presented in this thesis focuses on
electronically reconfigurable impedance environments and dynamic loading
effects, passive tuner-based systems are outside its scope.
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1.3 Measurement techniques for integrated RF systems

Active load-pull systems

In active load-pull systems, the desired reflection coefficient is synthesized by
electronically injecting a controlled signal wave at the DUT output. This
approach overcomes the loss limitations of passive tuners and enables rapid,
programmable impedance control [26], [29]. Because the impedance is syn-
thesized with the secondary source, active systems can, in principle, reach
any point on the Smith chart, including regions not accessible with passive
hardware.

Active load-pull systems are commonly implemented in either closed-loop
or open-loop configurations.

In closed-loop systems, the DUT output signal is sampled, amplified, phase-
shifted, and re-injected to synthesize the desired load condition. Such ar-
chitectures enable high reflection coefficient magnitudes and multi-harmonic
control with only one RF input signal, but they require careful stabilization
and calibration [30], [31].

In open-loop systems, the injected wave is generated independently of the
DUT output and programmed directly, typically using signal generators or
arbitrary waveform generators. Open-loop architectures are often more stable
and simpler to calibrate, compared to closed-loop setups. [32], [33].

Driver
PA

50Ω

a1 b1

DUT

a2 b2

φ

(a) Closed-loop active load-pull

Driver
PA

50Ω

a1 b1

DUT

a2 b2

50Ω

Injection
Amp

(b) Open-loop active load-pull

Figure 1.3: Conceptual comparison of closed-loop and open-loop active load-pull
architectures.
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Precise control of the synthesized load in both types of active LP setups
makes large-signal characterization of the active device possible at multiple
harmonics [34], and with modulated signals [32], and it can allow for time
domain control of the RF load-line of the DUT [35].

Relevance to integrated RF systems

For integrated and array-based transmitters, the effective load presented to
each active device may vary dynamically due to antenna coupling, beam steer-
ing, and environmental interactions. Active load-pull systems, particularly
electronically controlled open-loop implementations, therefore provide a nat-
ural experimental framework for emulating and studying such dynamic load-
ing conditions [36], [37]. This architectural perspective on load-pull serves
as a bridge toward the integrated and over-the-air load modulation concepts
developed in the following sections.

OTA measurements of integrated antennas and arrays.
The measurement of integrated antennas and antenna arrays presents unique
challenges compared to the characterization of standalone radiating elements.
In antenna-in-package (AiP) and antenna-on-chip (AoC) implementations, di-
rect electrical access to antenna ports is often unavailable, precluding con-
ventional VNA-based impedance and S-parameter measurements [38]. Fur-
thermore, probe-station measurements might be problematic because the RF
probe is located in the radiating near-field of the DUT and may be electrically
large at millimeter-wave and sub-THz frequencies, thereby perturbing the an-
tenna radiation behavior. As a result, characterization must rely primarily on
the radiated quantities obtained through over-the-air (OTA) techniques.

OTA characterization

Standard OTA strategies include direct far-field (DFF), indirect far-field (IFF),
near-field (NF) scanning, and midfield approaches [38]. These methods dif-
fer in measurement geometry and post-processing requirements but share a
common principle: they measure the radiated electromagnetic field.

In direct far-field measurements, the complex far-field distribution is sam-
pled and used to derive radiation patterns, gain, effective isotropic radiated
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1.3 Measurement techniques for integrated RF systems

power (EIRP), and total radiated power (TRP) [39]. For integrated anten-
nas, however, the lack of RF port access imposes fundamental constraints.
The device under test (DUT) must either operate as an active transmitter or
incorporate on-chip detection circuitry in receive mode. In transmit mode,
only radiated field metrics are directly observable; input impedance and re-
flection coefficients are not accessible. In receive mode, the detected output
depends jointly on antenna impedance, matching network, and receiver cir-
cuitry. Consequently, impedance matching and embedded element behavior
must be inferred indirectly.

(a) Schematic illustration of far-field OTA
measurement [39].

(b) Photograph of the experimental far-
field setup [39].

Figure 1.4: Example far-field OTA characterization of an integrated antenna.

To reduce spatial requirements and enable compact measurement setups,
near-field and midfield approaches have been proposed. By sampling the com-
plex electromagnetic field in the radiating near-field of the DUT and applying
NF–FF reconstruction algorithms, far-field quantities can be obtained without
requiring full Fraunhofer distances [40]. Such approaches have been experi-
mentally demonstrated for AiP phased arrays using multi-axis planar scan-
ners, enabling OTA calibration and radiation pattern reconstruction within a
compact environment [41].

Reverberation chamber (RC) techniques represent another extension of OTA
characterization. By generating statistically uniform and isotropic fields, RC-
based methods enable the extraction of total radiated power, efficiency, and
diversity-related metrics without strict far-field conditions. More recently, RC
techniques have been extended beyond radiation metrics to enable over-the-
air noise figure and system gain measurements of active integrated antennas
using controlled hot and cold noise environments inside the chamber [42].
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Chapter 1 Introduction

Figure 1.5: Hybrid near-field/far-field OTA measurement setup for a W-band AiP
phased array, employing a multi-axis scanner and phase-coherent mea-
surements. Adapted from [41].

Figure 1.6: Conceptual illustration of OTA noise-figure measurement using a re-
verberation chamber [42].
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1.3 Measurement techniques for integrated RF systems

These results demonstrate that OTA methods can be used to recover certain
receiver-level performance parameters in the absence of direct RF access.

Backscattering-based impedance reconstruction

A fundamentally different class of OTA techniques is based on controlled
backscattering modulation. Instead of observing only the radiated field, these
methods intentionally vary the antenna port termination and analyze the re-
sulting change in the reradiated field. By illuminating the antenna under test
(AUT) with a reference antenna and electronically switching the AUT load
between multiple impedance states, the reflection measured at the reference
antenna can be used to reconstruct the AUT input impedance and realized
gain through a multi-state scattering formulation [43].

Figure 1.7: Schematic of the backscattering measurement setup from [44].

This approach has recently been demonstrated for a D-band on-chip an-
tenna monolithically integrated with a reflective load switch, enabling con-
tactless impedance reconstruction without RF probe access [45]. Unlike other
measurement approaches discussed previously, backscattering methods do al-
low for passive S-parameters extraction of the passive part of AiAs.

Measurement limitations and open challenges
Conventional OTA techniques, whether based on far-field, near-field, or re-
verberation chamber environments, primarily provide field-based observables.
While these methods accurately characterize radiated performance, they offer
limited direct access to terminal electrical quantities such as input impedance,
embedded element loading, or mutual coupling.

Backscattering-based approaches demonstrate that electrically meaningful
antenna parameters can be reconstructed over the air through controlled load
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Chapter 1 Introduction

modulation. Existing demonstrations have validated this principle at the
single-element level, yet its extension to scalable array-level characterization
and practical measurement architectures has remained largely unexplored.

The development of a generalized and scalable backscattering-based frame-
work for integrated antenna arrays constitutes a central contribution of this
thesis.

1.4 Contributions of this thesis
The main contributions of this licentiate thesis are centered on the measure-
ment and validation of integrated antenna arrays from a system-level perspec-
tive. In particular, the thesis makes the following contributions:

• Development of a scalable backscattering-based over-the-air measure-
ment framework for antenna arrays without direct electrical access to
antenna ports, but with integrated switchable loads (Papers A, C).

• Application of the backscattering measurement method to integrated
antenna arrays and RIS (Paper D).

• Investigation of load-pull techniques as a means of validating active RF
devices under realistic antenna-imposed load conditions and hardware
implementation of low-cost self-contained measurement setup based on
the ZCU216 RFSoC board (Paper B).

1.5 Structure of this thesis
This licentiate thesis consists of two parts. Part I provides a summary of the
research topic and the main contributions, while Part II contains the appended
publications.

Chapter 1 introduces active integrated antennas and discusses the measure-
ment challenges that arise when antenna ports are inaccessible and when the
antenna is tightly integrated with active circuitry. Existing over-the-air and
load-modulation-based approaches are briefly reviewed.

Chapter 2 presents a backscattering-based over-the-air method for recon-
structing the passive S-parameters of integrated antenna arrays. A matrix
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1.5 Structure of this thesis

formulation for the multiport problem is introduced together with a system-
atic extraction procedure. Particular attention is given to phase-sign ambi-
guity and impedance renormalization. The method is validated numerically
and illustrated on a 28 GHz reconfigurable intelligent surface unit cell with
tunable components.

Chapter 3 describes a compact open-loop active load-pull measurement
setup implemented on a single RFSoC evaluation board. The system archi-
tecture, calibration strategy, and impedance synthesis model are presented.
The setup is validated through return-loss, small-signal gain, and load-pull
measurements of a commercial RF power amplifier.

Chapter 4 summarizes the appended papers and clarifies their individual
contributions.

Chapter 5 concludes the thesis and outlines possible directions for further
research.
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CHAPTER 2

Backscattering OTA Measurements of Integrated
Antenna Arrays

This chapter presents a backscattering over-the-air measurement technique for
integrated antenna arrays. The method enables the extraction of the passive
scattering parameters and embedded element patterns (EEP) of the array
without direct access to the antenna ports by modulating loads present to the
array elements. Phase ambiguity is discussed and resolved in the monostatic
case by relying on the geometry of the array and the finite probe distance.
This method is validated through numerical simulations, and also usage of RF
front-end as tunable loads is also speculated. Also, this method was applied to
a 27-GHz RIS unitcell when pin-diodes and varactors are embedded directly
in the aperture.

Problem formulation
Consider an integrated antenna array consisting of N antenna ports, illumi-
nated by a chamber antenna connected to a one-port VNA. Due to the absence
of direct electrical access to the antenna ports, the passive electromagnetic
behavior of the array must be evaluated indirectly through over-the-air inter-
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

action.
The combined measurement setup is modeled as a passive, linear, time-

invariant (N + 1)-port network. Port 1 corresponds to the probe antenna,
while ports 2 through N + 1 correspond to the antenna array ports. The
scattering behavior of the combined system is described by the scattering
matrix

Chamber

AUT 1

a1

b1

[S]

AUT N
antenna

AUT n-1

b2

a2

bn

an

bN+1

aN+1

...
...

...
...

Figure 2.1: Schematic of the backscattering measurement setup for an antenna
array.

[
b1
b

]
= S

[
a1
a

]
(2.1)

where a and b are the vectors of the forward and backward wave amplitudes
at the AUT ports, respectively. Furthermore,

S =
[

S11 SCA,AUT
SAUT,CA SAUT

]
(2.2)

where S11 is the CA port reflection coefficient if a = 0, SAUT,CA and SCA,AUT
are N × 1 and 1 × N vectors composed of transmission coefficients from the
chamber antenna to AUT and from AUT to chamber antenna, respectively,
and SAUT is the N × N scattering matrix composed of reflection coefficients
of the AUT array elements and coupling coefficients between them.

The antenna array ports are terminated with known, controllable reflection
coefficients collected in the diagonal matrix

Γ = diag(Γ2, Γ3, . . . , ΓN+1). (2.3)
so one can write a = Γb. The goal is to extract the scattering matrix SAUT
of the antenna array from measurements of the backscattered signal at the
probe antenna, which corresponds to b1 in (2.1).
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2.1 Measurement procedure

It is well known that the scattering parameters for partially terminated
multiport networks can be calculated as follows:

Ŝ11 = S11 + ST
AUT,CA (I − ΓSAUT)−1 ΓSAUT,CA (2.4)

Equation (2.4) forms the basis of the proposed measurement approach. The
unknown quantity of interest is the antenna array scattering matrix SAUT as
well as SAUT,CA – transmission coefficients between CA and AUT, while Ŝ11
is directly measurable for different realizations of Γ.

This equation is, in general, nonlinear in SAUT due to the matrix inverse.
However, by carefully designing the load modulation strategy (i.e., selecting
specific Γ configurations), it is possible to isolate the contributions of individ-
ual scattering parameters and recover SAUT in a systematic manner.

2.1 Measurement procedure
The procedure to extract the scattering parameters of the antenna array in-
volves three main steps: measuring the reflection coefficient of the probe an-
tenna when all AUT ports are terminated with a matched load, then extract-
ing the diagonal terms of SAUT by modulating one port at a time, and finally
recovering the mutual coupling terms by jointly modulating pairs of ports.

Step 1 The first step is to measure the reflection coefficient Ŝ
(0)
11 at the probe

antenna when all AUT ports are terminated with a matched load, i.e., Γn = 0
for all n. This provides a baseline measurement that captures the direct
reflection from the probe and structural scattering. The resulting expression
simplifies to

Ŝ
(0)
11 = S11 (2.5)

Step 2 Next, to extract the Snn and S2
n1 elements of SAUT, each port n

is individually modulated while all other ports remain terminated with the
matched load. Specifically, port n is switched between k distinct load states
while Γm = 0 for all m ̸= n. It can be shown that this case is the same as for
two-port network, so the measured reflection coefficient at the probe antenna
can be expressed as

Ŝ11 = S11 + S2
n1Γn

1 − ΓnSnn
where Γm = 0 for m ̸= n (2.6)
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

where n ∈ {2, 3, . . . , N + 1} and m = 2, 3, . . . , N + 1. For measurements
k = 1, . . . , K this leads to the matrix equation

Ŝ
(1)
11

Ŝ
(2)
11
...

Ŝ
(K)
11

 =


1 Ŝ

(1)
11 Γ(1)

n Γ(1)
n

1 Ŝ
(2)
11 Γ(2)

n Γ(2)
n

...
...

...
1 Ŝ

(K)
11 Γ(K)

n Γ(K)
n


 S11

Snn

S2
n1 − S11Snn

 (2.7)

which can be solved for S11, Snn, and S2
n1, if K ≥ 3 [45], i.e., if one uses at

least three different loads Γ(k)
n , or at least two if S11 is known.

Step 3 In the final step, the mutual coupling terms Snm with m ̸= n are
recovered by jointly modulating a pair of ports while all remaining ports are
terminated with the matched load. Specifically, ports n and m are assigned
nonzero reflection coefficients Γn and Γm, while Γℓ = 0 for all ℓ /∈ {n, m}.

Under this condition, the matrix ΓSAUT contains only two nonzero rows
corresponding to ports n and m. Consequently, the matrix

I − ΓSAUT

differs from the identity only in these two rows. By iterative application of
the Laplace expansion, its determinant reduces to that of the corresponding
2 × 2 submatrix, i.e.,

det(I − ΓSAUT) = det
[
1 − ΓnSnn −ΓnSnm

−ΓmSmn 1 − ΓmSmm

]
. (2.8)

To evaluate the inverse
(I − ΓSAUT)−1,

the adjugate matrix must be computed. Due to the structure of Γ, only the
nth and mth rows of the cofactor matrix contribute after multiplication by Γ.
Moreover, it can be shown that the cofactor elements satisfy

Cij = 0 for i ∈ {n, m}, j /∈ {n, m},

such that the product
(I − ΓSAUT)−1Γ

contains only four nonzero entries.
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2.1 Measurement procedure

Assuming reciprocity of the antenna array, i.e., SAUT is symmetric, and
defining

X = Ŝ11 − S11,

Eq. (2.4) simplifies to

X =

[
Sn1
Sm1

]T[
Γn − ΓnΓmSmm ΓnΓmSnm

ΓnΓmSnm Γm − ΓmΓnSnn

][
Sn1
Sm1

]
(1 − ΓnSnn)(1 − ΓmSmm) − ΓnΓmS2

nm

. (2.9)

After completion of Steps 1 and 2, the quantities S11, Snn, Smm, Sn1,
and Sm1 are already known. Therefore, Eq. (2.9) contains a single unknown
parameter, Snm, and reduces to a quadratic equation of the form

c1S2
nm + c2Snm + c3 = 0, (2.10)

where
c1 = XΓnΓm, c2 = 2ΓnΓmSn1Sm1,

c3 = ΓnS2
n1+ΓmS2

m1−ΓnΓm

(
S2

n1Smm + S2
m1Snn

)
−X(1−ΓnSnn)(1−ΓmSmm).

Since the coefficients ci are complex-valued, two independent measurements
with distinct load pairs (Γn, Γm) are sufficient to uniquely determine Snm.

Phase-Sign Ambiguity In Step 2, the quantity S2
n1 is recovered, implying

that Sn1 is determined only up to a sign. Both Sn1 and −Sn1 satisfy the
solution, introducing a phase-sign ambiguity.

This ambiguity propagates to the mutual coupling coefficients Snm obtained
in Step 3, since the coefficient c2 in (2.10) depends linearly on Sn1Sm1. A sign
change in either term alters the phase of Snm.

While irrelevant for a single antenna, consistent phase relationships are
essential for arrays, particularly for active reflection coefficient evaluation and
beamforming based on embedded element patterns.

To resolve the ambiguity, a physical consistency constraint is imposed. It is
assumed that phase variation between adjacent elements of SCA,AUT is mini-
mal, which is justified for sufficiently large probe distances. After computing
all possible sign combinations, the configuration minimizing phase discon-
tinuities across neighboring terms is selected, yielding a globally consistent
scattering matrix.
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

Impedance Renormalization Perfectly matched 50 Ω terminations are rarely
available in practice. Therefore, the extraction procedure must account for
arbitrary reference impedances.

Using Kurokawa’s power-wave formulation [46], a change of reference impedance
from Zold to Znew transforms the scattering matrix as

S′ = A−1 (
S − Γ†)

(I − ΓS)−1 A†, (2.11)

where Γ = diag(ri) contains the reflection coefficients of Znew relative to Zold,
and A is defined accordingly.

In the power-wave formalism, zero reflections at an interconnection require
conjugate-matched impedances. Consequently, load S-parameters are renor-
malized to Z∗

new, while the measured Ŝ11 is referenced to Znew.
This ensures impedance consistency of all quantities entering the extraction

algorithm.

Figure 2.2: Simulated 2 × 2 dipole array.

This approach was tested in simulations for a 2 × 2 and 2 × 4 dipole array
(Fig. 2.2), with a chamber antenna of identical dimensions and polarization
(not shown) from a 240 mm distance and with a 6 mm vertical and horizontal
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2.1 Measurement procedure

offset from the AUT’s ground plane center. The AUT was terminated with
loads from Fig. 2.4, and the probe reflection coefficient Ŝ11 was computed for
each load configuration.

As can be seen from Figs. 2.2 and 2.3, the S-parameters recovered with this
method agree with the reference results within numerical precision.

Figure 2.3: Simulated 2 × 4 dipole array.

Figure 2.4: Load configurations used for scattering parameter extraction.

The terminations used for antenna characterization do not necessarily have
to be dedicated, specially designed RF loads. Instead, the required set of
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays
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Figure 2.5: Schematic of the PA used for simulations in Paper C.
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Figure 2.6: Schematic of the Tx/Rx switch used for simulations in Paper C.

distinct reflection states can be provided by the already integrated RF front-
end connected to the antenna, which then acts as a load-modulation device.
This avoids additional load-switching circuitry and leverages existing bias and
control infrastructure.

Two representative cases were analyzed in Paper C. First, a Tx-only con-
figuration was considered where the PA output is directly connected to the
antenna (Fig. 2.5). Here, different load states are obtained by changing the PA
bias conditions. Since at least three distinct loads are required for the basic
inversion when S11 is not assumed known, the PA was operated in three bias
states (“On”, “Mid”, “Off”), selected such that the resulting output reflection
coefficients are sufficiently separated over frequency (Table I in Paper C and
Fig. 2.7a).

Second, a half-duplex Tx/Rx front-end was analyzed (Fig. 2.6), where both
the PA and LNA are deactivated and the reflection state is synthesized by the
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2.1 Measurement procedure
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Figure 2.7: Reflection states used for load modulation in the two frontend config-
urations considered in Paper C.

Tx/Rx switch alone. In this case, three switch modes (“Tx”, “Rx”, “Reflect”)
provide the necessary diversity in Γ (Table II in Paper C and Fig. 2.7b).

In both configurations, the simulated backscattering measurements confirm
that using front-end state changes as the load-modulation mechanism is suffi-
cient for accurate recovery of the passive DUT parameters, provided that the
chosen states yield repeatable and well-separated reflection coefficients.

Element Pattern Recovery and Array Beamforming Beyond extracting the
passive scattering matrix, the proposed backscattering framework enables re-
covery of embedded element patterns and full array radiation patterns once
the multiport model of the AUT is reconstructed.

If either the chamber antenna (CA) or the AUT is mechanically rotated,
element patterns can be recovered at each angular position. The recovery
relies on the Friis transmission equation,

|S21|2 = GΠ

(
λ0

4πR

)2
, (2.12)
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

where R is the phase-center distance and GΠ the gain product in the consid-
ered direction. Since the effective distance differs from the physical separation
d, we write R = d + ∆d, which leads to(

λ0

4π|S21|

)2
= 1

GΠ
(d + ∆d)2, (2.13)

a quadratic expression in GΠ and ∆d. Sweeping d and applying quadratic
regression allows simultaneous estimation of both parameters.

By repeating this procedure over the desired angular range, the embedded
element patterns are reconstructed.

Figure 2.8 shows representative recovered patterns for a 2×2 array, demon-
strating excellent agreement with reference simulations except near deep nulls.
The relative error,

|Gref − Ĝ|
max(|Gref|)

× 100%, (2.14)

remains below 0.5% for co-polar components.

Figure 2.8: Recovered embedded element patterns.

Once the embedded patterns are known, the full array radiation pattern
for arbitrary excitation vector a is obtained by setting a1 = 0 in (2.1) and
evaluating the normalized radiated power |b1|2

a†a .
Quadratic regression based on (2.13) yields the corresponding gain.
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2.1 Measurement procedure

Figure 2.9: Recovered combined array patterns for sum and difference excitations.

The reconstructed sum and difference patterns (Fig. 2.9) exhibit relative
errors below 0.6% and 0.8%, respectively, with deviations concentrated near
deep nulls.

These results confirm that the proposed backscattering-based method en-
ables accurate recovery of both element-level and array-level radiation char-
acteristics through over-the-air measurements without direct port access.

Application to a 28 GHz RIS unit cell
The proposed backscattering-based extraction framework was validated ex-
perimentally on a reconfigurable intelligent surface (RIS) unit cell operating
in the 28 GHz band. In contrast to conventional antenna arrays, the RIS
element does not provide a well-defined RF port that can be directly ac-
cessed and calibrated. Instead, reconfiguration is achieved through tunable
components embedded into the radiating aperture, which makes OTA-based
characterization particularly attractive.

Figure 2.10 shows the fabricated unit cell, implemented as an end-folded
patch loaded with a PIN diode and a varactor diode. Both the PIN diode and
varactor enables continuous tuning through bias control. To study coupling
effects, two unit cells were placed side-by-side, forming a 1 × 2 prototype with
four tuning ports in total (two per unit cell). The monostatic measurement
configuration is shown in Fig. 2.11a, where a chamber antenna is connected to
a one-port VNA and used to illuminate the DUT and measure the backscat-
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

Figure 2.10: Unit-cell photo and drawing.

(a) Photo of the measure-
ment setup.

DUT

Probe

d

DC control

(b) Schematic drawing of the
measurement setup.

Figure 2.11: Measurement setup for the RIS unit cell.

tered signal Ŝ11 for different bias configurations.
The extraction requires a set of distinct load states. In practice, these states

are realized by biasing the PIN and varactor diodes such that the correspond-
ing reflection coefficients at the tuning ports are sufficiently separated. For
this purpose, the diodes were separately measured and a nonlinear equivalent
circuit model was fitted to the data, which was used during the measurement.
Figure 2.12a shows the measured reflection coefficients at the PIN-diode and
varactor-diode junctions over frequency, while Fig. 2.12b shows the measured
coupling between the two tuning ports within a unit cell.

For each selected combination of diode bias states (i.e., a specific diagonal
Γ), the probe reflection coefficient Ŝ11 was measured and the corresponding
equivalent multiport scattering parameters were recovered using the proce-
dure in Sec. 2.1 (Steps 1–3). The extracted scattering parameters were then
converted to impedance parameters.
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2.1 Measurement procedure

(a) Measured reflection coefficient at the PIN-
diode and varactor-diode junctions.

(b) Measured coupling between varac-
tor and PIN diode.

Figure 2.12: Measured S-parameters of the RIS tuning network.

Figure 2.13: Extracted impedance parameters of the RIS tuning network (from
reconstructed S-parameters).

Figure 2.13 shows the extracted impedance parameters, demonstrating that
the proposed backscattering inversion can recover not only the effective port
reflection behavior but also the mutual coupling between the tuning ports.
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Chapter 2 Backscattering OTA Measurements of Integrated Antenna Arrays

Overall, this experiment confirms that the proposed method can be ap-
plied to highly integrated RIS elements with embedded tunable components,
enabling OTA validation in the 28 GHz band without direct RF access to
unit-cell ports.

In summary, the proposed backscattering-based OTA framework enables
extraction of the passive multiport scattering parameters of integrated an-
tenna arrays without direct RF access to the antenna ports. Through con-
trolled load modulation, phase correction post-processing step, and impedance
renormalization, the passive S-parameter matrix of the antenna array is re-
constructed. This method, in principle, can be used with already present RF
front-end and do not necessarily entails complications in the antenna design.
The method further supports embedded element pattern recovery and beam-
forming analysis, and its validity is confirmed through various simulations and
measurements on a 28 GHz RIS unit cell.
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CHAPTER 3

Active Device Characterization by Open-Loop Active
Load-Pull

This chapter summarizes a self-contained open-loop active load-pull measure-
ment system implemented on a single ZCU216 RFSoC evaluation board [47].
The setup utilizes two DACs and four high-speed ADCs of the RFSoC to
simultaneously synthesize a programmable load impedance presented to the
DUT and to sample the signals at its input and output terminals.

This architecture eliminates the need for external RF instrumentation such
as signal generators and vector network analyzers. Combined with a compact
in situ calibration model for load impedance synthesis, the approach provides
an accurate, repeatable, and cost-effective platform for active device charac-
terization under controlled impedance conditions.

Measurement setup and operating principle
The proposed system is built around the ZCU216 RFSoC evaluation board,
which provides integrated high-speed DACs and ADCs for stimulus genera-
tion and waveform acquisition. Signal generation uses direct digital synthesis
(DDS) at 8 GSPS (second Nyquist zone), while receive part uses undersam-
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Chapter 3 Active Device Characterization by Open-Loop Active Load-Pull

pling at 2.5 GSPS. Out-of-band images are suppressed using bandpass filters
(4.9–6.2 GHz).
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Figure 3.1: System-level schematic of the RFSoC-based open-loop active load-pull
setup.

A practical implementation of the RF path includes directional couplers,
attenuators, an injection amplifier, and a receive preamplifier.

The key idea is to synthesize a desired load reflection coefficient ΓLoad at
the DUT output plane by controlling the ratio of two DAC-generated inci-
dent waves and compensating for unknown reflections and phase shifts in the
measurement path through an in situ calibration model.

In situ calibration model for load synthesis
In active load-pull, mismatch between the DUT and the injection amplifier
leads to multiple reflections, while unknown cable length and nonlinear behav-
ior distort the amplitude and phase of the synthesized waves. These effects
prevent direct control of ΓLoad using only the programmed DAC waveforms.

To address this, a simple calibration model is introduced by describing the
total incoming and outgoing waves at the DUT output plane (a2, b2) as a
geometric series. For a linearized case,

a2 = ainc
2 + ainc

1 SDUT
21 ΓPAα2e−j2∆ϕ

1 − SDUT
22 ΓPAα2e−j2∆ϕ

, (3.1a)

b2 = ainc
2 SDUT

22 + ainc
1 SDUT

21
1 − SDUT

22 ΓPAα2e−j2∆ϕ
, (3.1b)
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Figure 3.2: Photo of the implemented load-pull measurement setup.

where ainc
i denote the incident waves synthesized by the DACs, ΓPA is the

reflection coefficient of the injection amplifier, and αe−j∆ϕ models the one-
way attenuation and phase shift from the DUT plane to the injection amplifier.

The effective reflection coefficient seen by the DUT is then

ΓLoad = a2

b2
. (3.2)

Defining the programmed reflection coefficient as

Γset = ainc
2

ainc
1

, (3.3)

the model can be expressed in the compact rational form

ΓLoad = α0 + α1Γset

1 + α2Γset
, (3.4)

where {αn} capture the combined effect of unknown reflections, attenua-
tion, and phase shifts in the signal path. Since the DUT behavior is power-
dependent, the model parameters are fitted separately for each input power
level.

Calibration and synthesis accuracy
The model parameters are obtained by nonlinear least-squares fitting (e.g.,
lsqnonlin) initialized from three calibration points distributed over the Smith
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chart, for example Γset ∈ {0, 0.5, 0.5j}. After calibration, the synthesized
reflection coefficients closely match their goals (Fig. 3.3).
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Figure 3.3: Model accuracy and comparison to measured data.
The error metrics are defined as

Relative error = |Γmeasured − Γgoal|
|Γgoal|

× 100%,

Absolute error = |Γmeasured − Γgoal|.

Measured results show sub-2.5% relative error and below 0.5% on average
(excluding the chart center), with absolute error below approximately 0.03
Ohm over the Smith chart.

Example measurements
The setup was demonstrated in two regimes: (i) operation as a compact two-
port VNA for small-signal measurements, and (ii) active load-pull measure-
ments of a commercial RF power amplifier.

A 3D-printed horn antenna was measured and compared against a labora-
tory VNA, showing deviations below approximately 0.5 dB, mainly attributed
to environmental standing waves.
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(a) Relative error, [%]. (b) Absolute error.

Figure 3.4: Measured error depending on the position on the Smith chart.
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Figure 3.5: Horn antenna return loss: RFSoC measurement versus reference VNA.

The small-signal gain of the QPA9501 power amplifier was measured and
matched the reference VNA and datasheet trends, with a peak deviation of
approximately 0.5 dB.

Finally, load-pull measurements were performed at 5.4 GHz. The measured
contours for power-added efficiency (PAE) and output power identify differ-
ent optimal impedances: the highest PAE occurs near 41.7 − j13.2 Ω, while
the maximum output power occurs near 32.2 − j11.3 Ω. This separation is
expected under overdriven conditions, where efficiency- and power-optimal
terminations shift away from 50 Ω.

In summary, the presented RFSoC-based open-loop active load-pull ap-
proach provides a compact and cost-effective platform for characterizing active
RF devices under controlled impedance environments. The in situ calibration

35



CHAPTER 4

Summary of included papers

This chapter provides a summary of the included papers.

4.1 Paper A
Iaroslav Shilinkov, Rob Maaskant
Antenna Array Measurements by a Scalable Backscatter Modulation
Procedure
IEEE Antennas and Wireless Propagation Letters,
vol. 23, no. 10, pp. 2989-2993, Oct. 2024.
© IEEE. DOI 10.1109/LAWP.2024.3417335 .

This paper introduces a scalable over-the-air backscatter modulation tech-
nique for systematic characterization of antenna arrays. A generic matrix-
based formulation enables extraction of full passive S-parameters, embedded
element patterns, and array radiation characteristics using only three switch-
able load terminations per element. A renormalization procedure is incorpo-
rated to simplify practical implementation at mm-wave frequencies, and the
sign ambiguity in phase retrieval of coupling coefficients is resolved. Numer-
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ical validation for four- and eight-element dipole arrays demonstrates highly
accurate recovery of impedance and radiation properties.

IS developed the theoretical framework, implemented the recovery algo-
rithms, performed simulations, and wrote the manuscript. RM supervised the
research, contributed to conceptual development, and reviewed and refined
the manuscript.

4.2 Paper B
Iaroslav Shilinkov, Rob Maaskant, Gregor Lasser
Open-loop Active Load-pull Setup Using the ZCU216 Radio Frequency
System-on-Chip
IEEE Microwave and Wireless Technology Letters,
vol. 35, no. 12, pp. 2121-2124, Dec. 2025.
© 2025 The Authors. Published by IEEE DOI 10.1109/LMWT.2025.3633956.
.

This paper presents a fully self-contained active open-loop load-pull mea-
surement system implemented on a commercial RFSoC evaluation board. By
leveraging integrated high-speed DACs and ADCs, the setup eliminates the
need for external signal generators and vector network analyzers. A simple cal-
ibration and impedance synthesis method is introduced to accurately realize
arbitrary load impedances without prior knowledge of the device under test.
The system is experimentally validated through antenna return-loss measure-
ments, small-signal gain characterization, and active load-pull measurements
of a commercial RF power amplifier at 5.4 GHz.

IS conceived the system architecture, developed the calibration and impedance
synthesis algorithms, implemented the measurement software, carried out ex-
periments, and wrote the manuscript. RM and GL contributed to conceptual
discussions, supervision, interpretation of results, and manuscript refinement.

4.3 Paper C
Iaroslav Shilinkov, Viktor Chernikov, Rob Maaskant, Marianna Ivashina
Antenna Characterization by the Back-Scattering Measurement Method
Using the Integrated RF-Frontend as Load Modulation Device
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4.4 Paper D

25th International Conference on Electromagnetics in Advanced Appli-
cations (ICEAA), 2024.
© IEEE. DOI 10.1109/ICEAA61917.2024.10701632 .

This paper demonstrates an over-the-air back-scattering measurement tech-
nique for characterizing antennas integrated with RF frontends. Instead of
employing dedicated load-switching circuitry, the operational states of ex-
isting frontend components such as power amplifiers, low-noise amplifiers,
and Tx/Rx switches are used to modulate the antenna load impedance. The
method enables recovery of the antenna reflection coefficient and realized gain
without physical port access. Numerical validation at 100 GHz using on-chip
antennas and two frontend architectures confirms highly accurate parameter
extraction and analyzes sensitivity to measurement noise and antenna sepa-
ration.

IS developed the theoretical formulation, implemented the numerical vali-
dation, performed simulations, and prepared the manuscript. VC contributed
to circuit modeling and frontend implementation. RM and MI supervised the
research, contributed to conceptual development, and reviewed the manuscript.

4.4 Paper D
Iaroslav Shilinkov, Oleg Iupikov, Pavlo Krasov, Yuqing Zhu, Rob Maaskant,
Marianna Ivashina
Measurement of Reconfigurable Intelligent Surfaces Through the Back-
Scattering Method: Demonstration at 28 GHz
19th European Conference on Antennas and Propagation
(EuCAP),Stockholm, Sweden, 2025.
© 2025 IEEE. DOI 10.23919/EuCAP63536.2025.10999375 .

This paper presents an over-the-air back-scattering measurement technique
for characterizing reconfigurable intelligent surface (RIS) unit cells without
direct RF port access. The method enables recovery of the input impedance
and coupling characteristics of RIS unit cells by exploiting electronically tun-
able diode loads to modulate the backscattered field. Experimental validation
at 28 GHz is performed on a two-unit-cell RIS prototype featuring indepen-
dently controlled PIN and varactor diodes. The results demonstrate practical
feasibility of impedance extraction and highlight the influence of diode mod-
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eling accuracy and measurement noise on parameter recovery.
IS developed the measurement framework, implemented the parameter ex-

traction procedure, conducted experiments, and prepared the manuscript. OI,
PK, and YZ contributed to RIS prototype design, diode modeling, and mea-
surements. RM and MI supervised the research, contributed to conceptual
development, and reviewed the manuscript.
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CHAPTER 5

Concluding Remarks and Future Work

5.1 Concluding remarks
This thesis investigated the problem of AiA measurements. Conceptually this
problem splits into two:

1. Reconstruction of passive multiport antenna parameters without direct
port access.

2. Large-signal device characterization.

In Chapter 2, a backscattering-based method was formulated to recover the
passive S-parameters of multi-element antenna arrays from over-the-air mea-
surements with controllable load terminations. A scalable matrix formulation
was introduced, allowing systematic extraction of S-parameters. The analysis
explicitly addressed phase-sign ambiguity in the recovered transmission coef-
ficients and introduced an impedance renormalization procedure suitable for
practical mm-wave measurements. Numerical studies demonstrated accurate
reconstruction for four- and eight-element arrays.

The approach was further illustrated for a 28 GHz reconfigurable intelligent
surface unit cell containing tunable components embedded in aperture. The

41



Chapter 5 Concluding Remarks and Future Work

results showed that impedance-related parameters can, in principle, be recon-
structed through load modulation, although the accuracy depends strongly
on load modeling, tuning range, and measurement dynamic range.

In Chapter 3, a fully self-contained open-loop active load-pull system based
on a commercial RFSoC evaluation board was presented. The setup removes
the need for external RF generators and VNAs by using integrated DACs
and ADCs. A simple in situ calibration model was introduced to compensate
for multiple reflections and unknown phase shifts in the measurement path.
Experimental results demonstrated accurate return-loss measurements, small-
signal gain validation, and large-signal load-pull contours at 5.4 GHz.

The work therefore contributes:

• A scalable passive parameter reconstruction framework for antenna ar-
rays using backscattering load modulation with practical demonstration
applied to RIS.

• A compact and reconfigurable implementation of open-loop active load-
pull.

5.2 Future work
The next natural step is the design and validation of active integrated antenna
(AIA) arrays. This requires consistent co-simulation of nonlinear power am-
plifiers and multi-element antenna arrays using either modeled or measured
array parameters.

The passive multiport reconstruction framework developed in this thesis
provides a mechanism to extract array S-parameters even when direct port
access is unavailable. In future work, these reconstructed passive models can
be embedded into nonlinear circuit simulations to evaluate their adequacy for
AIA co-design.

Furthermore, the RFSoC-based active load-pull platform enables programmable
impedance synthesis at the device plane. This capability can be used to em-
ulate impedance trajectories representative of array-induced loading under
beam steering and mutual coupling. By combining array-derived active re-
flection coefficients with programmable load synthesis, the impact of realistic
array environments on PA efficiency, linearity, and stability can be studied
experimentally.
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5.2 Future work

Overall, the presented work provides two complementary building blocks:
passive multiport reconstruction without direct port access and programmable
impedance synthesis using compact hardware. Future research will explore
how these tools can be integrated into a consistent co-design and validation
workflow for active integrated antenna arrays.
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