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To the ceaseless quest.





Abstract

Extensive research into reconfigurable intelligent surface (RIS) technology for
manipulating electromagnetic (EM) propagation environments has enabled
a wide range of emerging applications. This thesis explores the application
of RISs in developing efficient and cost-effective over-the-air (OTA) testing
methods and platforms for future wireless systems—a use case that demands
advanced RIS architectures capable of complex field synthesis. Departing from
conventional phase-only RIS designs, this work focuses on the development of
amplitude-phase controllable RISs to provide enhanced control flexibility. A
comprehensive framework encompassing RIS unit cell (UC) design, modeling,
analysis, and experimental validation is established, addressing key technical
challenges encountered at millimeter-wave (mmWave) frequencies.

This study presents a complete workflow from component-level evaluation
to system-level demonstration. Tunable components—specifically p-i-n and
varactor diodes—are experimentally characterized, and improved diode cir-
cuit models (DCMs) and EM models (EMMs) are developed to capture high-
frequency parasitics and bias-dependent junction impedances. Two mmWave
UCs are designed to address device-specific constraints: the varactor-based
UC achieves continuous phase tuning exceeding 330.7◦, despite a limited ca-
pacitance tuning ratio of 1.8; the p-i-n-based UC enables continuous amplitude
tuning from 0 to 0.8, while revealing distinct nonlinear phase shift.

To realize simultaneous, independent, and continuous amplitude-phase con-
trol, a loop-embedded, end-folded RIS UC is proposed, integrating a forward-
biased p-i-n diode and a reverse-biased varactor diode. A generalized complex-
plane representation, referred to as Γ-coverage, is introduced to visualize UC
reflection properties across the full bias space. Two performance metrics,
Acov and Γmax, are defined to quantify reconfigurability. At 28 GHz, the UC
achieves a 0–0.5 amplitude tuning range and full 360◦ phase control, with
maximized Γ-coverage. The design employs a rigorous EM-circuit co-design
methodology, incorporating DCMs, EMMs, and a semi-analytical equivalent
circuit model (ECM) for accurate performance prediction under varying bias
conditions and incidence angles.

The proposed RIS UC is further validated in a proof-of-concept OTA sce-
nario, serving as a near-field plane wave (PW) generator for a compact an-
tenna test range (CATR). The RIS-assisted configuration demonstrates high
field uniformity and over 20 dB improvement in dynamic range compared to
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conventional far-field test ranges. These results highlight the strong potential
of RIS technology for integration into next-generation OTA testing platforms.

Keywords: Reconfigurable intelligent surface (RIS), millimeter-wave (mmWave),
amplitude and phase control, over-the-air (OTA) testing.
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CHAPTER 1

Introduction

1.1 RIS and Emerging OTA Testing Applications

Reconfigurable intelligent surfaces (RISs) are envisioned as a promising tech-
nology for transforming the inherently implicit and random wireless propa-
gation environment into a programmable and controllable one by tailoring
the electromagnetic (EM) wavefront of incident radio signals [1]. An RIS
typically consists of a large number of individually tunable unit cells (UCs),
whose microscopic design collectively determines the macroscopic response
of the surface. This EM wave manipulation capability enables a variety of
potential applications, including non-line-of-sight coverage enhancement, in-
terference suppression, and beam focusing for radio localization and wireless
power transfer, contributing to the realization of smart radio environments,
as illustrated in Fig. 1.1.

While RISs have been extensively studied for enhancing wireless communi-
cation systems, their applicability extends further into other novel domains.
One notable emerging near-field application is RIS-assisted over-the-air (OTA)
testing of wireless systems, as elaborated in Papers [D], [F], and [G]. In this
context, RISs are employed to synthesize reconfigurable channel matrices,
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Chapter 1 Introduction

Figure 1.1: RIS-enabled smart radio environments [1].

enabling dynamic test environments for devices under test (DUTs). This ap-
proach offers a cost-effective alternative to large-scale active phased arrays and
multi-probe compact antenna test ranges (CATRs), particularly at millimeter-
wave (mmWave) frequencies. Representative OTA testing scenarios include
plane wave (PW) generation with controllable angles of arrival to emulate the
test zone volume (see Paper [D]), as well as the emulation of a wireless cable
environment that links test probes and DUTs with high channel isolation (see
Paper [F]), as sketched in Fig. 1.2.

The expanding application to OTA testing imposes more stringent require-
ments on the functionality of RISs. Traditional phase-only controllable RIS
architectures, typically limited to 1-bit or 2-bit resolution, are insufficient for
accurately shaping the field distribution [2]. To meet the accuracy demands
of the above configurations, RISs must support advanced field synthesis algo-
rithms that utilize simultaneous amplitude-phase control across the reflection-
absorption spectrum. This necessitates the development of optimized RIS
UCs with high-resolution biasing, while accounting for amplitude-phase in-
terdependence. The specific UC requirements needed to achieve the desired
OTA chamber quality are summarized in Table 1.1.

4



1.2 Amplitude-Phase Controllable RISs

(a) (b)

Figure 1.2: Examples of RIS-assisted OTA testing systems. (a) PW generator [D].
(b) Wireless cable [F].

Table 1.1: Requirements for the RIS UC in OTA Testing Applications
Requirements PW generator [D] Wireless cable [F]

Independent amplitude-phase control Yes Yes
Amplitude and phase resolution ≥4 bits ≥5 bits

Amplitude dynamic range ≥23 dB ≥16 dB
Phase dynamic range 360◦ 360◦

1.2 Amplitude-Phase Controllable RISs
Compared to conventional phase-only control methods [3], achieving full amplitude-
phase reconfigurability in RISs remains largely unexplored. In recent years,
reflective RISs and reconfigurable metasurfaces with real-time, simultane-
ous amplitude and phase tuning have garnered growing attention. Various
reconfigurable mechanisms have been investigated, including discrete diode
films [4]–[11], graphene [12], [13], vanadium dioxide [14], and integrated cir-
cuits [15]. Several reported solutions are shown in Fig. 1.3. These devel-
opments have opened up new avenues for multifunctional RIS applications,
particularly in flexible beamforming scenarios such as multi-beam steering
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Chapter 1 Introduction

with variable power intensity.
Among these approaches, diode-integrated UCs are widely adopted due to

their relatively low complexity and cost. For instance, p-i-n diodes can be
switched between ON and OFF states to realize 1-bit phase quantization [4],
or biased in transition states for amplitude control [5], [6]. However, in such
designs, amplitude and phase cannot be controlled independently, resulting in
a limited set of discrete UC states [7], [8].

Continuous amplitude-phase control has been demonstrated using configu-
rations such as dual varactor diodes for arbitrary state combinations [9], or
separate coupled resonators [10]. Nevertheless, both approaches suffer from
limited amplitude-phase tuning ranges, thereby constraining the achievable
control accuracy. Although cascading programmable reflection-type attenu-
ators and phase shifters can provide full phase coverage [11], the resulting
multi-layer topology involving six diodes per UC poses significant complexity
and integration limitations.

1.3 Challenges in RIS Research Area
Design challenges Despite the aforementioned amplitude-phase reconfig-
urable designs [4]–[11], most implementations are limited to operation below
10 GHz, while RISs at mmWave frequencies (e.g., Ka-band) are seldom re-
ported. Designing UCs for mmWave bands involves more than mere frequency
scaling from lower bands; rather, it presents significant challenges due to the
pronounced parasitic effects of tunable components and increased losses stem-
ming from materials and fabrication processes. As a result, even phase-only
mmWave RIS designs remain relatively rare in the literature[16]–[18].

Furthermore, achieving simultaneous and independent amplitude-phase con-
trol, particularly when both reflection and absorption states are considered,
adds substantial complexity to the UC design process. Determining an opti-
mal UC geometry becomes non-intuitive, and the associated biasing circuitry
increases in complexity. These challenges are further exacerbated when high
control accuracy, such as multi-bit resolution or continuous tuning, is required.

Technological challenges The performance of RISs is closely tied to the
characteristics of tunable components such as p-i-n and varactor diodes. How-
ever, their availability at mmWave frequencies is limited. As frequency in-
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1.3 Challenges in RIS Research Area

(a) (b)

(c) (d)

(e) (f)

Figure 1.3: Reported amplitude-phase controllable RISs or metasurfaces. (a)
Diode-based continuous amplitude and 1-bit phase control [5]. (b)
Diode-based 1-bit amplitude and 3-bit phase control [8]. (c) Diode-
based continuous amplitude-phase control [11]. (d) Graphene- and
diode-based continuous amplitude-phase control [12]. (e) Vanadium
dioxide-based continuous amplitude and 1-bit phase control [14]. (f)
Integrated circuit-based continuous amplitude-phase control [15].
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Chapter 1 Introduction

creases into the Ka-band, the number of commercially available diodes with
packaging suitable for high-frequency integration (e.g., flip-chip) decreases
significantly [19].

Moreover, parasitic and nonlinear effects become more pronounced at higher
frequencies, degrading the quality factor of these devices. This is particularly
problematic for varactor diodes, whose capacitance tuning range diminishes
rapidly with increasing frequency, thereby constraining the achievable phase
tuning range of UCs that strongly depend on this factor. These inherent
limitations significantly hinder the realization of wide-range amplitude-phase
tuning in practical UC designs.

Modeling challenges Accurate modeling of both tunable diodes and UCs is
essential in the RIS design process. However, the scarcity of mmWave RIS
implementations implies that existing modeling approaches remain largely
unvalidated in this frequency regime.

On one hand, the limited availability of high-frequency tunable electron-
ics restricts the development of corresponding circuit models. While simpli-
fied diode circuit models (DCMs) may suffice for phase-only control or low-
frequency scenarios, they become inadequate for amplitude-phase controllable
mmWave UCs. In such cases, DCMs must account for both high-frequency
parasitic effects and nonlinear junction behavior under continuous bias condi-
tions, making accurate diode measurement and characterization indispensable.

On the other hand, although full-wave EM simulations are the primary tool
for UC design, simplified physics-based approaches, such as equivalent cir-
cuit models (ECMs), are valuable for gaining operational insight and enabling
time-efficient analysis. Furthermore, tractable ECMs that effectively cap-
ture the physical behavior of RISs are particularly useful for accurate system-
level simulation and channel estimation in wireless communication research, as
demonstrated in the collaborative study in Paper [E]. However, for UCs with
irregular geometries, where explicit current distributions are not readily ob-
tainable [20], [21], ECMs often suffer from reduced accuracy when predicting
performance variations with frequency, incidence angle, and bias state.

Analysis challenges The reflective behavior of a UC is typically characterized
by its complex reflection coefficient (Γ). Traditional analysis methods eval-
uate reconfigurability by plotting amplitude and phase responses separately
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1.4 Scientific Contributions

in Cartesian form, using multiple curves or colormaps [11], [15]. However,
such representations fail to intuitively convey the coupling or independence
between amplitude and phase, especially when involving a wide range of tun-
able states.

Consequently, there remains a lack of generalized and informative represen-
tation approaches for visualizing UC performance, as well as suitable perfor-
mance metrics capable of quantifying reconfigurability while accounting for
the inherent interdependence of amplitude and phase control. These limi-
tations hinder effective UC biasing, optimization, and benchmarking across
different designs.

These multifaceted challenges underscore the need for a unified framework
that not only enables accurate modeling and design of mmWave RIS UCs, but
also facilitates efficient performance evaluation and optimization.

1.4 Scientific Contributions
This thesis addresses critical challenges in the design, modeling, and analysis
of mmWave RIS UCs for OTA testing applications, and makes the following
key scientific contributions:

Advanced mmWave UC design and application validation Proposes a RIS
UC integrating p-i-n and varactor diodes tailored for mmWave frequencies,
accounting for critical diode parasitic effects and PCB-related losses. The
UC enables independent and continuous amplitude-phase control, supporting
a full 360◦ phase tuning range. The design demonstrates strong potential
for RIS-assisted OTA testing applications, with an exemplary near-field PW
generation scenario that proves high field uniformity and significant dynamic
range enhancement compared to conventional far-field test ranges.

Tunable component characterization and evaluation Investigates and ex-
perimentally characterizes tunable components, including p-i-n and varactor
diodes, for mmWave operation. Separate mmWave RIS UCs are developed
to evaluate and address component limitations, achieving continuous phase
control with improved phase coverage despite a limited capacitance tuning
ratio, as well as continuous amplitude control with 1-bit phase resolution that
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Chapter 1 Introduction

accounts for diode transition states.

Comprehensive EM-circuit modeling framework Adopts a combined EM-
circuit design framework integrating numerical EM data with empirical diode
data across all bias states. Improved DCMs and EM models (EMMs) for
both diode types are formulated for continuous biasing, incorporating high-
frequency parasitic effects and nonlinear junction behavior. A semi-analytical
ECM of the UC, combining Floquet modal expansion and lumped component
modeling, is derived to enhance accuracy across varying incident angles and
validated for diode-loaded, complex-shaped UC geometries.

Generalized representation and performance metrics Introduces a gener-
alized representation of UC reflection properties, termed Γ-coverage, which
maps both amplitude and phase of Γ on the complex plane over a continuous
range of bias states. Alongside, new performance metrics (Acov and Γmax)
are proposed to quantitatively assess reconfigurability. This approach facili-
tates intuitive analysis of independent amplitude-phase tuning and guides the
selection of optimal bias states.

1.5 Thesis Outline
This thesis begins with an introduction outlining the motivation and chal-
lenges of amplitude-phase controllable mmWave RISs for OTA testing of wire-
less devices (Chapter 1). It then details the foundational principles for imple-
menting amplitude-phase reconfigurability, including the characterization of
tunable components (Chapter 2). This is followed by an in-depth presentation
of UC design, modeling, analysis, and measurement aimed at achieving inde-
pendent and continuous amplitude-phase control (Chapter 3). The proposed
RIS is applied in OTA testing scenarios, showcasing notable performance ben-
efits (Chapter 4). A summary of the included scientific papers highlights the
core contributions (Chapter 5). Finally, the thesis concludes with closing
remarks and perspectives on future research directions (Chapter 6).
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CHAPTER 2

Implementation Basis for Amplitude-Phase Control

This chapter establishes the foundational implementation for amplitude-phase
controllable RISs. Two control schemes are demonstrated: phase control using
a varactor diode, and amplitude-phase control employing a p-i-n diode. Diode
modeling and measurements across continuous bias states are conducted. Sec-
tion 2.1 is based on the contributions of Paper [A], while Sections 2.2 and 2.3
draw on the results presented in Paper [B].

2.1 Varactor-Based Continuous Phase Control
This section presents a 28 GHz varactor-based RIS UC designed to overcome
the phase shift range limitations typically observed at mmWave frequencies.
A 3-bit phase quantization example (≥ 315◦ phase coverage) is demonstrated.
As shown in Fig. 2.1, the proposed UC (denoted as UC 4) features a split
radiating patch on a back-shielded dielectric substrate, enclosed by a grounded
square loop. A reverse-biased varactor diode bridges the patch halves to enable
tunable phase shifts. The UC is arranged on a periodic 0.28λ0 square lattice.

A four-step evolution process reveals the design rationale. Starting with a
symmetric slotted patch (UC 1), the phase tuning range is enhanced by intro-
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Chapter 2 Implementation Basis for Amplitude-Phase Control

Figure 2.1: Geometry and design evolution of the varactor-based mmWave UC. (a)
UC 1. (b) UC 2. (c) UC 3. (d) UC 4.

ducing asymmetry via an offset diode position (UC 2). UC 3 adds grounded
and bias vias for DC control, which simultaneously act as shunt inductors
to further increase phase coverage. The final UC 4 integrates a grounded
square loop forming a substrate-integrated cavity, which adjusts the inter-
element coupling capacitance to achieve wideband, large phase coverage. The
via fences also reduce angular sensitivity.

Fig. 2.2 compares the achievable phase coverage across different UC de-
signs. The varactor diode (MAVR-000120-14110G) is modeled using total
equivalent capacitance incorporating parasitic effects at mmWave frequencies,
with a total capacitance tuning ratio Cmax/Cmin = 1.8 under a reverse DC
voltage range from −12 V to 0 V. With this limited tuning ratio, the baseline
symmetric UC 1 yields only 200.5◦ phase coverage. Introducing asymmetry
in UC 2 increases coverage by 80◦, although the center frequency shifts down-
ward from 30.7 GHz to 24.8 GHz due to an extended current path. Adding a
grounded via in UC 3 compensates for this frequency shift and further expands
the phase coverage, yet still falls short of the 3-bit quantization requirement.
The proposed UC 4 overcomes this limitation, achieving a phase tuning range
over 315◦ within 26.37–29.61 GHz (about 11.6%), with a maximum value of
330.7◦. Note that the geometry modifications also increase the quality factor,
steepening the phase-frequency slope. Thus, a balanced trade-off is necessary
among phase range, reflection loss, and voltage control capability to ensure
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2.2 Diode Modeling and Measurements

Figure 2.2: Simulated phase coverage of each UC design.

both performance and feasibility.

2.2 Diode Modeling and Measurements
The preceding example uses simplified diode models to highlight performance
limitations at high frequencies and to guide key design considerations. How-
ever, accurate diode modeling is essential for reliable evaluation of RIS per-
formance. This section presents improved DCMs for both p-i-n and varactor
diodes, with empirical parameters extracted from experimental characteriza-
tion to support amplitude-phase controllable UC design.

At mmWave frequencies, diode models must capture parasitic effects and
continuous bias-dependent junction behavior. This is particularly important
for p-i-n diodes, which operate not only in conventional ON/OFF states but
also in intermediate transition states between zero bias and full conduction.
The proposed DCMs are illustrated in Fig. 2.3. For the p-i-n diode, the junc-
tion is modeled by a variable resistance Rj and a variable diffusion capacitance
Cj in parallel, both controlled by the forward bias current If. The capacitance
accounts for carrier distribution changes across the junction, which signif-
icantly affect behavior at mmWave frequencies. For the varactor diode, the
junction is represented by a variable capacitance controlled by the reverse bias
voltage Ur. Both models are de-embedded to the diode pads and include in-
trinsic parasitics as well as pad- and substrate-related effects, including series
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Figure 2.3: Proposed circuit models of diodes. (a) p-i-n diode. (b) Varactor diode.

Figure 2.4: Experimental setup for diode characterization. (a) TRL GCPW cali-
bration kit. (b) p-i-n diode samples. (c) Varactor diode samples.

inductance Ls, contact resistance Rs, and parallel capacitance Cp represent-
ing packaging and edge pad capacitance. Additionally, two ideal transmission
lines with characteristic impedance Z0 and electrical lengths θl1 and θl2 are
added to the anode and cathode, respectively, to model time delay caused
by physical diode and pad lengths, which becomes non-negligible at mmWave
frequencies. The asymmetry in junction location leads to unequal θl1 and θl2.

Experimental validation of the proposed DCMs is carried out using MADP-
000907-14020W p-i-n diodes and MAVR-000120-14110G varactor diodes. As
shown in Fig. 2.4, each diode is mounted in a two-port series configuration on
75 Ω grounded coplanar waveguides (GCPWs). Repeated measurements on
identical samples ensure consistency. A through-reflect-line (TRL) calibration
kit is employed to de-embed measurement references to the diode pad edges.
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2.2 Diode Modeling and Measurements

Figure 2.5: S-parameters of p-i-n and varactor diodes over 20–32 GHz from mea-
surements, DCMs, and EMMs, plotted on the Smith chart. (a) S11
and (b) S21 of p-i-n diodes. (c) S11 and (d) S21 of varactor diodes.

Stepped DC biases (If or Ur) are applied via a bias tee connected to the vector
network analyzer, and S-parameters are measured across the 20–32 GHz band
under all bias conditions.

Both variable junction parameters and fixed parameters are extracted by fit-
ting the measured S-parameters. These empirical values remain valid across
frequencies, bias states, and diode samples. Fig. 2.5 compares circuit-level
simulated and measured results under various bias conditions. Additionally,
simulations of the 3D EM structures in Fig. 2.4, comprising EMMs of both
diodes, are provided. Each EMM preserves key geometric features to accu-
rately capture intrinsic parasitics and includes diode pads. Junction effects are
modeled by lumped RLC boundaries with bias-dependent Rj or Cj, inserted
differentially into the signal line gap. These EMMs facilitate full-wave UC
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Figure 2.6: Geometry and simulation results of the p-i-n-based mmWave UC. (a)
Front view of the UC. (b) Schematic of the EMM. (c) Simulated Γ with
and without Cj on the complex plane at 28 GHz.

simulation by accounting for interactions between the diode and its surround-
ing environment. The close agreement between simulations and measurements
verifies the accuracy and generality of the proposed models.

2.3 p-i-n-Based Continuous Amplitude Control
To evaluate the impact of the improved p-i-n DCM, this section presents a
mmWave RIS UC integrating a single p-i-n diode for continuous amplitude
control, as shown in Fig. 2.6. The UC consists of a simple dipole printed on a
grounded dielectric slab. Simulated Γ for various If are analyzed, comparing
cases with and without Cj.

The UC achieves a phase coverage of approximately 180◦ (i.e., 1-bit phase
resolution) and amplitude variation from 0 to 0.8. Notably, the presence of
Cj in the transition state introduces additional phase shifts, causing Γ points
to deviate from a straight line on the complex plane. This effect also induces
observable frequency shifts.

These results highlight the importance of incorporating diode junction ef-
fects in p-i-n-enabled amplitude-tuning mmWave RIS designs, where nonlin-
ear behavior associated with bias-dependent Cj provides critical insight into
reflection field control.
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CHAPTER 3

Independent and Continuous Amplitude-Phase Control

In this chapter, a mmWave RIS UC with independent and continuous amplitude-
phase control is presented. A generalized complex-plane representation, termed
Γ-coverage, is introduced alongside new performance metrics to evaluate the
UC’s reconfigurability. The design is analyzed using both EM and circuit-level
approaches, and is experimentally validated through a waveguide simulator.
This chapter is based on the contributions of Paper [C].

3.1 RIS UC Configuration
The proposed amplitude-phase controllable RIS UC, illustrated in Fig. 3.1,
adopts a square lattice with a period of 0.42λ0 at 28 GHz. It comprises
two stacked laminates (Sub.1 and Sub.2), bonded with a prepreg layer and
featuring four copper layers. where Sub.1 hosts the scattering structure, while
Sub.2 supports the bias circuitry.

A segmented, end-folded patch is printed on the top surface, with a p-i-n
diode and a varactor diode bridging the gaps between segments. The p-i-
n diode functions as a current-controlled variable RC circuit under forward
bias, while the varactor diode provides voltage-controlled capacitance under
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Figure 3.1: Configuration of the mmWave UC featuring two vertical loops embed-
ded within a segmented, end-folded patch, integrating a p-i-n diode
and a varactor diode. (a) Exploded view. (b) Top view. (c) Side view.

reverse bias. This dual-diode configuration enables independent amplitude-
phase control over a wide tuning range. Three plated vias connect the patch
segments to facilitate independent diode biasing. Two bias vias, located at the
folded segments, are linked to radial stubs serving as RF chokes. Additionally,
the inclusion of these vias transforms the planar patch into two vertically-
placed coupled loops.

3.2 Γ-Coverage and Performance Metrics
The UC design follows a combined EM-circuit co-simulation approach using
Ansys HFSS and Keysight ADS. A full-wave EM model is constructed in
HFSS with sidewall periodic boundaries and a Floquet port above the UC
aperture. To reduce computational effort, a differential lumped port replaces
the lumped RLC boundary in the EMM. Circuit-level diode switching is then
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Figure 3.2: Simulated Γ-coverage under normal PW incidence at 28 GHz. The dot
locations are identical, with color scale indicating (a) If and (b) Ur.

handled in ADS by terminating the differential ports with varying junction
impedances. In this way, Γ is obtained by sweeping all combinations of If
(5 µA to 10 mA, 41 logarithmic steps) and Ur (0 V to 18 V, 37 linear steps).

To characterize the UC’s reflection response over a wide bias range and as-
sess the amplitude-phase interaction, a generalized complex-plane representa-
tion, referred to as Γ-coverage, is introduced. For the x-polarized controllable
component, the Γ-coverage under normal PW incidence at 28 GHz is shown in
Fig. 3.2. This plot visualizes the set of all complex-valued Γ associated with
various bias states, offering an intuitive view of the amplitude-phase tuning
capabilities. Unlike traditional Cartesian representations that separately dis-
play amplitude and phase, the Γ-coverage maps each bias state directly to a
unique point on the complex plane, capturing the joint influence of the p-i-n
and varactor diodes. Independent amplitude-phase control is thus achieved by
selecting appropriate combinations of diode bias states from the Γ-coverage.

The proposed Γ-coverage provides a universal framework for evaluating re-
configurability. Two key performance metrics are defined to quantify the UC’s
amplitude-phase tunability from complementary perspectives:

1) Relative Γ-coverage area (Acov): Defined as the ratio of the Γ-coverage
area to the area of the unit circle (i.e., π). It quantifies the overall controllable
amplitude-phase space of the UC.

2) Maximum amplitude for full 360◦ phase control (Γmax): Defined as the
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radius of the largest circle fully enclosed within the Γ-coverage. Inside this
region, the UC supports complete phase tuning from −180◦ to +180◦, with
amplitude control ranging from 0 to Γmax.

The proposed UC particularly suited for OTA testing applications, where
large Γ-coverage is essential. As shown in Fig. 3.2 at 28 GHz, the design
achieves Γmax = 0.5 and Acov = 39.2%.

3.3 Semi-Analytical ECM of the UC
In this section, a semi-analytical UC ECM is developed by combining Floquet
modal expansion with lumped component modeling. The analysis begins with
modal source decomposition into TEmn and TMmn types. Fig. 3.3 illustrates
the proposed ECM considering the dominant Floquet modes (i.e., m = n = 0).

At the air-dielectric interface (z = 0), the admittance seen when look-
ing upward from line AB corresponds to the equivalent surface admittance
contributed by all other Floquet modes and tunable components. This admit-
tance is scaled by a transformer with turns ratio N for the mode of interest.
The grounded dielectric slab in z < 0 is modeled as a short-circuited trans-
mission line with input admittance Y

TE|TM
sub,mn , while the incident PW in z > 0

is represented by an input port with wave admittance Y
TE|TM

s,mn ; both are func-
tions of the incidence angles (θ, φ).

This formulation allows for an analytical solution to the ECM. However, the
equivalent admittance above AB highly depends on the UC’s current distri-
bution. While closed-form solutions are available for regular geometries, they
are generally inapplicable to the complex layouts of practical UCs. Therefore,
a lumped RLC equivalent circuit is adopted as a more practical alternative.

The DCMs in Chapter 2 are integrated into the ECM. The two end-folded
patch segments are modeled as RLC series resonators. Due to slight asym-
metry in the diode pad dimensions, the current path on the p-i-n diode side
is longer, imposing the constraint L1 > L2. Both segments share the same
capacitance C1, representing their charge storage and mutual coupling with
adjacent UCs. The resistance R stands for ohmic loss. Moreover, the ground
and bias vias supporting vertical current flow are modeled as self partial in-
ductances L3 and L4, with L3 < L4 due to the longer path of the bias vias
connected to the radial stubs. The stubs behave as large distributed capaci-
tors, shorting the bias vias at mmWave frequencies and forming two vertical
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Figure 3.3: Schematic of the semi-analytical UC ECM, combining Floquet modal
expansion with lumped component modeling.

current loops. Additionally, the folded patch ends introduce microstrip dis-
continuities, modeled as gap capacitances Cg. Two such gaps in parallel yield
a total capacitance C2 = 2Cg, enhancing coupling between the segments.

Circuit simulations are conducted to validate the ECM. The resulting Acov
distributions in Fig. 3.4 exhibit strong agreement with those obtained from
EM-circuit co-simulations, particularly in the φ = 90◦ plane. The model is
considered valid for θ ∈ [−40◦, 40◦] in the φ = 0◦ plane and θ ∈ [−60◦, 60◦] in
the φ = 90◦ plane. The observed φ-plane deviations at larger θ are primarily
attributed to the x-polarized, non-rotationally symmetric UC geometry.
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Figure 3.4: Simulated Acov distributions versus incident angle and frequency. (a),
(b) Results based on EM-circuit co-simulation and ECM in the φ = 0◦

plane. (c), (d) Corresponding results in the φ = 90◦ plane.

3.4 Measurement Results
To experimentally validate the UC, this section employs a cost-effective waveg-
uide simulator technique to emulate an infinite array under frequency-specific,
oblique quasi-PW incidence. As shown in Fig. 3.5, a 1 × 2 UC prototype is
mounted at one end of a custom CNC-machined brass waveguide, with the
aperture precisely matching the dimensions of two UCs. The opposite end
interfaces with a standard WR-28 waveguide via a quarter-wavelength trans-
former and connects to a coaxial adapter for measurement. TRL calibration is
performed using a back-to-back two-port reference. The PCB is supported by
a metal base to ensure structural stability. Edge vias enclosing the UCs form
electric sidewalls. The diodes are manually soldered, and the bias lines are
routed to a six-position surface-mount socket. Bias voltages and currents are
supplied via digital-to-analog converters and cascaded voltage-to-current con-
verters, enabling 16-bit high-resolution tuning of both amplitude and phase.
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3.4 Measurement Results

Figure 3.5: Experimental setup for UC characterization. (a) Waveguide simulator.
(b) TRL calibration kit. (c) PCB prototype with 1 × 2 UCs.

Fig. 3.6 compares the simulated and measured Γ-coverage at various fre-
quencies. The measured Γ distributions closely match the simulations, ex-
hibiting consistent rotational trends across frequencies, with only minor dis-
crepancies at higher frequencies. Compared to the simulations, the measured
values of Acov and Γmax are slightly reduced, as evidenced by the contracted
boundaries of the Γ-coverage plots. Further experimental investigation at-
tributes this discrepancy primarily to practical non-idealities, including cop-
per surface roughness, diode mounting materials, and PCB surface finishes.
These factors become increasingly significant at mmWave frequencies and col-
lectively contribute to the observed performance degradation.
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Figure 3.6: Simulated (blue dots) and measured (red dots) Γ-coverage. (a)
26.5 GHz. (b) 27 GHz. (c) 27.5 GHz. (d) 28 GHz.
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CHAPTER 4

Exemplification for OTA Testing

Despite the reflection loss associated with a reduced Γmax, the proposed de-
sign remains promising for OTA testing applications. Unlike communication
systems where signal-to-noise ratio dominates system performance, OTA test-
ing scenarios prioritize fine-resolution amplitude and phase control. In such
environments, RIS-induced losses can be calibrated and compensated during
testing, with the main trade-off being a slightly reduced measurement dy-
namic range. This makes the proposed UC particularly appropriate for OTA
testing applications, where moderate reflection loss is tolerable.

To highlight its practical potential, this chapter applies the RIS UC devel-
oped in Chaper 3 to a typical OTA scenario as an RIS-assisted PW generator,
serving as a CATR while enabling tunable PW arrival angles without the need
for mechanical rotation. Further details can be found in Paper [C]. The test
configuration includes a 21 × 21-UC RIS illuminated by a 9 dBi pyramidal
horn, targeting an 11 × 11 bow-tie DUT with a 22.8 dBi gain. The objective
is to synthesis a PW with amplitude and phase errors below 1 dB and 10◦,
respectively, within the designated test zone.

Fig. 4.1 illustrates the simulation setup. The RIS is configured in diverse
UC states with optimal Γ values, ranging from near-full absorption (|Γx,x| <
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Figure 4.1: Simulated setup for RIS-assisted near-field PW generation at 28 GHz.

−20 dB at RIS edges) to high reflection (|Γx,x| ≈ −6 dB at the center). Both
the feed-to-RIS and RIS-to-DUT distances are set to 15λ0 (about 0.16 m). The
simulated electric field errors across the DUT aperture remain within 0.6 dB
in amplitude and 2.5◦ in phase, indicating high-uniformity PW synthesis. The
simulated transmission loss from feed to DUT via the RIS is 27.6 dB.

For comparison, achieving the same 2.5◦ phase error in an equivalent far-
field setup would require a much larger probe-to-DUT distance of 991λ0 (about
10.62 m ), incurring considerably higher signal attenuation. The calculated
free-space path loss using the Friis transmission formula amounts to 50.4 dB.
Therefore, the OTA setup employing the proposed RIS UC achieves a 22.8 dB
reduction in system loss relative to the conventional far-field test range. This
confirms that the moderate intrinsic loss of the UC has negligible impact in
RIS-based CATR systems, which benefit from significantly improved measure-
ment dynamic range and physical compactness.
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CHAPTER 5

Summary of Included Papers

This chapter provides a summary of the included papers.

5.1 Paper A
Y. Zhu, A. R. Vilenskiy, O. A. Iupikov, P. S. Krasov, T. Emanuelsson,
G. Lasser, M. V. Ivashina
A varactor-based reconfigurable intelligent surface concept for 5G/6G
mm-wave applications
2024 18th European Conference on Antennas and Propagation (EuCAP),
Glasgow, United Kingdom, pp. 1–5, 2024.
©IEEE DOI: 10.23919/EuCAP60739.2024.10501072.

A varactor-based reconfigurable intelligent surface (RIS) concept is pre-
sented for low-cost, high-precision beamforming of 5G/6G mm-waves. To en-
able this, we maximize the RIS unit cell (UC) phase coverage by (i) employing
a varactor diode-tuned slotted-patch UC, and (ii) adding a metallic loop and
via fence across the UC boundary, which also improves the bandwidth and
angular insensitivity. In an infinite RIS environment, the UC exhibits a phase
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coverage of 330.7 degrees while maintaining the insensitivity of reflection coef-
ficients up to 50-degree elevation angle. This UC design demonstrates a phase
coverage that exceeds 315 degrees with under 0.7-dB reflection loss across a
11.6% bandwidth, where the capacitance tuning ratio of the considered com-
mercial off-the-shelf varactor diode is only 1.8. A 15 × 15 RIS model with a
3-bit phase quantization is used for beam steering performance validation; it
predicts the realized gain of 19.5 dBi for the 30-degree beam-steering direction
at 28 GHz.

5.2 Paper B

Y. Zhu, A. Vilenskiy, O. Iupikov, P. Krasov, T. Emanuelsson, G. Lasser,
M. Ivashina
Improved equivalent circuit model of p-i-n diodes for amplitude and
phase controllable mmWave reconfigurable intelligent surfaces
2024 IEEE International Symposium on Antennas and Propagation and
INC/USNC-URSI Radio Science Meeting (AP-S/INC-USNC-URSI),
Firenze, Italy, pp. 1583–1584, 2024.
©IEEE DOI: 10.1109/AP-S/INC-USNC-URSI52054.2024.10686865.

An improved equivalent circuit model (ECM) of p-i-n diodes is developed
and applied to amplitude and phase controllable mmWave reconfigurable in-
telligent surfaces (RISs). The proposed ECM takes into account the vari-
able junction resistance and capacitance of forward-biased p-i-n diodes in the
transition state (instead of a conventional simplified resistance model) that
is critical at mmWave frequencies. The flip-chip AlGaAs p-i-n diodes have
been characterized in a 2-port coplanar measurement setup. Both the im-
proved ECM and the electromagnetic model are constructed and validated.
The ECM is used for a 28-GHz RIS design with amplitude and phase control
of the reflection coefficient. The observed non-linear performance combined
with an additional phase shift of up to 84◦ introduced by the variable junction
capacitance indicates the value of the proposed model.
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5.3 Paper C
Y. Zhu, A. R. Vilenskiy, O. A. Iupikov, P. S. Krasov, T. Emanuelsson,
G. Lasser, M. V. Ivashina
Millimeter-wave reconfigurable intelligent surface with independent and
continuous amplitude-phase control: Unit cell design and circuit model
IEEE Transactions on Antennas and Propagation,
early access.
©IEEE DOI: 10.1109/TAP.2025.3577744.

This paper presents a reconfigurable intelligent surface (RIS) unit cell (UC)
with independent amplitude-phase control, crucial for complex field shaping
in RIS-assisted over-the-air testing. Unlike conventional phase-only tuning
UCs, the proposed design enables continuous control from reflective to ab-
sorptive states for advanced field synthesis. To quantify reconfigurability,
we introduce a generalized complex-plane representation, termed Γ-coverage,
mapping both amplitude and phase over all bias states. For the first time
at millimeter-wave frequencies, a loop-embedded end-folded UC integrating a
forward-biased p-i-n diode and a reverse-biased varactor diode is developed
to maximize Γ-coverage. The UC achieves a 0–0.5 amplitude tuning range
(equivalent to a controllable loss from complete attenuation to 6 dB) and a
−180◦–+180◦ phase tuning range at 28 GHz. The maximum incident angle
reaches 45◦ within ±48◦ phase fluctuations, extending to 60◦ with full-phase
tuning under a 12 dB loss criterion. We derive empirical circuit models for
both diodes to account for high-frequency parasitic effects and formulate a
semi-analytical UC equivalent circuit model. The UC prototype is evaluated
using a waveguide simulator. The operational bandwidths for reconfigura-
bility are 25.8–28.0 GHz with a relative Γ-coverage area exceeding 25%, and
26.5–27.7 GHz for 360◦ phase control with 8.4–12 dB losses. The instanta-
neous bandwidth for stable operation spans 27.3–27.7 GHz, maintaining ±50◦

phase fluctuations within 5.6–13.4 dB losses. The UC is analyzed in an RIS-
assisted near-field plane-wave generation scenario for a compact antenna test
range (CATR), achieving high field uniformity (< 0.6 dB and < 2.5◦ errors).
Despite intrinsic UC losses, the RIS-based CATR reduces total system loss by
22.8 dB compared to a far-field test range.
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CHAPTER 6

Concluding Remarks and Future Work

This thesis investigates unconventional RIS functionality that enables simulta-
neous, independent, and continuous amplitude-phase control, with a focus on
OTA testing of wireless systems. Through a systematic exploration of tunable
components, modeling and analysis methodologies, and practical UC imple-
mentation strategies, the work contributes to the advancement of amplitude-
phase controllable RIS technology at high frequencies, particularly within the
Ka-band. The demonstration of the proposed RIS in OTA testing scenarios
confirms the suitability of mmWave RISs for manipulating EM environments
to achieve complex field shaping. This thesis establishes a solid foundation for
the development and deployment of mmWave RISs in OTA testing, paving the
way for their integration into future wireless systems and metrology platforms.

Several promising directions may further extend this research:

RIS UC performance improvement Although the developed RIS UC achieves
an amplitude tuning range of 0–0.5 and a full 360◦ phase tuning range, in-
herent losses at mmWave frequencies constrain the expansion of Γ-coverage,
and the frequency dependence of Γ-coverage presents challenges to wideband
operation. Overcoming these limitations calls for further investigation into
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advanced UC configurations, as well as novel tunable materials and device
technologies. Moreover, incorporating an extra control dimension, such as
implementing dual-polarized RIS UCs, could significantly enhance applica-
bility in wireless systems, albeit at the cost of increased design complexity.
Tackling these challenges will not only broaden the application prospects of
RISs in OTA testing but also boost their potential for wider deployment in
next-generation wireless communications and related fields (e.g., absorptive
RISs for jammer mitigation as presented in Paper [E]).

System-level RIS validation Preliminary simulations of the RIS-based CATR
suggest clear advantages over conventional far-field test ranges. However,
full system-level development and experimental validation with a dedicated
testbed demonstrator are essential to assess real-world performance. Accu-
rate RIS panel modeling must holistically account for factors such as modular
sub-array structures, inter-UC mutual coupling, array edge diffraction and
truncation, as well as biasing circuitry layout, including interconnects and con-
trol board architecture. Achieving precise control of p-i-n diode currents also
remains a technical hurdle. Furthermore, robust calibration and measurement
methodologies are crucial to validate RIS performance in representative OTA
testing scenarios. Our ongoing research addresses several critical aspects that
remain underexplored in the literature, including: an OTA back-scattering
approach for recovering Γ, while accounting for coupling effects between the
tunable electronics and the passive reflective UC structure (see Paper [H]); RIS
functional testing methods for diagnostic purposes (see Paper [I]); and mono-
static RIS characterization techniques incorporating time gating to suppress
unwanted reflections in the measurement setup (see Paper [J]). Such efforts
are key to exploiting the full potential of RIS technology in future time- and
cost-efficient OTA platforms.
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