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Abstract

Traditional phased array calibration methods, like exhaustive search, are time-consuming.
This thesis proposes a novel, efficient technique that significantly reduces calibration time
without sacrificing performance.

The proposed approach utilizes a constellation characterization method. It extracts
and describes element responses using a set of mapping functions based on a strategically
chosen data subset. A custom solver then generates control codes for desired beam pat-
terns. For robustness, a closed-loop calibration routine is introduced to verify the solutions.
Additionally, a taper awareness scheme is incorporated to optimize the output power by
accounting for element variations and the desired tapering profile. The proposed method
demonstrates significant speed-up compared to the exhaustive search method. On two
beamforming integrated circuits (BFICs) and two test arrays, it achieves improvements of
up to 1100 times while maintaining performance.

Furthermore, a channel transformation technique is proposed to leverage similarities
between array elements. This technique reduces measurements by transferring mapping
functions between array elements, avoiding full characterization for each element. A se-
quencing technique is also introduced to optimize the transformation route, maximizing
success rates and further minimizing measurements. Experimental validation shows sig-
nificant reductions in addition to the savings achieved via the proposed characterization
method. Compared to the exhaustive search method, reductions of up to 3000 times are
achieved.

This thesis presents significant advancements to phased array calibration, paving the
way for efficient and scalable solutions in future high-resolution massive multiple input and
multiple output (MIMO) systems.
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Chapter 1

Introduction

1.1 Motivation

As the number of internet users and internet demands continue to soar globally, especially
in low-income to middle-income countries [1], tremendous research e�orts are being made
to improve the quality and coverage of service for such a trend to continue. According to
the 2023 digital progress and trends report by the world bank group, the world gained 1.5
billion new internet users between 2018 and 2022 (Fig. 1.1), as the COVID-19 pandemic
ampli�ed and accelerated growth in low- and middle-income countries [1]. The number
of internet users reached 5.3 billion in 2022 (66% of the world population) [1], which is a
year earlier than the expected 2023 as projected by Cisco Annual Internet Report in 2020
[6], demonstrating the e�ect of the unforeseen pandemic. In 2020, the �rst year of the
COVID-19 pandemic, the share of the global population using the internet increased by
6 percent (500 million people), the highest jump in history, as mobility restrictions drove
many activities online [1].

Apart from internet users, the number of connected devices is projected to reach 500
billion by 2030 [7] thanks to the huge and growing demand for Internet of Things (IoT)
devices and self-driving cars [8]. Leading tech companies like Samsung envision future
mobile devices to take on various form factors, such as augmented reality (AR) glasses,
virtual reality (VR) headsets, and hologram devices [8]. The wearable nature of many
of those form factors means the processing often needs to be wirelessly o�oaded to an
external device or cloud server to keep the device weight reasonable [8], which means the
wireless connection needs to o�er low latency and high data rate [8]. Also, recent Arti�cial
Intelligence (AI) development brings powerful but heavy cloud-based generative AI models
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Figure 1.1: Internet users as a share of population, global and by country income group,
1990-2022. Note: HIC = high-income countries; LIC = low-income countries; LMIC =
lower-middle-income countries; UMIC = upper-middle-income countries. [1]

to light (e.g. ChatGPT)[9]. A high wireless data rate is crucial for the e�cient integration
of cloud-based AI models into everyday tasks since without it, the high wait time will
deteriorate the users' satisfaction towards the service. A recent example would be the
disastrous launch of the Humane AI pin. The start-up company Humane, once valued
at 850 million dollars [10], promised a wearable product that uses powerful AI models to
assist people's lives [11]. However, since the Humane AI pin uses cloud-based AI models,
each user's command needs to be uploaded to the cloud to be interpreted and processed
and the result needs to be downloaded to the wearable device, which takes a bit too long to
make this product to be considered \unusable" by many [11], highlighting the importance
of a high data rate wireless link.

To enable millisecond latency and higher data rate wireless communication, the �fth-
generation (5G) New Radio (NR) cellular network operates in millimeter-wave (mmWave)
bands from 24.25GHz to 52.6GHz, in addition to the crowded sub-6GHz bands. This
broad spectrum provides substantial bandwidth, achieving peak data rates of up to 20
gigabits per second (Gbps) [8]. The primary challenge with mmWave communication is
the increased path loss due to severe atmospheric absorption at these frequencies [8, 2]. To
mitigate high path loss and enhance spectral e�ciency, technologies such as beamforming
and multiple-input multiple-output (MIMO) are employed [8, 2].

Beamforming, a speci�c implementation of MIMO, utilizes multi-element antenna ar-
rays to dynamically control the beam pattern by adjusting the spacing and phase/amplitude
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Figure 1.2: Illustration of beamforming by applying more antenna elements and phase
shifts. [2]

shifts between antenna elements [2]. This con�guration, known as a phased array, enables
the constructive addition of radiated energy, thereby increasing power delivery and signal-
to-noise ratio (SNR) to the user [2]. Each antenna element can electronically alter the
magnitude and phase of the signal to shape the radiation pattern and rapidly steer the
beam direction without mechanical movement [2]. Figure 1.2 illustrates the radiation pat-
tern and electronic steering of beams. 5G technology will transition from cell-based to
beam-based communications using multi-user MIMO, as demonstrated in Fig. 1.3.

The quality of service in beam-based radiation schemes depends on the pointing accu-
racy of the beams and power levels in each direction. For optimal phased array perfor-
mance, the array must be calibrated, meaning the settings of each antenna element must
produce the correct phase shift and amplitude modi�cation (gain) for beamforming. In
practical phased arrays, phase and gain errors arise from non-idealities and parasitics in the
radio frequency (RF) circuit elements, fabrication variations, and non-negligible antenna
couplings. If these errors are uncorrected, they can substantially deteriorate the radiation
pattern as illustrated in Fig. 1.4. Further, it is expected that antenna arrays in the future,
for both 5G or 6G cellular network and satellite communication, will be much larger to
support more users and to use even higher frequency bands (THz) [8], which means the
beams will be much sharper making the tolerable margin for the pointing error much lower
in the future. Thus, phased array calibration is essential to ensure good beamforming
performance now and even more so in the future.

Scaling up to phased arrays with thousands of antenna elements in the future, currently
reported array calibration methods in the literature bring heavy trade-o�s between the
calibration accuracy and the calibration time. Falling into either extreme is unsuitable
for the future development of the phased arrays. Thus, in this thesis, we propose a new
phased array calibration method that strives to overcome those issues.
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Figure 1.3: Radiated power from a 4G direction antenna vs. 5G beam-based antennas. [2]

1.2 Problem Statement

To fully control the radiation pattern, a myriad of radio-frequency (RF) beamforming archi-
tectures, documented in the literature [12, 13, 14, 15, 16, 17, 18], incorporates variable-gain
phase-shifters (VGPS) on each RF branch, before the power ampli�er (PA) in the trans-
mitter (TX) and after the low noise ampli�er (LNA) in the receiver (RX), to adjust the
signals' amplitude and phase for beamforming, as depicted in Fig. 1.4. Since the VGPS is
used for beamforming, it is categorized as a beamforming integrated circuit (BFIC). These
VGPS shape the radiation pattern and steer it in the desired direction, facilitated by a
digital control unit that transmits control code words based on the intended beam direction
[12, 15, 16, 19, 18, 20, 21, 22]. However, in a practical implementation of a phased array,
phase and gain tunning errors occur due to non-ideal signal division prior to the VGPS,
non-ideal VGPS response versus its control codes, parasitic and fabrication variations and
non-negligible antenna couplings. If phase and gain tuning errors are unaccounted for,
the resulting radiation pattern will exhibit a lower main lobe (the region with the high-
est power), higher side lobes (other lobes that are not the main lobe), shallower nulls
(regions with local minimum power), and pointing errors compared to an ideal radiation
pattern. Thus, post-fabrication calibration is needed to ensure the array's beamforming
performance.

The process of array calibration involves antenna measurement and error compensation.
Various antenna measurement methods have been introduced in the literature, including
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Figure 1.4: RF beamforming system illustrating the radiation pattern distortion due to
hardware nonidealities.

mutual-coupling method [23, 3, 24], rotating-element electric �eld vector (REV) method
[4, 25, 26], orthogonal coding method [5, 27, 28] and complex excitation method [29, 30,
31]. To compensate for the measured errors, two primary models are considered in the
calibration of phased arrays.

The �rst is the constant error model, which assumes that phase and gain errors re-
main constant across all control states. Calibration processes using this model conduct
measurement(s) for each element and apply a constant excitation o�set for correction
[4, 25, 26, 27, 28, 29, 30, 31]. This model allows array calibration to be achieved with as
few measurements as there are elements in the array. However, as demonstrated in Fig.
1.5, the error often varies with both gain and phase, which limits the e�ectiveness of the
constant error model [32, 33].

The other error model acknowledges that errors vary with both gain and phase control
indices. In the literature, calibrations using this varying error model perform measurements
for every combination of control states. Then, as shown in 1.5, those corresponding to the
desired constellation are picked[34, 35, 19, 22, 36]. This method, termed exhaustive search,
assumes no prior knowledge of the array elements' response, necessitating the full measure-
ments of the array. The major drawback of this method is its extensive measurement time,
which poses a signi�cant challenge for large and/or high-resolution arrays. Methods such
as the pseudo-exhaustive search [33] utilize interpolation to reduce the required number of
measurements for the full constellation. However, this method results in a heavy trade-o�
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Figure 1.5: Raw and calibrated constellation corresponding to the 8-bit phase and 8-bit
gain states of the VGPS and the calibrated 6-bit phase and 12 gain states with 1dB gain
tuning resolution, respectively.

between sampling size and accuracy.

Simpli�cations of the varying error model exist in the literature. Methods employing
these partial varying error models assume gain and phase control errors are decoupled. For
example, the control sampling method [32] quanti�es the control relationships by measuring
a constant gain series and a constant phase series. The captured control relationships are
then interpolated for the gain and phase control codes corresponding to the targeting gain
and phase. However, because gain and phase responses are not isolated from each other in
practice, the captured control relationships are not static and do not accurately apply to
the entire constellation.

In this work, we incorporate the varying error model to achieve the highest accuracy.
However, instead of measuring every state and assuming no prior knowledge of the array
elements' response, we model the elements' constellations, characterizing them using sub-
sampled measurements. Figure 1.5 shows an example of a calibrated constellation for an
array element. We propose a novel characterization method for the array elements, en-
abling rapid calibration of phased arrays. This approach achieves calibration performance
comparable to the Exhaustive Search method while signi�cantly reducing the number of
measurements required. We introduce two calibration routines utilizing this characteriza-
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tion method, each o�ering a di�erent balance between calibration speed and robustness.
To further expedite phased array calibration, a channel transformation technique has been
developed that leverages the inherent similarities between array elements, facilitating a
more intelligent and e�cient calibration process.

In this thesis, we propose a new phased array calibration algorithm that aims to achieve
the following:

1. The proposed method characterizes an array element using a small set of measure-
ments and calibrates it to a comparable accuracy as to the exhaustive search method.

2. For veri�ed performance, the proposed method e�ciently searches for the optimal
codes that meet the speci�ed performance requirements.

3. For large arrays, the proposed method e�ciently transforms the characterized model
from element to element further reducing the number of measurements needed.

The objective of this work is not necessarily to develop a universal calibration algorithm
for all types of arrays implemented with all types of BFICs, but rather to demonstrate the
feasibility and high performance of such kind of calibration algorithm. The goal is to
achieve such signi�cant performance improvements that the industry will be motivated
to design more arrays suited for this algorithm. These arrays would prioritize elements
that exhibit a largely continuous constellation with natural patterns, rather than elements
with corrected phase and gain responses. Additionally, this algorithm encourages the
development of high-resolution arrays, facilitating the future calibration of massive high-
resolution arrays.

1.3 Thesis Organization

This thesis is organized as follows.

Chapter 2 provides background information on beamforming and phased arrays, along
with a literature review of relevant array calibration methods. Chapter 3 discusses the
development and implementation of the proposed characterization method, detailing its
components and experimental validation. Chapter 4 introduces the channel transformation
technique, describing its components and experimental validation. Chapter 5 concludes the
thesis, summarizing the �ndings and contributions.
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Chapter 2

Background and Literature Review

2.1 Background on Beamforming and Phased Array

Beamforming is a signal processing technique used to direct the transmission or reception
of signals in speci�c directions, rather than broadcasting them uniformly in all directions.
This directional control is achieved through the constructive and destructive interference
of signals from the array's elements. By appropriately adjusting the phase and amplitude
of the signal at each element, beamforming enhances signal strength in desired directions
and mitigates interference from unwanted directions. This process signi�cantly improves
the signal-to-noise ratio (SNR), equivalent isotropic radiated power (EIRP) and overall
system performance.

A key concept in the analysis and design of phased arrays is the Array Factor (AF)
which describes the spatial array gain compared to the isotropic radiators as the result of
the grouping of the antennas. Figure 2.1 illustrates a linear array withN antennas and
with antenna spacing ofd. The array factor of this linear array is calculated as:

AF (� ) =
N � 1X

n=0

� nej ( � n � nkd cos(� )) (2.1)

and the normalized array factorAF is calculated as:

jAF (� )j =
1
N

�
�
�

N � 1X

n=0

� nej ( � n � nkd cos(� ))
�
�
� (2.2)
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where � is the observing angle of the array (demonstrated in Figure 2.1),k = 2�=� is
the wave-number, and� n and � n are the magnitude and phase of the complex excitation
coe�cient of the n-th antenna element.

Figure 2.1: Demonstration of a linear array with N elements.

Figure 2.2: Normalized Array factor for a linear array of 12 elements: (a) Beam steering;
(b) Gain tapering using di�erent tapering pro�les.
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