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Abstract

The literature on calibration of active phased array antennas (APAAs) lacks a consistent, bias-free framework
for evaluating and comparing calibration techniques. Existing approaches typically validate a proposed
technique against another calibration method rather than against the ideal array response. To address this,
a new set of pattern-derived figures-of-merit is proposed, using the ideal array factor (AF) pattern as ground
truth. These metrics, including pattern root mean square error (RMSE), steering angle error, and maximum
side lobe level (SLL), provide a direct measure of calibration performance in terms of beamforming quality.

The framework is applied to calibration in constrained scenarios, where full anechoic control of the mea-
surement environment is unavailable, as can occur when APAAs are calibrated after deployment. Three
constraints are investigated: finite calibration-angle sampling, reduced measurement signal-to-noise ratio
(SNR), and multipath. Three phaseless calibration techniques: rotating electric-field vector (REV), single-
channel sequential null steering (SCSNS), and single-channel sequential lobe steering (SCSLS), are evaluated
using the CN0566 ADALM-PHASER phased array platform.

Finite calibration-angle sampling produces consistent degradation across all techniques: every 10° increase in
the difference between calibration and steering angle increases steering angle error by at least 0.3° and pattern
RMSE by approximately 1.4%, with REV and SCSNS outperforming SCSLS. Below technique-dependent SNR
thresholds, calibration fails, while further SNR provides little benefit; the thresholds are —13.45 dB (SCSNS),
—10.42 dB (SCSLS), and —8.87 dB (REV).

For echoic environments, two novel echo-aware calibration methods are proposed: frequency-domain aver-
aging (FDA), which isolates the line-of-sight component through solely frequency diversity, and geometry-
informed echo de-embedding (GIED), which uses ray-tracing to model and compensate for multipath. Both
substantially outperform conventional calibration, which exhibits 2.088 dB and 9.85° magnitude/phase cal-
ibration error standard deviation under multipath. With fully known scatterer geometry, GIED (0.363 dB,
3.19°) outperforms the FDA (0.989 dB, 3.36°). However, FDA demonstrates more robustness to incomplete
geometry information.

This work provides the first ground-truth-based framework for comparing APAA calibration techniques under
constrained scenarios and the first demonstration of active multipath compensation for calibration in echoic
environments.

Keywords: calibration, active phased array antennas, constrained scenario, multipath.
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Introduction

1.1. Motivation

In recent decades, active phased array antenna (APAA) has emerged as an integral part of current and next-
generation wireless systems. In large part, this is due to their ability to manipulate how it directs radiation
dynamically electronically [1]. Through precise control of the magnitude and phase response radiated by
each antenna element, APAAs are able to shape the radiation pattern of the overall array.

In practice, precise control of each radio frequency (RF) channel connected to each antenna element is not
trivial. While a set of desired excitation weights can be analytically drawn up for each channel to ideally
produce a specific beam shape, non-ideal effects exists throughout the signal path. These non-ideal effects
impact the true excitation weights at the antenna elements and distort the resulting radiation pattern [2].
Overall, non-ideal effects can be categorized into static and dynamic effects. Static effects typically emerge
from design and manufacturing tolerances. For example, manufacturing tolerances cause unequal losses
and propagation delay that affect channel responses. Additionally, many components in the RF path are
non-linear devices, e.g. mixers, and amplifiers. While these non-linear behaviors are usually well modeled
in the system design, imperfect approximations will still aggregate and manifest. Similarly, unaccounted
electromagnetic (EM) interactions, such as mutual coupling or near-field loading with nearby objects, will
also have an effect. Furthermore, true excitation weights may also be affected by the dynamic effects of aging
and environmental conditions, such as humidity, temperature, vibration, etc. Temperature in particular can
cause many problems, both mechanically and electrically [3]. All-in-all, without intentional care, significant
distortion in the radiation pattern will occur. On an application level, mobile connection services, satellite
communications, military radars, or any other utilization of APAAs would have degraded performance — some
with the possibility of complete failure.

Within the context of APAAs, calibration refers to the effort to compensate for those non-ideal effects,
thereby approximating the initially intended beam shape. While it has been demonstrated that it is possible
to design an APAA which yields acceptable non-complex beamforming results without any calibration in
[4], authors in [5] has shown that proceeding with calibration will still obtain non-negligible results, whether
in effective isotropic radiated power (EIRP) or side lobe level (SLL). To this end, the optimal calibration
process would account and compensate for all non-ideal effects. However, in practice, these effects are often
unique for each specific scenario. Changing a single parameter will change how the non-ideal effect behaves:
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different frequencies; different excitations/beam shapes; different ambient temperatures; etc. In fact, study
[5] demonstrated significant gain-phase coupling in their device-under-test (DUT) to emphasize this — that is
to say that changes in the magnitude and phase setting will also cause changes in the phase and magnitude
responses. The same study also found considerable frequency dependency of the RF channel response.
Naturally, compensating for each and every scenario is impossible, since that would require characterization
of the APAA for each scenario. A single RF channel alone can have multiple thousands of excitation weight
settings. So, instead of trying to account for countless number of different scenarios, calibration is typically
done only for only a set of scenarios-of-interest. For example, calibrations are done only for a handful of
intentionally selected frequencies, for beam shapes or excitations of interest, at standard ambient temperature,
etc.

To obtain accurate and precise results, any measurement should be done in a controlled environment. Mea-
surements for the purpose of calibration are not different. lIdeally, it is done in an anechoic environment
with strict requirements: with ample signal-to-noise ratio (SNR), with correct antenna-under-test (AUT)-
probe distances and orientations, in a specified ambient temperature, etc. In doing so, the variance of the
measurement is reduced, resulting in accurate and precise calibration results. However, facilitating such
rigorous measurement is not always possible. Often, these APAAs need to be calibrated after they have been
deployed. While static, non-ideal effects can be compensated through calibration as they are rolled out of
the manufacturing plant, dynamic effects will build up over time. However, anechoic chambers are expensive
to build, so there is only a limited number of them. Measurement facilities might be inaccessible, e.g. far
or isolated from the APAA system'’s location. There might be queues, also preventing access. Furthermore,
if the electrical or physical size of the APAA is too large, far field (FF)-based calibration methods will not
fit inside existing anechoic chambers. As such, calibration in scenarios where the amount of environment
control is constrained, constrained scenarios, becomes an interesting possibility.

Moreover, as shall be seen in the following sections, the literature on calibration techniques are plenty. Despite
this, the literature disagrees on how a fair comparison between different techniques be made. In fact, the
literature tend to focus only on how their proposed technique fair against an existing/conventional technique,
rather than providing a fair comparison of techniques. In doing so, these techniques, which should act only
as a kind of "gold standard”, are then mistakenly applied as "ground truths”. This, in turn, misinform the
selection of metrics.

This work aim to tackle multiple problems in the same swoop. Not only are multiple calibration techniques
are being compared, these comparisons are made in different practical, constrained scenarios. Importantly,
a suitable set of metrics are chosen to make these comparisons. Based on the resulting measurements,
insights on the viability of calibration under different constrained scenarios can be concluded. Furthermore,
the possibility of compensating for one of the environmental constraint is of considerable interest, namely
the presence of echo or scattered paths. Such a possibility would suggest that calibration done in an
echoic environment would have similar performance to that done in a controlled environment. In that case,
calibration processes that are traditionally done inside of anechoic chambers can now be done elsewhere.
From an industrial perspective, circumventing the reliance on anechoic chambers eliminates a significant
bottleneck of the production pipeline, since it provides a scalable, cost-effective alternative. Moreover, the
spatial limitations of large APAA measurements in conventional test chambers can also be avoided. In
conclusion, research in this topic can have wide ranging implications.

1.2. Problem formulation

Calibration in any non-controlled environment is unpredictable. Not only because the environment itself
is affecting the measurement process, but also because it is not a particularly well documented in an aca-
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demic sense. The following list outlines three overarching problems recognized with regard to calibration in
constrained scenarios.

1. To the author’s knowledge, no literature have focused in proposing an approach to evaluate calibration

performance within the context of making a fair comparison between different calibrations. In this
respect, two things must be redefined. First, a new reference point of comparison, i.e. the ground
truth, needs to be pointed out. Secondly, suitable performance metrics need to be formulated. While
APAA calibration has existed for many years as a field of research, the typical metrics for quantifying
the calibration performance have not evolved accordingly. New metrics must account for the modern
emphasis of APAA’s capability for beamforming, which are highly adaptable. A more comprehensive
explanation on this is presented in Subsection 1.4.2. When both things are well defined, then fair
comparison between two calibration, whether done in controlled or constrained scenarios, can be
made;

Until now, the feasibility of calibration in constrained scenarios — without additional treatment — are
unknown. Experiments need to be done to provide suggestion on the feasibility of each scenario.
Namely, three constraints will be considered separately in this work: finite sampling of calibration
angle; decreased measurement SNR; the presence of echo.

= When utilizing phaseless calibration techniques, further discussed in Section 1.4 and 2.1, it is
recommended to calibrate for each steering angle. Due to time or space constraints, the calibration
angles will only be a finite subset of all possible steering angles. With increasingly sparse sampling,
calibration performance are traded-off for calibration speed/number of measurements needed.;

= Qutside of a controlled environment, there is the possibility of decreased calibration SNR, whether
due to the presence of interferers, increased equivalent antenna temperature, or limited signal
power. Naturally, this decrease will have an impact on calibration performance;

= Through the use of RF absorbers and strict control of the measurement setup, measurements in
anechoic chambers allow the assumption of only a single signal path between the reference device
and the APAA. However, such assumption cannot be made when calibration is done outside of
anechoic chambers where significant scattered paths exist. Signals propagating through different
paths, including line-of-sight (LoS) and scattered paths, will arrive at the antenna elements
and combine as a vector sum. Without any additional treatment, the scattered path signal
component will interfere with the intended LoS component and cause the calibration performance
to deteriorate.

3. To the knowledge of the author, no echo-aware calibration techniques have been described in the

literature. Echo-aware calibration refers to calibration techniques which is designed to intentionally
compensate for multipath effects present in echoic environments.

1.3. Thesis objectives

Considering the problems presented in Section 1.2, a number of objectives can be derived.

1.

Derive new metrics to quantify calibration performance, emphasizing their compatibility with the adap-
tive nature of beamforming;

Propose an empirical approach to manage the trade-off between finite sampling of calibration angles;

Compare and motivate the selection of the best phaseless technique under SNR constraints;
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4. Propose methods to achieve echo-aware calibration, complete with analytical and experimental sup-
porting arguments.

1.4. Literature study

1.4.1. Overview of Calibration Techniques

The literature regarding the calibration of APAAs is vast. Here, some of it has been summarized. Convention-
ally, calibration is done through complex measurements — meaning both amplitude and phase responses are
directly measured. The park-and-probe (P&P) method utilizes precise mechanical movement of a probing
antenna to park it in precise locations in reference to the antenna elements, usually in the near field (NF),
achieving identical coupling response for each channel-under-test (CUT) measurement. Complex measure-
ments of each CUT's channel response is then made sequentially, with only one channel active at a time.
Studies [5], [6] augments the P&P method with intelligent strategies to achieve calibration of the APAA.
While study [6] describes a heuristic approach to quickly arrive at a set of calibration weights the P&P
method, study [5] proposes the use of sampling and interpolation techniques to completely characterize each
RF channel. Such an approach introduces interpolation error, although it allows derivation of calibration
weights for any possible desired excitation weight, providing excellent flexibility. The major drawback of the
P&P method is how only a single channel is active during the calibration process. Such methods are referred
to as the "on-off" calibration methods. These calibration methods are disadvantaged because they do not
represent a realistic application of APAA, which are generally used with all elements active, in other words,
"all-on". In contrast to P&P and other on-off methods, all-on calibration methods better emulate working
conditions of APAAs, such as temperature gradients and voltage drops across the array, as well as various
associated EM behavior, such as mutual coupling between channels and antenna elements.

Study [7] proposes the use Fourier techniques to project precise NF measurements of the APAA in all-on
mode to the array plane. In doing so, the true excitation weights delivered at each antenna element can
be inferred. Through an iterative process, calibration is then achieved by modifying the excitation weights
until the desired excitation weights are inferred from the back-projection. The result is a set of calibration
weights highly optimized for a set of beam shapes. Since this method also utilizes NF measurements, it will
not be constrained by lack of space which is often associated with FF measurements. Conversely, calibration
methods which is done through NF measurements are highly prone the probe itself imparting some distortion
to the measured EM fields. Additionally, NF measurements are also highly sensitive to any mechanical
positioning error of the probe.

Another approach proposes utilizing the predictable nature of mutual-coupling, particularly symmetrical
mutual-coupling effects, to achieve calibration [8]—[10]. In combination with built-in probing functionality on
the array plane, this approach practically allows calibration anywhere without any additional measurement
equipments. This is a major advantage when considering systems that are highly susceptible to dynamic
effects, therefore needing regular calibration to keep beamforming performance up. The major drawback of
the mutual-coupling approach is its architecture complexity requirements, necessitating additional calibration-
dedicated components on an already tightly integrated APAA hardware. Additionally, these methods would
fall under the on-off calibration methods, since mutual coupling measurements are done sequentially.

Through clever manipulation of phase shifts at each RF channel, it has been shown that all-on mode
calibration can be achieved. These methods can generally be grouped into two categories based on the
measurement technique used. Studies [11]-[16] rely on complex measurements, while studies [17]-[27] do
not require any phase information to achieve calibration. Although complex measurement-based methods are
generally more efficient in terms of the number of measurements needed, direct measurement of the phase
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response introduce added complexity to the measurement setup. This is due to the need to have phase
coherence between the probe and the DUT on top of having carrier frequency lock. On the other hand,
phaseless techniques, sometimes also referred to as amplitude-only or power-based techniques, eliminate this
added complexity.

By implementing orthogonal codes in the form of phase shifts, the authors in [11] showed that simultaneous
calibration of all APAA channels can be achieved. An improvement was introduced in [12], which proposed
additional characterization of phase shifter errors to de-embed them from the calibration through post-
coding. Significant improvements were achieved in [13], which organizes the calibration problem into a set
of linear equations. An optimum coefficient matrix, which dictates the RF channel phase shifts needed for
measurements, is then used to solve the linear equations and arrive at the calibration weights. The authors in
[14] add a single measurement needed to resolve accumulated error found in [13], adding a single additional
measurement needed to achieve calibration from N to N+ 1, where N is the number of channels in the APAA.
In [15], the use of multiple probes is proposed to further increase the measurement efficiency. Meanwhile,
authors in [16] focus on cases whereby the APAA is operating in beam-steering mode only.

Similarly, phaseless calibration methods have seen improvements. The work in [17] is the primary reference
of phaseless calibration techniques. It describes the rotating electric-field vector (REV) technique, whereby
the APAA is in all-on mode with a single CUT has its phase rotated over 360°. Meanwhile, by evaluating the
resulting curvature of the measured vector sum of the array power, dubbed the "REV” curve, the calibration
weight of the CUT can be solved. The major drawback of the REV technique is its measurement efficiency.
A large number of measurements, once for each phase shift increment, is needed to characterize and calibrate
for a single channel. The authors in [18] argue that only four orthogonal phase settings are needed to obtain
calibration weights for each channel: 0°, 90°, 180°, and 270°. Meanwhile, in [19] further argued that only
three phase settings are needed to achieve calibration, 0°, 90°, 180°. The work in [20] posit the 180° phase
setting measurement can instead be replaced by turning off the channel instead. Overall, the measurement
efficiency was increased by decreasing the number of measurements needed to achieve calibration from
N(2P — 1) 4+ 1 where p is the phase shifter bit-number [17], to 3N + 1 [18], to 2N + 1 [19], [20]. Also to
increase efficiency, [21] proposes the rotation of phase shifts of multiple CUTs at the same time by utilizing
Fourier techniques. It achieved some gain in efficiency, but at the cost of additional calibration error. Authors
in [22] propose improvements in another way, whereby additional information on phase shifter behavior is
utilized to enable calibration for each and every phase shifter setting. Previously, calibration weights were
only provided for each channel, not for every phase shifter setting of each channel. Meanwhile, [23] proposes
a method to solve the solution ambiguity for the conventional REV technique by recording an additional
REV curve. Lastly, to improve on the conventional REV's performance for APAA with large number of
elements a multitude of references are available. For example, [24], [25] propose splitting up the array into
groups and REV calibration is done in groups. In doing so, larger fluctuations in the REV curve can be
observed, yielding better results especially in higher SNR situations. Meanwhile, [26] introduces the use of
deep neural network (DNN) to obtain calibration weights from phaseless measurements. It is demonstrated
that this method is more robust than conventional REV in low SNR. Lastly, authors in [27] were able to
isolate the signal contribution of the CUT from signals from other channels in the frequency domain through
time-delay modulation. In doing so, the calibration performance is no longer directly affected by the size of
the array. By evaluating the power level of harmonics appearing in the spectrum, calibration of the CUTs
can be achieved.

More recently, the reverberation chamber (RC) has also appeared as an interesting prospect for APAA
calibration, especially due to its compact form factor. Study [28] has provided a proof-of-concept of this
approach, although it is currently limited to the circular antenna array case for now.
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Table 1.1: Overview of calibration techniques mentioned. Key features are presented: utilizes NF/FF measurements; requires

complex/phaseless information; categorized as all-on/on-off methods. Key advantages and limitations are also shown.

Feature
Lit. NF/FF Complex/ All-on/ Advantage Limitation
Phaseless On-off
5], [6] NE Complex On-off Quickens P&P Adds urlcert.alnty to
procedure. calibration.
Require high
Maximizes precision eXC|ta.t|on
[7] NF Complex All-on . control and high
beamforming control. .
resolution NF
measurements.
Array edge-effects;
Mutual No external require dedicated
[61-{10] coupling Complex On-off instruments needed. | supporting hardware
architecture.
Increasingly efficient
[11]-[16] FE Complex All-on in terms of num. of R.eqwres [?hase
measurements information.
needed.
First to propose
[17] FF Phaseless All-on calibration without | Extremely inefficient.
phase.
No phase information Sensitive to noise in
[18]-[20] FF Phaseless All-on needed, increasingly
- large arrays.
efficienct.
Small increase in Linear increase in
[21] FF Phaseless All-on measurement
. measurement error.
efficiency.
[22] FE Phaseless All-on Provides callbraFlon Sensitive to noise in
for all phase settings. large arrays.
Allows Increased number of
[23] FF Phaseless All-on de-ambiguation of measurements
REV solutions. needed.
Better performance Increased number of
[24]-[26] FF Phaseless All-on erp measurements
in larger arrays
needed.
Requires fast
[27] FE Phaseless All-on Be.tter performance s.v\ntchlng response
in larger arrays times on the phase
shifters.
. Is only
R . A f
[28] everb Phaseless On-off vo@s need for proof-of-concept with
chamber anechoic chambers. : -
highly specific DUT.
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1.4.2. Relevance on Formulated Problems and Gaps in the Literature

Recalling the problems formulated in Section 1.2, here, the existing literature is reevaluated. First, how the
literature deals with evaluating calibration performance shall be discussed. Based on what metrics are used
to evaluate their proposed calibration technique, the literature on APAA calibration can be organized into
several categories, shown in Table 1.3. As can be seen from the table, a large portion of the literature utilizes
statistical descriptions of the calibration weight error, whether it be in terms of maximum span, standard
deviation (SD), root mean square error (RMSE), mean square error (MSE), or mean. Similarly, literature
on APAA calibration can be organized based on what that comparison reference is. This categorization is
presented in Table 1.2. By observing both tables, it can be seen that, the literature evaluates calibration per-
formance largely by assessing how little their proposed calibration technique differs to an existing calibration
technique. The line of thinking is as follows: if the proposed technique yields similar results to an existing,
widely accepted technique — the "gold standard” — then the proposed technique must be valid. Of course,
this is a perfectly reasonable rationale when the literature is simply arguing for the validity of the proposed
technique.

On the other hand, with the focus on proving the validity of the proposed technique, the literature have
provided little guidance on how to go about making a fair comparison between calibrations. Although intuitive,
the "gold standard” line of thinking should not be extended to the evaluation of calibration performance
in this context. Doing so risks favoring techniques most closely resembling the "gold standard” Instead,
assessment reference should ideally be based on the "ground truth”. In the calibration context, the ground
truth would correspond to "perfect calibration”. However, it is impossible to measure the ideal calibration
weights — it is the exact purpose of this field of study. On the other hand, the outcome of ideal calibration
is known. In phased array theory, it is known as the the array factor (AF) pattern, which represents the
ideal pattern given the excitation of an array. Therefore, this work proposes that the ideal /AF pattern be
used as the comparison reference when assessing and comparing between APAA calibration performance.
In any case, using AF pattern to derive metrics is advantageous, especially in terms of contextualizing
calibration performance. It would not be directly obvious to an antenna or a wireless engineer what statistical
description of calibration weights error would constitute acceptable calibration performance. On the other
hand, when calibration metrics are pattern-derived, such as beam shape, or SLL, these descriptions are
instantly actionable.

Another observation on the existing literature can be made with regards to the exact scenario the calibrations
are performed. Table 1.4 summarizes the categorization of calibration scenarios found in the literature.
It is shown that, by and large, calibration performance in the literature is described in ideally controlled
environments. In fact, a number of references has no mention of the calibration scenario, owing the automatic
assumption of calibration restricted to controlled environments. Meanwhile, only a handful of studies consider
constrained scenarios. The fact that calibration in constrained scenarios is hardly considered in the literature
constitutes a literature gap, especially when considering the advantages of such possibility. As such, this
work aims to have calibration in constrained scenarios among the center of its focus.

1.5. Thesis scope and approach

In this work, calibration of APAAs in constrained scenarios are considered. To be more specific, only cal-
ibration techniques applicable to analog phased array architures shall be evaluated. This is because they
represent the vast majority of existing APAAs. Also, analog phased array architectures are generally more
constrained, meaning they can more easily be adapted for calibration of digital phased array architectures.
Moreover, analysis shall be limited to only APAAs on receive-mode with uniform linear array (ULA) archi-
tectures. This is done simplify and tailor the overall analysis to the designated DUT, further described in
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Table 1.2: Summary of comparison reference used in the literature when assessing performance of calibration techniques.

Literature Comparison Reference
[16], [22], [25]-[27] Conventional REV.
[5], [7]-[10], [12], [17], [20]-[22], [27] P&P or similar.

Any other calibration technique besides REV or

[11], [14], [15], [18], [20], [23], [25][27] oo

[13], [19], [28] Cable-based vector network analyzer (VNA)

measurements.
[13], [20], [24] Applied true excitation in simulation.
[5], [6]. [11], [23], [24], [27] Radiation pattern without calibration.
[9]-[11], [13], [23] Ideal pattern or AF.

Table 1.3: Summary of metrics used in the literature when assessing performance of calibration techniques.

Literature Metrics Used

[13]-[16], [19], [25], [27] Maximum error of calibration weights.

SD, RMSE, or MSE, or mean error of

(5], [8]-{14], [18]-[24], [26]-[28] calibration weights.

Visual evaluation of the calibrated radiation

[11]. 23], [15], 16}, [23]. [24]. [27] pattern (without quantitative evaluation).

Evaluation of the calibrated radiation pattern,

[6]. [7]. [10], [17] e.g. SLL, etc.

Table 1.4: Summary of calibration scenarios found in the literature.

Literature Calibration Scenario

[5]-[8]. [12], [14]. [15], [23]-[25] Measured in an anechoic facility.

Measurements with use of RF absorbers, but

[11], [13], [16], [19] generally not considered nominally anechoic.

[8]-[10] Measurement in situ, in the field.
[17], [18], [20]-[22] Measurement scenario not mentioned.
[28] Measured in a RC.

[20], [26], [27] Simulated for varied SNR.
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Section 2.3.

Three constrained scenarios in reference to calibration are assessed: finite sampling of calibration angles,
decreased SNR, and the presence of echo. In the evaluation of these scenarios, calibration performances
are evaluated through pattern-derived metrics, further elaborated in Subsection 3.1.2. In this process, due
to time constraints, evaluation are limited to only steered beam patterns. At first, a purely experiment
based approach is employed. Measurements are done to evaluate the effect of these constrained scenarios in
calibration performance. From the results, observations and inference is made. Specifically for the calibration
in echoic environment case, methods to achieve echo-aware calibration are also proposed. Here, the echoic
environment is assumed to be static. To this end, the multipath problem of echoic environments are described
analytically. Furthermore, the multipath problem is modeled through MATLAB. There, a ray-tracing-based
simulation is built, which is then used to evaluate different approaches to echo-aware calibration. If an
approach shows signs of success in compensating for the multipath effects, proof-of-concept experiments are
done to validate the simulated results.

1.6. Novelties of this research
In this thesis project, the following aspects is novel.

1. First time comparison of multiple calibration techniques through comprehensive pattern-derived quan-
titative metrics;

2. Quantification of the effect of finite calibration angle and decreased SNR to APAA calibration perfor-
mance;

3. Novel development of two different methods to achieve echo-aware calibration: the frequency-domain
averaging (FDA) and geometry-informed echo de-embedding (GIED).

1.7. Thesis outline

The structure of this thesis report is as follows. Chapter 2 describes the algorithm followed by the phaseless
techniques applied in this work. Additionally, the DUT and instruments used in this work will be described.
In Chapter 3, the calibration performance of different phaseless calibration techniques are compared under
different constrained scenarios. In Chapter 4, further discussion is presented on the problem of calibration
in echoic environments. There, analytical description is provided and two methods are proposed to be able
to compensate for the multipath effects. Lastly, in Chapter 5, conclusions are gathered from the content of
this work and recommendations for future work are provided.



Calibration algorithms and measurement
Instruments

As discussed in Section 1.1, non-ideal effects found throughout the signal path will cause errors in the
excitation of the antenna array. These non-ideal effects can be lumped into a column vector with N elements,
the excitation error We,,, with N being the number of channels in the array. This term represents the complex
coefficient that causes the actual excitation of the n-th antenna element, wy,,., to deviate from the intended
excitation weight, we,.. To compensate for the aforementioned error, an additional calibration weight, w,, is
applied. Ideally, this calibration weight should be the exact inverse of the excitation error. The mathematical
notations of these variables are shown in Equations 2.1 - 2.4,

Wirue = Werr © Wexc (21)

Werr,n = Aerr,ne‘j(be”'"v n=12..., N (22)
Weal |idea| = W(e)r_rl (23)
Wtrue|ca|ibrated = Werr O Weal © Weye = Weyc (24)

In this thesis project, only phaseless calibration techniques are considered. This is due to their advantage
of low complexity, which aligns well with the theme of calibration in constrained scenarios. These tech-
niques, which rely only on the measurement of the signal's magnitude or power, do not require the complex
system requirements needed to facilitate direct phase measurements. In contrast, phaseless measurement
requirements are very lenient. No phase coherency nor frequency lock is needed. It only requires that the
frequency of the signal is within the bandwidth of the signal detector. Moreover, since no phase information
is required, simple power detectors can be used to make measurements instead of the more complex in-phase
and quadrature (1Q) receivers.

Although many different phaseless techniques exist, in this thesis project, only three are used throughout:
REV, single-channel sequential null steering (SCSNS), and single-channel sequential lobe steering (SCSLS)
techniques. The REV represents the conventional phaseless calibration technique. Meanwhile, the SCSNS
is the default calibration technique implemented by Analog Devices as the provider of the DUT. Lastly, the
SCSLS is implemented through a straightforward tweak in the the SCSNS algorithm. In this chapter, they
will be described in detail.

10
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2.1. Phaseless techniques

The typical measurement setup involving phaseless techniques can be observed in Figure 2.1. In the figure,
naturally, DUT refers to the APAA being measured and calibrated. Meanwhile, the reference device is the
device used to complete the transmit-receive scenario of the measurement setup. If the DUT is a transmit-
mode APAA, then the reference device is a probe, i.e. receiver/detector. Conversely, if the DUT is a
receive-mode APAA, the reference device is a beacon, i.e. transmitter. Since only the calibration receive-
mode APAA is considered in this thesis project, the reference device shall henceforth be referred to as the
calibration beacon, or simply beacon.

Broadside
4®—< S (¢ =0)

—® Far-Field

. Reference Device

Anechoic Environment

Figure 2.1: A typical calibration setup using phaseless technique.

From the measurement setup shown in Figure 2.1, the wireless channel behaviour can be easily derived. The
anechoic setup ensures that only the LoS signal path will arrive at the array aperture. Since the calibration
beacon and the DUT are assumed to be in FF distance of each other, it can be assumed that the there is
negligible difference in both the amplitude attenuation and the angle-of-arrival (AoA) of the signals arriving at
each antenna elements. In principle, this is the plane wave approximation. This assumption, in combination
with the position of the beacon in the broadside of the array aperture, means no phase offset shall exist
among the signals arriving at each antenna element. In effect, the propagation response for each channel is
identical and is simply the free-space propagation response.

These assumptions are formalized in Equation 2.5, where the complex response vector for all N channels
hpropagation is defined as a uniform vector with its components equal to the free-space propagation response
hts. Following standard free-space propagation theory, hg is defined in Equation 2.6, where r, ¢, and f
respectively denotes the distance, speed of light, and signal wavelength. The exact value of hg is not
typically known, although it must be identical for all channels.

hpropagation = hfs]-N (25)

c 1
h = —_-—
= Fanr

_ s 2nfr

e e (2.6)
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With the assumptions made, derivation of the calibration weights can be done more easily. The field vector
present on the n-th channel is the product of the signal radiated by the beacon, propagation channel, and
excitation error, shown in Equation 2.7. However, since the radiated signal and the propagation channel
response is identical for all channels, their effects can be easily normalized out of relevance. As such, any
discrepancies between the measured field vector of different channels can be attributed only to excitation
errors.

E= S‘c><(hpropagation © Werr)

2.7)
= Stthswerr

2.1.1. REV technique

In the conventional REV technique, the composite field vector of all channels of the array is evaluated. As
depicted in Figure 2.2, it can be observed that the composite field vector is the superposition of field vectors
of all channels. Moreover, when the field vector of the n-th element is phase shifted, then the composite
field vector will rotate in a circle referred to as the REV circle. With the phase shifted over 360°, the REV
technique solves the excitation error of the n-th channel by recording the amplitude variation of the composite
vector. Since the REV technique is already well described in the literature [17], the step-by-step derivation
of the solution will not be shown here. However, relevant details on the procedure and modifications shall
be provided. Overall, the flow diagram of the REV technique can be seen in Figure 2.3.

Figure 2.2: lllustration of the composite field vector and the REV circle. Redrawn from [17].

In Figure 2.2, Ag and ®¢ denotes the magnitude and phase of the composite field vector in the initial state.
Meanwhile, A, and ®, denotes the magnitude and phase of the n-th channel’s field vector. As the n-th
channel has its phase shifted, the composite field vector can be formulated as follows, with © denoting the
applied phase shift.

E,(©)=Ey—E,+ E,e®

. . . 2.8
= Age® — A,el® + A, el(®TO) (28)

In conventional REV notation, k, and X, are introduced as the relative magnitude and phase of the n-th
channel’s field vector to that of the composite field vector.

An

ky = 2
n AO

(2.9)
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Figure 2.3: Flow diagram of the REV technique. Additional steps proposed by [23] are added to solve ambiguity of solutions.
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X, =®, — Py (2.10)

Since these values are defined normalized to the static terms, Ag and ®g, then these values must be
proportional to the excitation error defined previously.

kn€" o By X Werr.n (2.11)

While the composite vector field én(@) contain both magnitude and phase components, the REV is a
phaseless technique and relies only on magnitude — equivalently, power — information to obtain the solution
to k, and X,. As the n-th channel is phase shifted, the composite field power is measured to produce the
REV curve, described in Equations 2.12 and illustrated in Figure 2.4. lIdeally, the REV curve will take a
sinusoidal shape, as can be identified in the last term of the equation

Qn(©) x |EL(9))? = (Age® — A,e1®")2 + A2 1 2(Agel® — A,el®")A, cos (, + O) (2.12)

20

REV curve

® REV maximum
®  REV minimum

Composite Field Power
=)

O Il Il Il Il Il Il Il I}
0 45 90 135 180 225 270 315 360

Phase Shift (deg)

Figure 2.4: lllustration of a REV curve. Here, Qmax.n, Qmin,n, and ©q are 17.2, 3.05, and -172°.

That being said, in practice, the REV curve will be subject to distortions, whether it be due to component
nonlinearity, mutual coupling, or noise. In the conventional REV literature, it is proposed to use least-square
approximation (LSA) to approximate the measured curves in order to recover the best sinusoidal fit. From
the fitted REV curve, two important informations are retrieved: the ratio of its maximum and minimum,
r = Qmax.n/Qmin.n, and the phase shift associated with the curve’'s maximum, —©g. These values are key
to deriving the calibration weights.

Based on REV literature, it is known the solution to k, and X}, is ambiguous due to the two possible scenarios
given a REV curve, shown in 2.5. In the case of the origin point being outside of the REV circle, the solutions
to k, and X,, are presented in Equations 2.13 and 2.14. On the other hand, if the origin is contained within
the REV circle, then the solutions are defined in Equations 2.15 and 2.16.

-
Ky =
/142l cos©q + 2

(2.13)
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Figure 2.5: lllustration of the two ambiguous cases of REV measurement: (a) origin outside and (b) inside the REV circle.

B 1 sin ©g
X, = tan (cos S0t F) (2.14)
1
n = (2.15)
V142l cos©q + 2
B 1 sin ©g
Xp = tan (cos o0t 1/|_> (2.16)
r—1
=71 (2.17)

In order to solve the ambiguity of the REV solution, the method proposed in [23] is applied. In principle, this
method proposes the generation of an additional REV circle. Specifically, the magnitude of the n-th channel
is attenuated prior to the application of phase shifts and composite field power measurements. The resulting
new REV circle can be observed in Figure 2.6. By observing whether the measured minimum field magnitude
A|Epmin| increases or decreases, the correct solution of the REV technique can be chosen. In reality, only the

composite field power is measured in this process. In Figure 2.7, an example of the measured REV curves
are shown.

g

Figure 2.6: lllustration of how the introduction of a second, attenuated REV circle (dotted-lines circle) in addition to the
initial REV circle (dashed-lines circle) can solve the ambiguity of the REV measurement: (a) A|Emin| is positive, since the
point in the REV circle closest to the origin moves away from the origin; (b) A|Emin| is negative, since the point in the REV
circle closest to the origin moves closer to the origin.
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Figure 2.7: lllustration of the two generated REV curves. Here, the new REV curve has a larger composite field power
|En(©)]? minimum, so this REV measurement must be related to the "origin outside the REV circle” case.

2.1.2. SCSNS and SCSLS techniques

The technique referred to as SCSNS is described in [29], which provides scripts and functions for the chosen
DUT of this thesis project — further described in Section 2.3. Unlike many other phaseless techniques, the
SCSNS does not constitute an all-on calibration technique. However, as an advantage, implementation and
the underlying principle of this technique is very simple. As seen in 2.8, the calibration routine is divided
into three parts. First, it is the coarse measurement of the channels’ excitation error magnitude, followed by
the phase offset measurement, and finished by the fine measurement of the excitation error magnitude.

To obtain the excitation error magnitude of each channel, a measurement of the field magnitude of each
individual channel is made. This is performed by sequentially activating only a single channel at a time,
the n-the channel, and deactivating all other channels. Because all other channels are deactivated, the
measured "composite” field magnitude in this case is contributed by only the n-th channel’s. In other words,
it is equivalent to measuring the vector field magnitude of the n-th channel, A,. Furthermore, since the
calibration beacon being at a FF distance and in the broadside angle is the assumption, then it is concluded
that the channel’s measured field magnitude, A,, is proportional to the magnitude of the excitation error
Eerr,n-

Aeren X Ap (2.18)

After obtaining the coarse measurement of the channel excitation error magnitude, an intermediate magnitude
calibration is performed by applying Amin/An to the n-th channel as weights, where Anin denotes the minimum
recorded A, across all channels. By normalizing to An;,, the applied weights are restricted to a range of 0
to 1. After applying the intermediate calibration to the magnitude response of the array, measurements of
the excitation error phase component can then follow.

To obtain the excitation error phase component, the SCSNS assigns a reference channel, with a zero phase
offset, ®,f = 0. To obtain the phase offset of all other channels, a sequential approach is again used. This
time, the reference channel is activated in addition to the n-th channel, with all other channels deactivated.
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Figure 2.8: Flow diagram of the SCSNS/SCSLS technique: (a) overall main flow: (b) procedure to obtain magnitude weights;
(c) procedure to obtain phase weights.
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With only the two channels active, the n-th channel is phase shifted over 360° and the composite field
magnitude is recorded for all phase settings. The interaction of the field vectors is illustrated in Equation
2.19 and Figure 2.9. Measuring only the composite field magnitude yields the "interference curve”, shown
in Figure 2.10. To ensure apple-to-apple comparison with the REV technique, LSA is also applied here to
obtain the sinusoid-fitted interference curve. This represents a modification to the procedure compared to

the reference implementation of this technique.

En(©) = Eyes + Epe®

2.19)
i(®r+O ( ’
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Figure 2.9: lllustration of the interaction between the field vectors of the reference and the n-th channels. Here, the reference
channel is assumed to have no excitation error, while the n-th element has 50% larger amplitude with 45° phase offset.
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Figure 2.10: lllustration of an SCSNS/SCSLS interference curve. Here, the composite field power is defined simply as the
composite field magnitude squared.
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Next, by noting the location of the minimum in the interference curve, the phase offset of the n-th channel
can be determined, since the associated phase shift must be exactly 180° out-of-phase with the reference
channel. This process is then extended to all channels.

Perr.n = P, = —180° + arg min |EL(O)] (2.20)

As seen in Figure 2.9 and 2.10, inference of the n-th channel's phase offset can also be obtained by noting
the location of the curve's maximum point. This is the exact difference of the SCSLS to the SCSNS. The
phase offset associated with the maximum directly translates to the phase offset of the n-th channel.

Perrn =, = arg m(gx |En(e)| (2'21)

After the excitation error phase component @, , is measured, the corresponding phase calibration weight
el®ern is applied. Next, the last step of the SCSNS and SCSLS calibration technique is the fine excitation
error magnitude measurement. This fine measurement follow the exact procedure of its coarse counterpart.
The only difference being the now applied phase correction.

From a procedural point-of-view, it can be concluded that the SCSNS/SCSLS methods is the faster calibration
technique, since they require the generation of one interference curve, compared to the implemented REV's
two curves. This is despite the former having separate calibration procedure to obtain the magnitude
component of the calibration weights. To be specific, the amount of measurements needed to achieve
calibrations are 2N + (N — 1)(2P — 1) and N(2P — 1) 4+ 1 for the SCSNS/SCSLS and REV techniques,
respectively.

2.2. Off-broadside calibration

In the reference literature [17], it is suggested that a single REV measurement is unique to the "specific
observation direction”, which in this case refers to the calibration beacon direction. This is because the
measured field vectors are the product of both non-ideal effects inherent to the individual signal path and
the radiated fields in that specific direction. Meanwhile, through the concept of embedded element pattern,
it is known that each individual antenna elements radiates differently in different directions. That is to say,
to obtain optimum calibration across all steering angles, in REV or any phaseless calibration, measurements
should be done for every steering angle. This is done by placing the calibration beacon in the direction of the
intended steering angle when conducting phaseless measurements. To that end, the propagation channel,
which until now had been assumed to have positioned the beacon in the broadside angle, shall now also
consider placement in arbitrary angles.

Now, the response of the propagation channel is no longer identical for all channels. Instead, it is modified
by progressive phase shifts due to the wavefront hitting the array elements at an angle. Since the DUT
considered in this thesis project is only a ULA, the steering vector a(¢) of this progressive phase shift effect
is defined as in Equations 2.22 and 2.23, where ¢, B, and d are the azimuth angle from broadside, the
propagation phase constant, and the inter-element distance of the antenna array respectively.

an(@) = e ™M@ n=1,2.,N (2.22)
Y(¢) =Bdsin¢g (2.23)

Since the beacon is now placed in arbitrary azimuth direction ¢, the field vector present on the array is also
naturally a function of ¢.
E(d)) = St><(hpropagation((15) © Werr(d)))

- Stths(a((b) © Werr((p)) (224)
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Consequently, to extract information of the excitation error, which is now also assumed to be a function of
¢, the inverse of the progressive phase shift vector a°~1(¢) must be applied as an additional step.

1
Stx hfs

Werr (@) = (E(¢) ®a”(¢)) (2.25)

2.3. Device-under-test (DUT)

To obtain insights on the topic of calibration in constrained scenarios, a suitable DUT is needed. Chosen for its
availability and ease-of-use, the CN0566 phased array development platform is used as the DUT throughout
this project [30], [31]. The platform can be programmed using MATLAB, a programming language the
author is familiar with. Additionally, there are plenty of example scripts and functions available [29].

In terms of hardware, this low-cost APAA platform operates on receive-mode at 10.0 - 10.5 GHz. It hosts a
hybrid phased array architecture, containing an 8-channel horizontal ULA connected to two digital channels.
On the radiating aperture, each analog channel is connected to a fixed 4-element vertical antenna array,
therefore achieving a narrower beam horizontally. Overall, the radiating aperture is made up of 8x4 patch
antennas, with beamforming capabilities along the azimuth (¢) directions. With 14 mm in horizontal and
vertical spacing of elements, the overall size of the aperture is around 112 mm x 56 mm. Following Equation
2.26, where D is the aperture largest span and X is the operating frequency, the Fraunhofer distance rgp
such that FF behavior can be approximated is around 1.088 m. It should be noted that the CN0566 is also
equipped with a single transmit channel. However, it has no beamforming capability and must be connected
to an external antenna through the use of coaxial cables.

2D?
rre = - (2.26)

The CN0566 board is designed to be mounted on a Raspberry Pi. Additionally, it utilizes the PlutoSDR
software-defined radio (SDR) module to further down-convert and digitize the intermediate frequency (IF)
signal paths through its two digital receive channels. In combination, the CN0566 board, the Raspberry Pi
and PlutoSDR module, will henceforth be referred to as the "Phaser Kit". Photograph of the Phaser Kit is
shown in Figure 2.11.

Figure 2.11: Photograph of the Phaser Kit.

A closer look at the array architecture of the DUT will reveal a two-tiered hybrid array. The lower tier is the
analog arrays, which consist of four analog channels each. The digital array, which consists for two channels,
occupy the higher tier. This tiered perspective is presented in Figure 2.12.
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Figure 2.12: Array architecture of the CN0566. Solid- and dashed-lines are used to signify the analog and digital domains
respectively.

Due to the hybrid architecture of the DUT, implementation of the calibration procedure is not straightforward,
but require step-by-step approach. More specifically, calibration must be done at the analog array tier prior
to the digital array tier. Only after calibration at both level is done can the whole DUT be considered
calibrated. In this thesis project, when different calibration techniques are mentioned, their implementation
refers only to the implementation done at the analog array level. Meanwhile, implementation of the digital
array calibration is kept common for all, that is using the SCSNS technique. This approach is taken because
the digital array consists of only two channels, therefore implementation of the SCSNS/SCSLS and REV
would be very similar. Ultimately, this was done to avoid unnecessary complexity of the implementation.

2.4. Measurement instruments

In this work, a number of different experiments are done, each with their own measurement setup. Over the
course of the thesis project, different instruments are used to best fit the needs and convenience at a given
time. Here, some additional details on the instruments used for those measurements are provided.

The HB100, shown in Figure 2.13, is the device provided by Analog Device to act as the calibration beacon for
its default SCSNS technique. Consequently, this module is used heavily, particularly early on in experiments
covered in Chapter 3. Despite its marketed use as a low-cost Doppler radar module, here, the HB100 is
utilized as a single-tone, fixed-power calibration beacon. lts compact nature especially allows for ease of
setup. As antennas, the board utilizes a pair of patch antennas, radiating with 40° half power beam width
(HPBW) on its broadside. Due to its low-cost, the frequency at which it radiates often vary device-to-device.
The HB100 used in this thesis project radiates at around 10.4 GHz. To ensure consistency, all measurements
of Chapter 3 are done at this frequency.

Still in Chapter 3, the effect of measurement SNR to calibration performance are evaluated. To achieve a
varied measurement SNR, the transmit power of the calibration beacon is varied. Since the HB100 is fixed
in power, an alternative device is needed. As such, the transmit channel of the phaser kit — which allowed
programmability of the transmit power — was utilized. To ensure wide dynamic range of the applied SNR, a
horn antenna with large gain is used, shown in Figure 2.14.
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Figure 2.15: Photograph of the horn Figure 2.16: Photograph of the
antenna provided by Robin Radar Systems. open-ended waveguide antenna.

Experiments in Chapter 4 required different features. First, the calibration beacon needed to allow transmit
frequency programmability. Additionally, the antenna needed to have a wider beam to allow significant
scattered paths to appear. As such, next, a VNA is used to generate the calibration signal, replacing the
Phaser Kit's transmit channel. At the time, the Phaser Kit appear to have signal leakage from the transmit
to receive channel. Meanwhile, the antenna used for the calibration beacon is changed to that shown in
Figure 2.15. This multi octave horn antenna by A-Info has a frequency of operation between 7.5 - 18 GHz
with 10 dB in nominal gain. The antenna was provided by Robin Radar Systems.

Lastly, in Chapter 4, a surrogate antenna was needed to allow power-delay profile (PDP) measurements of
the echoic environments. Ideally, a patch antenna should be used to mimic the radiation pattern of the
DUT'’s antenna elements. However, due to lack of availability, an open-ended waveguide — which have a
wide beamwidth — is used instead. The antenna is shown in Figure 2.16. The wide beam width is important
to be able to pick-up scatterd path signal components from wide angular directions.
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2.5. Chapter summary

This chapter mainly provides background information for the following chapters. In particular, elaboration
on the algorithm of the phaseless techniques used in this thesis project is provided. Furthermore, description
on the APAA used as the DUT is also given. The key points are as follows.

1.

Calibration weights w, are intended to compensate for the non-ideal effects of the signal path, repre-
sented by the excitation error we,,. Ultimately, calibration performance is dictated by how accurately

characterization of the channel’s excitation errors are, since Weai|ideal = W2y, *;

In the REV calibration, measurements are made to the composite field vector from all channels. The
REV curve is obtained by plotting the measured composite field power against the phase shift applied to
the n-th channel over 360°. Solution to the REV measurement can be obtained by noting information
of the curve's maximum and minimum;

In the SCSNS and SCSLS, the overall procedure is split into three parts: magnitude (coarse), phase
offset, and magnitude (fine). To characterize the excitation error magnitude, both techniques rely on
sequential measurement of the field magnitude present at each channel. To characterize the phase
offset, the reference and the n-th channel is activated. The n-th channel is phase shifted over 360°
and the measured composite field power is plotted. The phase offset of each channel can be obtained
by noting the phase shift associated with the minimum (SCSNS) or maximum (SCSLS) points in the
obtained curve;

Obtaining calibration weights for each intended steering angle is needed to achieve the best calibration
performance. To do so, the calibration beacon is placed in the direction of the steered angles. This
spatial information of the beacon must be taken into consideration through the steering vector a(¢);

In this thesis project, the CN0566 receive-mode phased array development board is chosen as the DUT
for its availability and ease-of-use. To do beamforming, the CN0566 utilizes the 8 RF channels at
its disposal, which is split to two 4-channel analog subarrays connected to a 2-channel digital array,
representing a hybrid architecture APAA.



Comparison of calibration techniques and
Impact of constrained scenarios

In this chapter, the calibration performance of different phaseless techniques are evaluated for different
constrained scenarios, namely limited angle of the calibration beacon, decreased SNR, and the presence of
scattered path(s). Before any measurement setups are presented, first, a new set of metrics must be defined.
Then, for each scenario, the measurement procedure and results are shown before analysis is given.

3.1. Approach

As discussed previously in Subsection 1.4.2, evaluation of calibration performance typically made in the
existing literature retains some problems. Here, ideal patterns, i.e. AF patterns, are used as the comparison
reference, since they most closely represent ideal calibration. As such, radiation patterns need to be generated
to enable comparison to the ideal patterns. From then on, pattern-derived metrics are defined to evaluate
calibration performance. This section discuss how these processes are done.

3.1.1. Generating the patterns

Typically, measurement of radiation patterns is done through thorough measurement of the field vector at
all directions of interest. Unfortunately, such measurements are notoriously time-consuming, since they
require many cumbersome mechanical movements. In this project, since only steered beams are consid-
ered, the measurement of beam patterns can be substituted with the much quicker measurement of their
mathematically-equivalent patterns, henceforth referred to as "EQ patterns”. In this work, EQ pattern of a
steered beam at ¢ is obtained by electronically steering the beam across azimuth angles while recording the
field power received from a fixed source located at a FF distance and angular position ¢g. Figure 3.1 shows
the setup used to measure EQ patterns.

Relating to the context of calibration, mathematically, the EQ pattern is defined as expressed in Equation
3.1. There, the vector dot product with the all-ones vector simply implies summation of the vector elements
and m represents the m-th index of all M number of evaluated directions.

AEQ,m = |1T(E O W © Wexc,m)| (31)

24


E_{broadside-beacon} -> the field vector present on the array aperture when the beacon is placed on broadside direction
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HB100 Module

Sweep the steered beam

?S i . and record the received power

Figure 3.1: The measurement setup to generate the EQ pattern of a steered beam. The HB100, acting as the reference
source, is placed at a FF distance from the DUT.

Strictly speaking, the patterns measured through this method is not exactly equivalent to patterns measured
through conventional procedures. Crucially, EQ patterns do not take into account scanning loss, since the
reference beacon is at a fixed location, ¢g. Coincidentally, scanning loss is not accounted in AF patterns
either, allowing direct comparison between the two.

3.1.2. Pattern-derived metrics

Moving forward, pattern-derived metrics will be used as an alternative to the statistical quantities of calibra-
tion weights error typically used in the literature, especially within the context of making a fair comparison
between two calibrations. Since only steered beams are considered, traditional beam steering metrics can
be used: steering angle error; HPBW broadening; maximum SLL. These parameters quantify some specific
quality from the entire synthesized beam.

Alternatively, a more thorough quantitative approach can also be used to obtain quantities more flexibly
and relevant to the beam pattern being synthesized. For example, when the accuracy of the beam pattern
over the entire radiation direction is important, then the RMSE of the calibrated beam pattern can used
as the calibration performance metric. Formulation of the pattern RMSE is shown in Equation 3.2, where
A is the magnitude response of a radiation pattern, M refers to the number of angles evaluated, m is the
angle index, and the meas and ideal subscripts refer to the measured calibrated and ideal pattern data. This
metric represents the overall fitting of the measured pattern to the ideal, with a lower RMSE portraying a
better beam forming performance.

M
\/Zm:l |Aidea|,m - Ameas,m|2
M 2
Zm:l Aideal,m

In this case, since nulls are not generally important in steered beams, the minimum values of Ajgea,m and
Ameas,m are limited to -25 dB to avoid division by small number. Conversely, when only a range of directions

RMS Epattern =

(3.2)
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are relevant or more important, then the RMSE can be calculated for only the relevant directions, or be
weighted accordingly. In this approach, derivation of the metrics can be highly customized to the intended
beam pattern.

As discussed previously, in this work, EQ patterns are used instead of the conventional radiation patterns. As
such, Ameas,m can be substituted for Agq.,. On the other hand, typically, the ideal pattern will have already
been derived from the system requirements, in the form of an analytical AF pattern or alternatively using
simulated pattern from an EM solver. Figures 3.2 and 3.3 illustrates the pattern-derived metrics collected
in this chapter.
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(b) Definitions of steering angle error: (1) defined by the maximum pattern response and (2) defined by the HPBW center.

Figure 3.2: lllustration of the different calibration performance metrics derived from by comparing the measured EQ pattern
to the ideal AF pattern.



Chapter 3. Comparison of calibration techniques and impact of constrained scenarios

27

Normalized Power (dB)

-10

i —-—— AF Pattern
A% Measured EQ-Pattern

-90

Normalized Power (dB)

-30 0
Steering Angle (deg)

(a) EQ pattern corresponding to 11.52% pattern RMSE..

———— AF Pattern
Measured EQ-Pattern

0 -

)
=
3 -
g -10
@]
(A
o
[}
N
= -20
£
]
=

-30

Steering Angle (deg)
(b) EQ pattern corresponding to 18.97% pattern RMSE.

- AF Pattern
Measured EQ-Pattern

-90

Steering Angle (deg)

(o} pattern corresponding to . o pattern .
EQ di 23.73% RMSE

Figure 3.3: lllustration of the different EQ patterns corresponding to different pattern RMSE values.
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3.2. Calibration performance for finite sampling of calibration angles

In Section 2.2, it was presented that optimum calibration weights can be obtained by calibration for each
steering angle. In this first part of evaluating the calibration performance in constrained scenarios, the effect
of finite sampling of calibration angles is evaluated. The measurement setup for this calibration scenario can
be seen in Figure 3.4. As seen from the setup, calibration weights are collected for various beacon angles:
from -50° to 50° in azimuth, with 10° steps. In total, there will be 33 sets of calibration weights, with 11 for
each phaseless technique. Next, these calibration weights are used to generate steered beam EQ patterns
with the same set of angles as the steering angles: from -50° to 50° in azimuth, with 10° steps. Then,
metrics can be extracted from all 121 generated EQ patterns, or 363 when considering all three phaseless
techniques.

HB100 Module

Azimuth Angle ¢

—® Far-Field

Anechoic Environment

Figure 3.4: The measurement setup to perform calibration of steered beams at an arbitrary azimuth angle.

To make analyses on these metrics, they are reorganized based on how these EQ patterns were obtained.
More specifically, they are reorganized based on the absolute difference between the azimuth angle of the
beacon when the calibration weights were obtained ¢.,, and the intended azimuth angle of the steered
beam pattern @sieer. That is to say, a small angle difference |@pcal — Psteer| Would represent a finer sampling
of calibrations of the steering angles, whereas a larger angle difference represents sparser sampling. The
number of measurements associated to each case of absolute angle difference can be observed in Figure 3.5.
Unfortunately, invalid results were observed for EQ patterns generated using calibration with ¢, at 30° due
to measurement error, therefore that leaves only 110 EQ pattern data in total.

Although multiple different metrics were collected, the two most relevant plots are shown: steering angle
error and beam pattern RMSE. Figure 3.6 presents the pattern RMSE when comparing between the obtained
EQ pattern to the ideal AF pattern. Additionally, Figure 3.7 shows the change of steering angle error with
variation of the absolute angle difference. For both plots — and other similar plots throughout this chapter
— a slight horizontal offset for each phaseless technique is introduced avoid overlap of the different traces.
Despite the visual trick, these plots overlap on the same absolute angle differences: 0°, 10°, 20°, ..., 100°.

As seen in Figure 3.7 and 3.6, across metrics, it can be concluded that the REV and SCSNS techniques
outperforms the SCSLS technique, with very little difference between the two. Moreover, the calibration
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Figure 3.5: Number of measurements associated to each case of absolute angle difference, |pcal — Psteer|-
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Figure 3.6: The mean and SD of pattern RMSE as the absolute angle difference widens for various phaseless calibration
techniques.

performance clearly deteriorates as the absolute angle difference is raised: increased steering angle
error and pattern RMSE. To quantify this phenomena, linear regression is be applied to summarize its effect
on calibration performance. On average, an increment of 10° angle difference increases the steering angle
error (HPBW center) by 0.360°, 0.341°, and 0.305° and the the pattern RMSE by 1.41%, 1.67%, and 1.69%
for calibration using SCSLS, SCSNS, and REV techniques, respectively. Meanwhile, other calculated metrics
— HPBW, maximum SLL — remain stable with change of the absolute angle difference.

While these numbers may seem small, in reality, calibration is often done only at a single direction, at
broadside. In other words, in many cases, the absolute angle difference |@cai — @steer| regularly reach high
numbers. Assuming a steering angle of 50°, up to 1.5° of steering error are expected on average, with outlier
cases possibly yielding larger errors. Depending on the application of the APAA, this amount of steering
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Figure 3.7: The mean and SD of steering angle error as the absolute angle difference widens for various phaseless calibration
techniques.

error can cause non-negligible effect to performance. As such, the sampling of steering angles used as
calibration angles should be set with these trade-offs in mind and contextualized with the system
requirements, whether it be in terms of steering error, pattern RMSE, or other pattern-derived metrics of

choice.

To do so, the following empirical method can be implemented. First, given a set of system requirements,
define the pattern-derived metrics of importance. Next, a similar set of measurements to those done in this
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section should be done. In doing so, a trade-off curve between the selected metrics against the absolute
angle difference can be drawn. Based on this curve, the sampling requirements for calibration angles can
be decided, and future calibrations can be done according to this policy. For example, from Figure 3.7,
if an average steering angle error of less than 1° is desired, then the sampling requirements must ensure
that the absolute angle difference be less than 20°. All-in-all, such empirical method ensure the calibration
performance for wide-angled steered beams fulfill the criteria given by system requirements.

3.3. Calibration performance in varied SNR scenarios

Finally, measurements are also done to evaluate calibration performance when SNR is reduced. The mea-
surement setup is shown in Figure 3.8. Here, the transmit channel on board the Phaser Kit is used as
the calibration beacon to allow programmability of the transmit power. In doing so, variability of the mea-
surement SNR can be achieved, though indirectly. Moreover, the positioning of the beacon is kept at the
broadside angle of the DUT throughout this experiment as the focus is kept only on the effect of the SNR.

CNO0566 TX

& i : 2 Broadside

—® : Far-Field

Anechoic Environment

%

Phaser Kit

Figure 3.8: The measurement setup to evaluate the effect of decreased SNR to calibration performance.

In this experiment, the transmit power setting is varied to observe change to the measurement SNR. To do
so, a coefficient to the transmitted waveform Crx.moq is varied from 0 dB to -25 dB with 5 dB increments,
followed by -25 dB to -55 dB with 1 dB increments. To measure the corresponding SNR for each increment,
the following procedure is done. First, the signal spectrum present at each channel is recorded sequentially.
This is done by activating only one channel at-a-time, whilst all other channels are deactivated. From each
spectrum, the frequency bin at which maximum power is located is noted. In addition to some neighboring
bins, these frequency bins and their corresponding power are then defined as the beacon signal's spectrum.
Next, the SNR can be calculated through Equation 3.3, where 3 Fiignal refers to the total power of the beacon
signal’s spectrum, and X P, .ise refers to the total power of every other frequency bin. The SNR average of
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the 8 channels are used to summarize the overall SNR of the measurement for the corresponding Crx-mod

coefficient.
Z'Dsignal

NR =
S ZPnoise

(3.3)

With the transmit power coefficient Crx.mod Changed, calibration procedure is done to obtain calibration
weights. EQ patterns can then be recorded and pattern-derived metrics can be calculated. Figure 3.9
and 3.10 shows the pattern RMSE and maximum SLL metric as the measurement SNR is varied. Several
interesting findings can be noted from the figures. First, that there exist SNR cut-off thresholds which varies
for each phaseless technique, denoted by the vertical dashed lines. When the SNR is above this cut-off,
good calibration performance is observed. They are -10.42, -13.45, and -8.87 dB for SCSLS, SCSNS,
and REV respectively. Based on these numbers, in order of robustness to SNR, the SCSNS outperforms
the SCSLS and REV techniques. The observed pattern RMSE is stably around 20% or lower and the EQ
pattern’s maximum SLL is not far from around -12.8 dB, which is the expected value for an 8-channel
array with no amplitude tapering. In fact, there appears no indication that any excess SNR beyond
the threshold corresponds to further improvement of calibration performance. This opens up the
possibility of trading-off the excess SNR for other advantages, such as calibration speed. Meanwhile, below
this threshold, both metrics vary wildly, indicating calibration is no longer reliable.

3.4. Calibration performance in echoic environment

Next, experiments are done to compare the calibration performance obtained in an environment with scattered
paths, i.e. an echoic environment. To do so, a very simple change to the previous measurement setup is
made. Whereas in Section 3.2, calibration was done in the anechoic chamber, here, it is done in a typical
echoic environment. The measurement setup is shown in Figure 3.11. Due to practical limitations of this
approach, the evaluated azimuth angles are limited to from 0° to 50°, with 10° increments. Photograph of
the measurement setup is shown in Figure A.1. From Section 3.2, the REV and SCSNS are known to yield
similar calibration performance. For brevity, this experiment was applied only for calibration using the REV
technique.

In Figure 3.12, the number of measurements associated to each absolute angle difference can be observed.
Since less azimuth angles are evaluated, both the number of measurements and the span of angle differences
gathered in the echoic case is less compared to those found in the prior experiment.

In general, the calibration performance obtained from the echoic scenario shows mixed results. Take the
pattern RMSE and maximum SLL metrics, shown in Figure 3.13 and 3.14. In the former figure, similar level
of performances is indicated. Meanwhile, the echoic scenario clearly produces worse results in the latter.
The combination of the two suggests the EQ patterns obtained from both scenarios maintain similar likeness
levels to the ideal pattern, but with differences in magnitude of the SLL. Additionally, the trend between the
absolute angle difference to the evaluated metrics are more obfuscated in the echoic scenario compared to
that found in the anechoic scenario. The author hypothesizes that this is caused by distortions caused by
the scattered path in the echoic channel, an effect that is highly geometry-dependent.

Ultimately, insufficient evidence has been collected in this experiment to draw conclusions when comparing
the calibration performance in echoic and anechoic scenarios. The lack of results here is the main driver to
continue to investigate the topic of calibration in echoic scenarios, further discussed in Chapter 4.
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Figure 3.9: The pattern RMSE of the EQ patterns as the measurement SNR is varied.
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Figure 3.11: The measurement setup to perform calibration in an echoic environment. Unlike in Figure 3.4, the set of
azimuth angles ¢ to be evaluated are limited due to practical constraints.
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Figure 3.13: The mean and SD of pattern RMSE as the absolute angle difference widens for the anechoic and echoic scenarios.
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Figure 3.14: The mean and SD of maximum SLL as the absolute angle difference widens for the anechoic and echoic scenarios.
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3.5. Chapter conclusions

1.

In this chapter, for the first time, comparison of calibration techniques through comprehensive pattern-
derived quantitative metrics are done;

. Quantification of the effect of finite calibration angle and decreased measurement SNR to APAA

calibration performance is done for the first time;

When subjected to different angle difference |pcal — Psteer|, the REV and SCSNS outperforms the
SCSLS techniques in the selected metrics, steering angle error and especially pattern RMSE. This was
concluded from Figures 3.7 and 3.6, respectively.

On average, an increment of 10° absolute angle difference |cal — @steer| increases the steering angle
error by 0.360°, 0.341°, and 0.305° and the the pattern RMSE by 1.41%, 1.67%, and 1.69% for
calibration using SCSLS, SCSNS, and REV techniques respectively. While these numbers may seem
small, their values will build up for wide steering angles, e.g. 1.5 ° steering errors for beam steering
at 50°. Moreover, these values represent only the on average trends, with outliers possibly yielding
higher errors on occasions. As such, the sampling of steering angles used as calibration angles should
be set with these trade-offs in mind and contextualized metrics derived from the system requirements,

When subjected to varied measurement SNR, a threshold-like phenomena are observed. With SNR
above these values, similar calibration performance was achieved but without further improvement with
excess SNR. To be specific, when above the threshold, the observed pattern RMSE is stably around
20% or lower and the pseudo-pattern’s maximum SLL is around -13 dB, which is the expected value
for arrays with no amplitude tapering. Meanwhile, calibration fails at SNR lower than the threshold.

Each phaseless technique demonstrated different threshold SNR values, which points to the robustness
of each technique when subjected to noise. The SCSNS shows the highest robustness, with an SNR
threshold of -13.45 dB. The SCSLS and REV techniques trail with -10.42 dB and -8.87 dB respectively.

Experiment with calibration in echoic scenario found inconclusive results, which motivated the work
and discussions in Chapter 4.



Echo-aware calibration

As seen in Section 3.4, unsurprisingly, the presence of scattered signal components in echoic environment
deteriorates the reliability of APAA calibration. In this chapter, analytical description of the multipath
behavior in echoic environments is presented. Based on this description, two approaches leveraging frequency
diversity information is proposed: FDA and GIED, or echo de-embedding for short. Some proof-of-concept
experiments are then done to prove the validity of the proposed methods.

4.1. Multipath channel model

It has been established that the field vectors present at the array depend not only on the excitation errors of
each channel, but also the channel response experienced by each channel. This is formulated in Equation 4.1.
However, since the environment is echoic, the signal that arrives at the array aperture consists not only of
components that have propagated through the LoS path, but also through scattered paths. In the following
analysis, scatterers and reflectors are assumed to be in FF distance of the antenna array. This is illustrated
in Figure 4.1. As such, the propagation response is of a multipath channel.

E= Stx(hpropagation O] Werr) (4'1)

Equation 4.2 describes the multipath channel response of the signal present at the array aperture, with
narrowband assumption and static environment. All terms are are described through a path-specific common
complex response h, and a phase shift vector a which accounts for the signal phase difference arriving at
each channel due to the AoA.

P Q

hpropagation = hLoSaLoS + § hrefl,parefl,p + § hscat,qascat,q (42)
p=1 g=1

As seen in Equation 4.2, the first term relates to the LoS signal component of the channel, which experiences
free-space-like propagation. As formulated in Equation 4.3, r, f, and c represent the beacon-array
distance, signal frequency, and the speed of light constant.

C 1 - 27 Frx, tx

: (4.3)

PlLos = hrs = =
oS R T
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Figure 4.1: lllustration of the radiation path of the different signal components: LoS and scattered path components.

Meanwhile, the second and third term represent the contribution of all scattered paths, which are modelled
as either specular reflectors or point scatterers. In Equation 4.4, the response of the former is described.
Leveraging image theory, the specular reflector path response is simply the free-space propagation response
over the combined beacon-p-th reflector-array path, with the addition of a correction coefficient Gef,p. This
coefficient accounts for the reflection coefficient of the p-th reflecting surface.

c 1 _ 2 el
hrefl,p = Crefl,p (f e ) (4'4)
4"”—rrefl,p
Iefl,p = Irefl-p,tx + Fex refl-p (45)

For the last term, the bistatic radar equation is used to model the scattered path response due to point
scatterers, as shown in Equation 4.6. Here, the correction coefficient Cycat,q accounts for the radar cross
section (RCS) and phase response of the point scatterer.

C 1 s 2mfrscat,q
hscat,q = Cscat,q < el ) (46)

F 3
f (47r) 2 rscat—q,txrrx,scat—q

Iscat,qg = Iscat-q,tx + 'x scat-q (47)

With the assumption that the beacon, specular reflectors and point scatterers being in FF distance of the
antenna array, the phase shift vector a can be approximated to simply a progressive phase shift vector a(¢),
which depends only on the AoA of corresponding signal path ¢. Elements of vector a(¢) is defined as in
Equation 4.8 - 4.9.

anlrr = an(@) = e ™ np=12 .. N (4.8)

Y(¢) = Bdsin¢ (4.9)

The use of frequency diversity to resolve multipath problems are well documented. However, to the knowledge
of the author, the use of frequency diversity to allow calibration in echoic environments is not found in
the literature. Here, some methods are proposed to make use of frequency diversity information to allow
calibration in echoic environments.
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4.2. Frequency-domain averaging (FDA)

The most straightforward interpretation of frequency diversity information is through the use of Fourier
transform (FT) and its inverse, the inverse Fourier transform (IFT). Equation 4.10 - 4.11 show the well-
known discrete expressions of FT and IFT for an arbitrary frequency domain and time domain signal pairs
X[k] and x[d]. In the following discussion, it shall become clear that the FDA aims to recover LoS signal
component by evaluating the O-th time bin of the time-domain by taking the average of the frequency domain
information. Figure 4.2 shows the procedure of the FDA method.

L-1
X[k = x[k]eTiT 2k (4.10)
d=0
1 or
xld] =+ > Y[k]eT (4.11)
k=1

Choose frequency
parameters

PDP measurement

Measured field
vector data

Normalize to
reference channel

Apply window

Frequency average
for all channels

Echo-aware
calibration weights

e

Finish

Figure 4.2: Step-by-step procedure of the proposed FDA method.

Now, the multipath propagation channel can be defined explicitly in terms of the time delays Tios, Trefi,p
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Tscat.q Dy applying the relation T = r/c. The resulting expression is shown in Equation 4.12.

P Q

—j2mfm —j2wft, —j2rwft.
hpropagation = CLoSe ! LosaLoS + § Crefl,parefl,pe ! efte 4 E Cscat,qascat,qe ! seanp (412)
p=1 qg=1

Additionally, in Equation 4.12, the coefficients Cefi,p, Cscat,q and attenuations due to propagation, whether
free-space or bistatic scattering, are lumped into new coefficients Cios, Crefip, and Cecat,q. This is done
not only for notational brevity, but also to explicitly separate the highly frequency-sensitive phase rotation
variables e2"l-] from other variables.

hLoS
Clos = e~ 2T Ties (413)
hrefl,p
Crefl,p = e*jQWff.eﬂ,; (4.14)
h
Cscat,q - scatd (415)

e—j27rfr5cat‘q

The expression for the multipath propagation channel can be defined in terms of excess delays ATy, and
ATscat g in reference to the time delay of the LoS signal component.

P Q
—j2rf 2 : —J2Tf ATre § : —j27f ATgcat,
hProPagation = e I Thes (CLoSaLoS + Crefl,Parefl,pe Jomt Srefl.p + Cscat,qascat,qe = Tscatq) (4'16)

p=1 g=1
ATeefl,p = TLoS — Trefl.p (4.17)
ATscat,q = TLoS — Tscat,q (418)

For further brevity, the multipath propagation channel can be simply defined in terms of the LoS signal
component, shown in Equation 4.16.

hProPagation = CLoS e_j27rfTL°SaLoS © (1 + r(f)) (4'19)

Here, [(f) is effectively the multipath interference ratio. It summarizes the vector sum response due to all
scattered paths in terms of a ratio to the LoS signal component. This is shown in Equation 4.20. Meanwhile,
The 1 term is simply the all-ones vector representing the LoS signal component.

P Q

—1 —1 —J2Tf AT —Jj2mf ATsca

r(f) = CLoSanS © <§ Crefl,pareﬂ,pe JEmE A reflp + E Cscat,qascat,qe JemaTs t'qaLoS) (420)
p=1 q=1

At last, gathering from Equations 4.1 and 4.19, field vectors present in the array can be summarized as
shown in Equation 4.21.
E= St><CLoSeﬂzmrﬁ'osaLoS © (1 + r(f)) © Wery (421)

In its current form, if the field vectors are sampled, recovering the LoS signal component through IFT is
theoretically possible, but it won't be feasible. This is because exact information of the LoS signal time delay
TLos, Or equivalently, the exact distance rxtx, must be known. In fact, given the signal frequency of around
10 GHz where picoseconds or submilimeter level of offset is equivalent to tens of degrees in phase offset, the
level of information accuracy needed to recover the LoS signal component is impossible to obtain in practice.

To overcome this problem, a simple procedure involving normalization and Maclaurin series simplification is
used. First, any measurement of the field vector E should be normalized to field vector measurement of the
reference channel. For simplicity, the reference channel is arbitrarily chosen as the first channel, n.s = 1. In
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doing so, the evaluated field vector is no longer a function of the bulk time delay due to LoS propagation,
as seen in Equation 4.22. Rather, it is now a function of the excess delays AT.

E 1
Enrm:—: a OQ+T(f ® Weyr 4.99
M By T Bes (1 2 (7)) W (b8 © (LT © Wer) (4.22)

Now, it is important to evaluate conditions and parameters so that the IFT approach will converge to the
correct solution. The expression in 4.22 can be reorganized as in Equation 4.23, or alternatively Equation
4.24, which defines E,om for each n-th channel.

1 1

Enorm = a O] 1 +I(f) o Weyr 4.23
1 + rl(f) dLoS,1 Werr,1 ( Los ( ( )) ) ( )

1 aLos,1 Werr,n
Enormn=———=1+T,(f))————, n=1,2,..,N 4.24
orm " 1+ rl(f)( n( )) AdLoS,nWerr,1 ( )

The Maclaurin series expansion, shown in Equation 4.25, can be applied to the normalized field vector
expression.

1 _ 2 _ .3
l—ﬁ—xil X+x°—x7+ .. (4.25)
Enormn = (1= T1(F) 4 T2(F) = F3(F) + .. )1+ Tp(F)) 2esdemn — p g 5 N
norm,n — 1 1 1 n n=12..., (426)

aLoS,nWerr,1 Y
From 4.26, it is clear that the expression for the normalized field vector of the n-th channel E,om » will not
be stable for |[[1(f)| > 1. In other words, the definition found in Equation 4.22 is only valid for scenarios
where the scattered path signal components sum are weaker than the LoS signal component, |[1(f)| < 1.

Now, to build the frequency diversity information, frequency diversity measurements are done. The field
vectors E,om is sampled — using phaseless techniques — at a set of frequencies fx. The resulting discrete
samples are defined by Equations 4.27 and 4.28.

En[k] = Enorm,n(fk) (427)

fic = foin + kKA, k=0,1,2,...,L -1 (4.28)

Naturally, careful selection of the frequency sampling parameters is required. First, the frequency resolution
Af directly affects the unambiguous excess delay AT, max, shown in Equation 4.29. A sufficiently small
resolution should be selected to avoid aliasing of scattered path signal components into the 0-th time bin,
thereby smearing the LoS signal component.

1

= (4.29)

A’ru,max =
The sampled bandwidth B = (L — 1)Af is also another important parameter. Similar to any other FT/IFT
operation, together with the windowing, the bandwidth defines the time resolution of the resulting time
domain signal. As such, ample bandwidth should be selected such that the earliest scattered path is outside

of the 0-th time bin. )
AT~ — 4.
T 5 (4.30)

Since the selection frequency parameters Af and B are dependent on the existing scattered path excess delays
present in the environment, PDP measurements can be done prior to frequency diversity measurements to
identify this. Otherwise, oversampling of the field vectors E,om.n can be done by undershooting Af and
overshooting B to widen the span of allowed excess delays T.
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However, it is important to choose a narrow enough bandwidth such that the channel response parameters
not related to excess delay AT can be assumed to be quasi-static, i.e. Cios, Crefip, Cscat.gr ALoS, @refl.p,
Ascat,q- In doing so, frequency dependency of the measurements can be singly attributed to the excess delay
of scattered paths AT, which vastly simplify the signal model. This is a plausible assumption, since the
bandwidth is much smaller than the center frequency, B < fmin + %.

Next, the LoS signal component can be obtained by applying, discrete IFT to the sampled frequency-domain
signal Ep[k].
L—
1 s 2m

enld] = kZ norm,n[ K€l T 2K (4.31)
However, thanks to the normalization step, the LoS signal component can be obtained by simply observing
the 0-th time bin (d = 0), which is associated to AT = 0. The resulting expression, shown in Equation 4.32,
is now reduced to simple a frequency-domain averaging, hence the name, FDA.

1 L—
en[O] = Z Z norm, n[k (432)
k=0

Given appropriate selections of frequency resolution Af and bandwidth B, the result of averaging from
Equation 4.32 can be easily predicted. From Equation 4.20, it has been established that variable I',(f) is
simply the frequency response of the many true scattered paths. As such, the expression for £,[k] in Equation
4.26 can be seen as the sum response of the LoS path, and the many scattered — both true and harmonic —
paths. All scattered paths contain phase rotation variables e 32™l-1 which, if taken the frequency-domain
average, will yield to zero. Therefore, the result of the averaging will also be equivalent to the expression
shown in Equation 4.33.

AdLoS,1 Werr,n

en[0] = (4.33)

aLoS,nWerr,1

At last, calibration weights can be derived from the normalized excitation error Wey, ,/Werr,1. This is done by
solving Equation 4.32 through measurement data, and Equation 4.33, where aj.s,, can be easily derived.

4.3. Geometry-informed echo de-embedding (GIED)

While the IFT-equivalent method of FDA might be attractive due to its straightforwardness, it also suffers
due to its simplicity. There, the method assumes many frequency dependent variables to be quasi-static
within the evaluated bandwidth. Simply put, when this assumption is stretched, the calibration performance
suffers.

In this section, a geometry-informed method is used to enable de-embedding of scattered paths. The basic
principle of this approach is as follows. If the equivalent geometry of the multipath environment can be
identified and modelled, then the spatial aspect of the multipath channel response can be simulated. In
doing so, only the coefficients Crefip and Cscat,q for all P and Q number of reflectors and point scatterers
remain unknown of the multipath channel response. Expression of the multipath channel response is shown
again in Equations 4.34 - 4.37 for the convenience of the readers. Moreover, since these coefficients represent
variables with bounded values in magnitude and phase, then an optimization approach can be used to solve
for these coefficients. If this is successful, the measured field vector data can be de-embedded from multipath
effects to the yield excitation error of the APAA.

P Q

hpropagation = hLoSaLoS + § hrefl,parefl,p + E hscat,qascat.q (4'34)
p=1 qg=1
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h — B = E 1 _j27fffcrx,t>< 435
LoS fs £ drr . ( . )
C 1 L 2m e,
Brefl,p = Crefl,p (f47rrﬂe T p) (4.36)
refl,p

C 1 . 27frscat,

hscat,q = Gscat,g | 7 3 e c ! (437)
f (47T) 2 rscat—q,txrrx,scat—q

Flow diagram of this method is shown in Figure 4.3. Overall, the method can be split into two parts. In the
first part, initialization, objects are defined based on the known measurement geometry. This includes not
only information of the array dimensions and the position of the beacon, but also the scatterers of interest,
which are modeled as either specular reflectors or point scatterers. The following bulleted list summarizes
the defined objects and their parameters, corresponding to geometric or EM properties.

= Antenna array: coordinates; array size; inter-element distance; orientation; element radiation pattern,
approximated as cos ¢;

= Beacon: coordinates; radiation pattern (modeled as isotropic radiator);
= Specular reflector: coordinates; length; width; orientation; coefficient (modeled as a variable, Crefi p);

= Point scatterer: coordinates; coefficient (modeled as a variable, Cicat q);

From these geometric and EM parameters, the objects within the ray-tracing physics model can be generated,
shown in Figure 4.4. First, using image theory, "image” beacons are generated based on the planar geometry
of the specular reflectors. Next, the "visibility” of these image beacons to array elements and point scatterers
are checked through ray-tracing vector operations. Based on the visibility, an appropriate mask — with value
of 0 or 1 —is applied for each signal path. With all beacons — true or imaginary — accounted for, the channel
response of the model are calculated. First, signal path distances r are evaluated through vector operation
of object coordinates. This includes paths that go directly from beacons to the array and scattered paths
which interact with the point scatterers. Based on these signal path distances, the the frequency-dependent
multipath channel response can be calculated using Equations 4.34 - 4.37. As seen in Table ??, the radiation
patterns of the array elements are modeled the g-th power of a cosine function as a simplification to the
radiation characteristic of a patch antenna element. Meanwhile, the calibration beacon is modeled simply as
an isotropic radiator. Finally, an initial guess of the coefficients Cefi p and Cecat,q are used. These coefficients,
which will be later used as the optimization variables, are modeled as static coefficients that are frequency
independent. Clearly, the simplified nature of some of the aforementioned properties represent a room for
improvement for future works.

With regards to the geometry information, of course, it is impossible to have a satisfactory accuracy of the
exact positions of the objects, especially when considering the phase rotation factors e 7271, Conveniently,
compensation of these initial guess errors can be lumped into the optimization of the Cesip and Gsat g
coefficients later in the optimization part.

Next, to validate the modeled echoic environment, measurement of the PDP of the environment can be
done. To make the most comparable assessment, the measurement setup of the PDP measurement should
be as identical as possible to the frequency diversity measurements. The resulting PDP data can be directly
compared to the extracted impulse response of the multipath channel. Based on this comparison, small
adjustment can be made to the object parameters of the model. For example, adjusting the positions of
the objects to align the excess delay of scattered path signal components, or adjusting the magnitude of the
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Figure 4.3: Step-by-step procedure of the proposed GIED method.

Crefl,p and Gscat g coefficients to better align their magnitudes. These adjustments are illustrated in Figure

4.5.

As seen in Figure 4.3, the optimization part of this method begins with the de-embedding of the scattered
paths. In principle, the de-embedding process is simply an element-wise division of the measured field vector
by the multipath channel response, all normalized to the reference channel. Deriving from Equation 4.1,
rewritten in Equation 4.38 in normalized terms for the n-th channel, the de-embedded excitation error can
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Figure 4.4: lllustration of a ray-tracing model to generate the multipath channel response. In this case, the multipath
behavior is introduced by two specular reflectors on either side of the LoS signal path.
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Figure 4.5: Comparison between the impulse response of the generated model to the measured PDP measurement of the
echoic environment. Adjustments in the signal component excess delay and the magnitude can be made by modifying the
geometries and coefficients used in the model.
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easily be retrieved. Again, normalization is done to the 1-st channel as the reference. As the multipath chan-
nel response is an estimate, the element-wise ratio represents an unrefined approximation of the excitation
error. The tilde notation [...] is used in Equation 4.39 to show this distinction.
En h ropagation,nWerr,n
E = L — _Popeson? =7 (4.38)
nerm. A El hpropagation,l Werr,1

h ropagation
= Enorm,n ~p pagation. 1 (439)

hpropagation,n

Werr,n

Werr,norm,n = =
Werr,1

The variable Enomn again represents the frequency diversity information, measured according to frequency
resolution Af and bandwidth B = (L — 1)Af, identical to that found in Section 4.2. As a result, Enormn
will have a dimension of N x L, where N and L are the number of channels in the array and the number
frequencies measured for frequency diversity.

In order to evaluate the approximation of the excitation error, a cost function is chosen. The key to choosing
the best cost function is to choose that which provides the best distinction of frequency dependent behavior
due to multipath and that due to the typical RF channel behavior. As discussed in earlier chapters, the
excitation error is directly linked to nonideal effects present in the signal path. Of course, in this context, its
frequency-dependent behavior is the most relevant.

Considering the narrow operational fractional bandwidth of around 5%, from 10.0 - 10.5 GHz, the chosen
cost function shall be the polynomial fit of the estimated excitation error: 1lst order in phase; 2nd order in
magnitude. The explanation of these choices follow the underlying physics of the RF signal path. Firstly, the
frequency behavior of the phase response must be affected by the time T needed for the signal to traverse the
physical length of the signal path, a phenomena referred to as the group delay. The mathematical expression
is shown in Equation 4.40, which is a linear equation, hence the 1st order polynomial fitting.

O(f) = =-27f7T + P (4.40)

The 2nd order polynomial is deemed a good fit for the frequency behavior of the magnitude response due to
the hardware makeup of the RF channel, which includes an RF amplifiers, band-pass filters, patch antennas,
etc. Over the narrow 500 MHz operational bandwidth, the pass-band responses of these devices typically
assume a smooth, arc-like curve shape.

Overall, the cost function and the master objective function of the proposed method are expressed in mathe-
matical notations in Equations 4.41 and 4.42. The optimal parameter x* is found by optimizing the £;-norm
of the difference between the raw estimated excitation error Wey norm and the polynomial-smoothed excitation
€rror Werr norm across frequencies. The £1-norm is used for the cost function to avoid excess distortion from

quantization noise.
N oL

j(X) = Z Z |M7err,norm,n(fm; X) - Werr,norm,n(fm; X)| (4.41)

n=1m=1

x* = arg rxnelg J(x) (4.42)

While 0-based indexing (k € {0, ..., L —1}) was used in Section 4.2 to denote discrete FT bins, here, 1-based
indexing (m € {1, ..., L}) is adopted to represent discrete measurement points along the frequency sweep
for least-squares regression.

As discussed previously, the state vector x corresponds to the physics-related Crefip and Cscat,q coefficients,
but is de-coupled into their magnitude and phase components. In total, the state vector x has a length of
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2(P + Q), where P and Q are the total number of specular reflectors and point scatterers in the modeled
echoic environment.

X = [v ICrefI,p|de Z‘Creﬂ,p- sy ‘Cscat,q|de Z‘Cscat,qx ]T (4-43)

As seen in Equation 4.42, the optimization vector x is bounded to the parameter space 2. Equation 4.44
describes the box-like bounds. Every complex coefficient's magnitude and phase are strictly enforced as
|clas € [—40,0] and Zc € [—180°,180°]. While the phase bounds are self-explanatory, the magnitude
bounds assume all reflectors and scatterers as passive, non-focusing objects, thus the upper bound of 0 dB.

Q= {x e R2PHD) |y, < x < xub} (4.44)

To calculate the cost function, as mentioned previously, the raw excitation error is decoupled into its magni-
tude and phase components. Then, polynomial regression is applied to both components to obtain Werr norm,n-
This process is shown in Equations 4.45 - 4.49.

An(fm;x) = |M~/err,norm,n(fm;x)| (445)

CTDn(fm;x) = Z/[{4‘/T/err,norm,n(fm;X)} (4-46)

where U{...} is the 2 unwrapping operator.
At %) = Po{{An(fi x) i1} } () (4.47)

Sn(fmix) = PL{{®n(fi )izt 1} (Fn) (4.48)

where Pg{{y;}}(f) denotes the evaluation of the d-th order least-squares polynomial fitted to data sequence
{yi} at frequency f.

The magnitude and phase components are recombined to form the polynomial-fitted excitation error.

Werr,norm,n(fm; X) = An(fm; X) : ejcbn(fm;x) (4'49)

The bounded objective function found in Equation 4.42 is solved numerically using the fmincon solver
from the MATLAB Optimization Toolbox. The sequential quadratic programming (SQP) is used as the
optimization algorithm. When the objective function is non-decreasing to within the value of optimality
tolerance, the optimization is completed. The best estimation of the excitation error, Werr norm,n(fm:X*), is
obtained.

To give an idea of the optimization performance, the optimization done for experiments in Section 4.4.3,
which optimizes for two specular reflector objects (4 variables in total), needed 40 iterations to converge
with a total runtime of around 3 seconds.

4.4. Proof-of-concept experiments

To prove that the proposed frequency diversity methods are capable of combating the multipath effects of
the echoic environment, some proof-of-concept experiments are in order. Several scenarios are prepared. In
the first scenario, the APAA is measured in an anechoic chamber to obtain a reference set of data. Next, a
metal reflector panel introduced to simulate the simplest echoic environment. Finally, in the third scenario,
two reflector panels are introduced to increase the multipath complexity. However, due to schedule conflicts
regarding the anechoic chamber and lack of time, two-reflector scenario was done in a typical echoic lab.
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For all measurements, the SCSNS technique is used. This includes measurements used to collect data on
which the FDA and GIED methods are apllied. Selection of this technique is for its measurement speed and
calibration performance, as demonstrated in Section 2.1 and 3.2 respectively. Since all methods evaluated
here utilize the same basic calibration technique, this is a special case whereby comparison of calibration
through statistical description (in this case SD) of calibration error remain valid. That being said, pattern-
derived metrics results remain shown where additional insights can be obtained.

4.4.1. Reference scenario

As in conventional APAA calibration literature, the DUT is measured in a reference scenario where conven-
tional techniques are used. In this case, the reference scenario refers to calibration in an anechoic environment.
The measurement setup is that of a typical setup involving phaseless techniques, identical to that shown in
Figure 2.1, presented again for convenience in Figure 4.6. Photograph of the measurement setup can be
seen in Figure A.2.

Horn Antenna as Beacon

Broadside
<t b, e

_G') approx. 3m T T777%

Anechoic Environment

VNA as
Signal Generator

Figure 4.6: Measurement setup for the proof-of-concept experiment in the reference scenario.

The purpose of this reference scenario measurement is two fold. First, it allows direct comparison of channel
response, which is what is typically found in the literature when calibration performance is being compared.
The second — and main purpose of this measurement — is to estimate the excitation error of each channel
so that AF patterns can be derived from the obtained measurement data in the following subsections. This
information is needed since EQ pattern measurements cannot be performed due to schedule conflicts and lack
of time to make those measurements. As such, pattern-derived metrics are obtained through AF patterns
instead.

Due to the conventional nature of the measurement setup, the DUT's excitation error can be measured by
simply recording the normalized field vectors E,om present on each channel due to the calibration beacon.
Here, this process is done by utilizing the SCSNS technique without further treatment. To obtain the
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maximum available frequency diversity information while limiting the measurement time to a reasonable
duration, measurements are done for the entirety of the DUT's operating frequencies, 10.0 - 10.5 GHz, with
10 MHz spacing. In total, this yields 51 frequency data points and 4x2 spatial data points — one for each
channel from the DUT's two subarrays. Figures 4.7 and 4.8 shows the measured excitation error for each
channel. As seen in the figures, the DUT's 2nd channels are used as the reference channel due to it being
closer to the subarray's center.
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Figure 4.7: Magnitude of the excitation error when measured in the reference scenario.
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Figure 4.8: Phase of the excitation error when measured in the reference scenario.

4.4.2. Single-reflector scenario

In this scenario, the simplest multipath scenario is evaluated by adding a metal reflector panel to the anechoic
chamber, the photograph of which can be seen in Figure A.2b. First, the reflector panel position and
alignment are adjusted to ensure a scattered path is created. An online PDP measurement using a VNA are
kept running as the reflector panel is adjusted as validation. A surrogate antenna is used in place of the DUT
to simplify the VNA interfacing. This setup is shown in Figure 4.9a and the resulting PDP measurement
is shown in Figure 4.10 — where the scattered path signal component can be observed at 13.24 ns, around
3.17 ns after the LoS signal component.
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Figure 4.9: Measurement setup for the proof-of-concept experiment in the single-reflector scenario: (a) PDP measurement to
ensure existence of the scattered path due to the reflector panel; (b) the surrogate antenna is replaced for the DUT to do
calibration. The horn antenna is kept at the broadside direction of the surrogate antenna/DUT, and the reflector panel is

placed halfway between the beacon and the surrogate antenna/DUT.
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Figure 4.10: The PDP measurement obtained from the proof-of-concept experiment in the single-reflector scenario.

Next, the frequency diversity information is recorded through measurement using the DUT. So, after the
PDP measurement shows a scattered path signal component, the surrogate antenna is switched out with
the DUT and the VNA is now utilized as a signal generator of the calibration beacon. The measurement
setup is shown in Figure 4.9b. With the switch, multipath channel response experienced by the DUT will
not be identical to that of the surrogate antenna, since there is discrepancy in the antenna radiation pattern.
However, since the DUT is placed in exact same location as the surrogate antenna, the existence of the
scattered path will persist for the DUT.

From the obtained data, through post-processing, the proposed frequency diversity methods are applied to all
51 frequency data points. Figures 4.11 and 4.12 compares the results obtained from the proposed methods as
well as results obtained from the conventional method — that is the SCSNS technique without any additional
steps. Mathematically, these plots show calibration error W, err, Which are simply the product of the
excitation error — obtained from Subsection 4.4.1 — and the calibration weights — obtained through application
of the proposed frequency diversity methods. A perfect calibration would correspond to a calibration error
Weal,err,n of 1.

Wealerr = Weal © Werr (450)

As seen from Figures 4.11 and 4.12, applying calibration weights obtained from a conventional method in
an echoic environment would yield a wildly erroneous calibration. In comparison, the proposed methods
are able to greatly improve on the conventional method. Statistically, the conventional method yields
2.088 dB and 9.85° in magnitude and phase SD. In comparison, FDA yields 0.989 dB and 3.36°, while GIED
yields 0.363 dB and 3.19°. Statistically, the GIED outperforms all its competitors here.

To better contextualize the results, the acquired calibration weights are used to derive AF patterns, from which
pattern-derived metrics are obtained. However, as is known, the DUT are built in a hybrid architecture which
requires calibration between the two subarrays to equalize their weights. However, due to time constraints,
this routine has not been implemented and the corresponding data has not been measured. As an alternative,
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Figure 4.11: Magnitude of the calibration error when the proposed frequency diversity methods are applied in the 1-reflector
scenario.
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Figure 4.12: Phase of the calibration error when the proposed frequency diversity methods are applied in the single-reflector

scenario.
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an idealized simplification is applied. Calibrating coefficients are derived such that the vector sum of the two
subarray’s magnitude and phase are equalized. Mathematically, the calibrating coefficients are derived and
applied as in Equations 4.51 - 4.53, where the (m) superscript denotes the m-th subarray. As an analogy,
this idealization assumes perfect calibration between the two subarrays, disregarding any measurement error
or multipath effects.

Sy Wi
Cerr = = N 451
err lzi=2 We(rzr?n ( )
Ccal = max(|Cerr,1|v |Cerr,2|) . czr—rl (452)
(1)
Wey = CCa|,1w((;3|) (453)
Ceal 2W

With the calibration weights across the subarrays are artificially equalized, AF patterns can be synthesized.
As excitation of the n-th channel, the calibration error weyi e n is applied. Ideally, the pattern will result
in a steered beam at broadside direction with no magnitude tapering. Then, repeating the method used in
Chapter 3, pattern-derived metrics are obtained. The resulting metrics are plotted in Figures 4.13 - 4.15.

Again, a recurring theme is observed, where the pattern-metrics obtained from the proposed methods out-
performs those obtained from the conventional method. Furthermore, in terms of the pattern RMSE,
the GIED method also appears to outperform other methods here, consistent with the previous
calibration SD comparison, even if its advantage is marginal. Such results is expected, since the GIED
method applied here possesses information on all (of one) scattered paths. Therefore, de-embedding
of all multipath effects is expected.

Lastly, the uncalibrated method, where no calibration routine is applied at all, appears to be competitive
here. This is because the DUT's channels already have an acceptable excitation offsets within the subarray,
whilst the inter-subarray calibration is assumed to be perfect. In practice, there is significant mis-alignment
between the two subarrays. Clearly, this reality has been heavily under-represented in these evaluations.

4.4.3. Two-reflector scenario

Next, the complexity of the multipath effect is increased by introducing an additional reflector panel. More-
over, now, the calibration is performed not in an anechoic chamber, which means the environment is much
richer in terms of scattered paths. The measurement setup in this experiment is shown in Figure 4.16 and
photographs from the experiment can be seen in Figure A.3. Overall, the experiment procedure and hardware
follows that demonstrated in the single-reflector scenario of Subsection 4.4.3: PDP measurement followed
by frequency diversity measurements. Later, the proposed frequency methods are applied in post-processing.

Figure 4.17 shows the resulting PDP measurement for the two-reflector scenario. As seen in the plot, the
"floor” of the PDP is significantly raised. This is due to the inherently echoic nature of the environment, in
contrast with the PDP of the anechoic chamber found in Figure 4.10. From the figure, the LoS signal can
be identified at 70.64 ns, while the scattered path signal components due to the placed reflector panels make
up the most significant echo of the PDP, identifiable at 74.16 ns and 75.28 ns — corresponding to excess
delays of around 3.52 ns and 4.64 ns.

Next, frequency diversity information is gathered through measurement and the proposed methods are applied.
Additionally, for further reference, measurement is also done for when the reflector panels are removed — this
measurement corresponds to the multipath effect inherent to the environment. The resulting calibration
error obtained are shown in Figures 4.18 and 4.19, from which several observations can be made.
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Figure 4.13: Steering angle error found from the AF pattern derived from calibrated excitation weights. Calibration was done
in the single-reflector scenario.
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Figure 4.16: Measurement setup for the proof-of-concept experiment in the two-reflector scenario: (a) PDP measurement; (b)
frequency diversity measurement of the multipath response to do calibration. The horn antenna is kept at the broadside
direction of the surrogate antenna/DUT, and the reflector panels are placed halfway between the beacon and the surrogate
antenna/DUT.
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Figure 4.17: The PDP measurement obtained from the proof-of-concept experiment in the two-reflector scenario.

First, it is clear that even without the addition of the reflector panels, the inherently echoic environment
has already caused ripples on the calibration weights. By further adding the two reflector panels, without
utilizing frequency diversity information, even heavier distortions are observed. On the other hand, when the
FDA or GIED methods are applied, the heavy distortions are no longer evident. For the GIED method,
since only the two reflector panels are modeled in the ray-tracing model, the best calibration result
can only compensate for the scattered paths created by those two reflector panels. Meanwhile, the
scattered paths created due to the echoic environment itself are uncompensated. This is why similar results
are obtained from the GIED method and from the no reflector panel case are very similar.

Conversely, the FDA method require no information of the environment geometry. Its performance are
completely determined by its frequency diversity parameters, i.e. bandwidth, frequency resolution, and
whether the quasi-static behavior assumption of the channel and the DUT holds. In terms of the magnitude
and phase component SDs, the FDA and GIED methods perform very similarly: 0.998 dB and 5.92° compared
to 0.592 dB and 6.22°. As comparison, the conventional method in the no reflector and two-reflector scenarios
yield 0.447 dB and 2.004 dB in magnitude, and 5.49° and 13.02° in phase SD.

Next, calibration performance is evaluated in terms of pattern-derived metrics, obtained as in Subsection
4.4 .2 for the single-reflector scenario. Figures 4.20 - 4.22. These plots confirm that the proposed methods are
able to greatly improve the beamforming capabilities of the DUT when compared to conventional methods,
compensating for the effect of the most significant scattered paths. Overall, both proposed methods
achieve similar steering angle error and pattern RMSE performance. However, the FDA method
performs more stably in terms of maximum SLL than the GIED, which varies wildly at 10.10 and 10.32
GHz with around -10 dB and -9.5 dB in maximum SLL. On the other hand, the FDA vyields larger pattern
RMSE at higher frequencies.

Several factors may be at play. First, since the FDA provide a single set of calibration weights across
frequencies, the frequency dependency of the calibration performance will depend on how the RF channel’s
excitation error changes with frequency — which is fairly smooth in this case. Meanwhile, the GIED provides
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Figure 4.18: Magnitude of the calibration error when the proposed frequency diversity methods are applied in the
two-reflector scenario.
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Figure 4.19: Phase of the calibration error when the proposed frequency diversity methods are applied in the two-reflector
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an optimized matrix of frequency-dependent calibration weights, informed by the environment geometry.
However, in this scenario, the implemented GIED method does not account for all scattered paths. Moreover,
since the de-embedding process is optimized statistically using £;-norm, the cost function only slightly
"punish” the significant offset of a small number of frequency data points. These then translate into
deteriorated performance in those data points. All-in-all, when variability of the frequency behavior is
prioritized, the FDA should be preferred to the GIED when insufficient geometry information is
known.

4.5. Frequency diversity parameters

After validating the efficacy of the proposed method, it is interesting to evaluate how frequency diversity
parameters affect their performance. Behavior of the FDA method, which is equivalent to taking the 0-th
time bin of a frequency domain signal’s IFT, is much more predictable in this regard. The relation between
frequency parameters and FT/IFT operations are well studied, some of which are described in Section 4.2.
On the other hand, how the same parameters affect the GIED method is not known. In this section, post-
processing on data collected from proof-of-concept experiments of Section 4.4 are extended by varying the
amount and selection of the frequency diversity information used for the proposed methods. In doing so, the
effect of frequency parameters on calibration performance of the proposed methods can be evaluated.

4.5.1. Frequency resolution and bandwidth

Consider the measured frequency diversity information with frequency resolution Afpeas With Lmeas number
of data, accumulating a total bandwidth Bieas = (Lmeas — 1)Afmeas. The frequency diversity parameters to
be evaluated in this section are k and L, which corresponds to the data sampling interval and the number of
frequency data points actually utilized in the proposed methods. Their relations to the frequency diversity
parameters Af and B are described as in Equations 4.54 and 4.55.

Af = kA feas (4.54)
B =(L—1)Af = (L — 1)kAfeas (4.55)

In other words, the results obtained in the proof-of-concept experiments of Section 4.4 utilizes the entirety
of the frequency diversity information, where k and L are 1 and 51 respectively, i.e. Af = Afpeas and
B = Bneas. Next, the variables k, L will be varied.

In order to analyze the results more easily, data obtained from the simplest echo environment scenario is
chosen, in this case the single-reflector scenario of Subsection 4.4.2. Then, the data are sampled according
to valid k, L parameters. The requirements for valid k, L parameters are as follows.

= k, L are positive integers;

= The set of utilized data points governed by k, L must be a subset of the measured data points, i.e.
k(L - ]-) S Lmeas;

= The utilized bandwidth center is always at 10.25 GHz. In other words, the median of all the utilized
data points’ indexes are always 26 — which corresponds to data at 10.25 GHz.

While the first and second items of the above requirements are trivial, the third are enforced for the con-
venience of the analysis. Since the center frequency being evaluated is kept constant, comparison between
results from different k, L is much more relevant.

Next, the FDA and GIED methods are applied to frequency data sets administered by the valid k, L values,
thereby obtaining their corresponding calibration weights and their corresponding calibration error. The SD
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Figure 4.20: Steering angle error found from the AF pattern derived from calibrated excitation weights. Calibration was done
in the single-reflector scenario.
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statistics of the calibration error are shown in Figures 4.23 and 4.24. In the plots, some guiding traces are
provided. They correspond to the utilized bandwidth B, starting from the maximum bandwidth of 500 MHz
on the top rightmost and decreasing incrementally by 100 MHz for each trace further down/leftwards.

The key takeaway from these plots is that the GIED method is able to achieve better calibration
performance with less frequency diversity information, both in magnitude and frequency. Roughly
speaking, the GIED will quickly converge to a good calibration performance (< 0.5 dB and < 5° in magni-
tude and phase calibration weight error SD) with only 100 MHz bandwidth, before improving more slowly
with added bandwidth. Meanwhile, whereas the FDA will slowly improve its performance with added band-
width, requiring the entire 500 MHz data to achieve best performance. Clearly, when all scattered path
information is available, the GIED will obtain the best performance, including in terms of frequency
information needed.

4.5.2. Windowing

Lastly, the role of windowing for the FDA method is to be evaluated. Until now, the implemented FDA has
utilized Taylor window with weights designed to produce four side lobes with SLL of -30 dB. Next, square
window is used to see the effect of applying different windowing to the calibration performance. Additionally,
results of the GIED method are also plotted as additional comparison, all-in-all shown in Figure 4.25. As is
expected, the application of windowing in this context provides similar trade-off behavior found in
other applications of FT/IFT. When a square window is used, the "null” which corresponds to the best
calibration performance is achieved with fewer bandwidth, from 500 MHz to around 300 MHz. However, this
comes at a cost of higher "ripple” as the utilized bandwidth B is increased. Meanwhile, this visualization
further reaffirms the excellent bandwidth performance of the GIED method in comparison.

4.6. Chapter conclusions

In this chapter, the calibration in echoic environment problem is further elaborated. Crucially, two methods
are proposed and experiments are done as proof-of-concept. The key points are summarized below.

1. Calibration in echoic environment is problematic because multiple copies of the reference signal arrives
at the APAA and combine as a vector sum. For the first time, methods designed to intentionally
compensate for multipath effects — dubbed echo-aware calibration — has been proposed and validated
through proof-of-concept experiments.

2. The first of the two proposed methods is the FDA method. Here, the average of the frequency-domain
information is taken. This process is equivalent to taking the IFT of the frequency domain signal and,
conveniently, evaluating for the time domain signal at the 0-th time bin, which is the exact location
of the desired LoS signal component.

3. In the GIED method, known geometry information of the echoic environment are modeled into a ray-
tracing engine, which simulates the resulting multipath channel response. Through optimization, the
best estimate of coefficients corresponding to each scattered path are chosen. In doing so, the best
fitting multipath response can be de-embedded from the frequency diversity information to recover the
excitation error of the array channels.

4. When all geometry information of scattered paths are accounted for, the GIED outperforms the FDA
method. This is demonstrated in the single-reflector scenario, where GIED yields 0.363 dB and 3.19°
in calibration weight error SD, while FDA yields 0.989 dB and 3.36°. That being said, both greatly
improved on the multipath ridden results recorded by conventional results, with 2.088 dB and 9.85° in
magnitude and phase SD. These results are further confirmed in terms of pattern-derived metrics, as
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shown in Figures 4.13 - 4.15.

When geometry information is only partial, the FDA method is shown to be more robust to multipath
effects than the GIED. In the two-reflector scenario experiments, the FDA and GIED methods demon-
strate similar calibration performance in terms of calibration weights error SD: 0.998 dB and 5.92°
compared to 0.592 dB and 6.22°. These values represent great improvement on the the conventional
method, which obtained 2.004 dB and 13.02° of error SD in comparison. Despite these nominal de-
scriptions, as shown in Figures 4.20 - 4.22, the FDA was able to demonstrated much better stability
of pattern-derived metrics across frequencies. In contrast, the GIED demonstrates good performance
in some frequencies, but vary wildly in other frequencies. This phenomena reflects the danger of
forcing an optimization/fitting approach when geometry information insufficiently represent the echoic
environment as a whole.

The GIED is demonstrated to achieve better calibration performance with less frequency diversity
information. With 100 MHz in bandwidth, the GIED was able to yield better than 0.5 dB and 5° in
magnitude and phase calibration weights error SD. In comparison, the FDA needs 200 and 300 MHz
of bandwidth, when using square and Taylor windowing, respectively.



Conclusions and Recommendations for
Future Work

5.1. Conclusions

This work discussed the calibration of APAA in constrained scenarios with several objectives. First, to select
new metrics to quantify calibration performance. Secondly, to quantify and propose practical approaches
when performing calibration with finite sampling of calibration angles and varied SNR level. Lastly, to propose
methods to achieve echo-aware calibration. Key take-aways and conclusions from this thesis project is as
follows.

In order to make fair comparison of calibration performance with no bias from any reference technique,
pattern-derived metrics are used comprehensively for the first time, with the ideal — in this case AF — pattern
is used as the ground truth. In addition to conventional beam steering metrics, such as steering angle error
and maximum SLL, a more flexible and quantitative approach can be taken to evaluate the likeness of the
obtained radiation pattern to the ideal, with pattern RMSE being defined and used in this work. Moreover,
by switching to pattern-derived metrics, evaluation of calibration performance can be better contextualized
to practical pattern characteristics, moving away from purely statistical descriptions of calibration weight
errors.

To obtain optimum performance when beam steering, calibration should be done for all steering angles.
However, in the interest of time, only a finite amount calibration angles can be done, which consequently
dictates the span of absolute angle difference of steering angles and calibration angles |@cal — @steer|. Summary
of the results can be seen in Table 5.1. As seen in the table, increases in the pattern-derived metrics are
observed with increased angle difference. Despite the small numbers of these increases, without sufficient
sampling of calibration angles these errors will build up. For example, if calibration is only done at broadside,
a wide-angle steered beam at 50° will have around 1.5° added steering error due to insufficient calibration
angles. Moreover, these added error represent only the average values, with variations possibly causing larger
errors. As such, finite sampling of steering angles used for calibration should be chosen with these trade-offs
in mind and contextualized by pattern-derived metrics obtained from system requirements.

When calibration is performed with varied SNR figures, a threshold-like phenomena is observed. Above this
threshold, a good calibration performance is observed, although with no significant performance improvement
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Table 5.1: Summary of calibration performance of different techniques under constraints.

Experiment Metric SCSNS SCSLS REV
Overall steering angle error and Joint best Worst Joint best
Finite calibration pattern RMSE performance
angle sampling Avg. increase of steering angle” 0.360° 0.341° 0.305°
Avg. increase of pattern RMSE™ 1.41% 1.67% 1.69%
. -13.45 dB -8.87 dB
Varied SNR SNR threshold (Best) -10.42 dB (Worst)

* Defined for each 10° increase of angle difference |Pcal — Psteer|.

with excess SNR. To be specific, when the SNR is above the threshold, around 20% or less pattern RMSE
is observed. and maximum SLL of around -13 dB is found, which is the expected value for radiation
patterns of arrays without amplitude tapering. On the other hand, the same metrics explode wildly when the
calibration SNR dips below the threshold, indicating calibration failure. Since different calibration techniques
demonstrate different thresholds, the robustness of each technique to noise can be ranked accordingly, as
seen again in Table 5.1.

To compensate for multipath effects found in calibration in echoic environments, two "echo-aware calibration”
methods are proposed. The FDA method implements an IFT and time-gating procedure by simply taking
the average of the frequency information. Doing so collects the time-domain information at the 0-th time
bin, corresponding to the LoS signal component. The GIED method feeds geometry information of the
echoic environment to a ray-tracing simulation to estimate the multipath channel response. Through an
optimization process, the best estimate of coefficients corresponding to each scattered path are chosen. In
doing so, the best fitting multipath response can be de-embedded from the frequency diversity information
to recover the excitation error of the array channels.

Overall, when either FDA or GIED methods are applied, the resulting calibration performance represent
major improvement on the conventional method, which effectively fails under significant multipath effects.
Summary of results when echo-aware calibration methods are used are shown in Table 5.2. Based on the
experiments done, it was concluded that, if all relevant geometry information is known, the GIED method
is the best method. This was demonstrated in the single-reflector scenario, results of which can be seen
in the table. Moreover, the GIED was able to converge to a good calibration performance with much less
information than the FDA, even when the window used is changed.

However, when geometry information is only partial, the FDA is the better alternative. This is because the
FDA yields smooth frequency behavior, in contrast to the GIED which demonstrates some peaks in maximum
SLL, as shown in 5.2. The smooth behavior of FDA is because it reuses a single calibration set for the entire
calibration bandwidth. As such, the calibration performance over frequency is completely dependent on how
the frequency behavior of RF channel response, i.e. excitation error we, (f). That being said, the frequency
behavior of RF components are typically smooth inside their frequency of operation. In contrast, with the
GIED, if insufficient geometry information is fed, at best, the calibration will successfully compensate for
the accounted scattered paths, while ignoring the rest. At worst, there is possibility of the optimization
process forcing false convergence. All-in-all, selection of the optimum method hinges on several important
information regarding the calibration scenario. They are presented in Table 5.3.
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Table 5.2: Summary of results obtained by echo-aware calibration methods.

Experiment Metric FDA GIED Conv.”
SD of callbrat|o.n weights error, 0.989 dB 0.363 dB 5088 dB
magnitude
Single-reflector SD of calibration weights error, 3.36° 319° 9.85°
. Phase
scenario
P‘:attern—derlved metrlc.s Marginal Calibration
(steering angle error, maximum Good best Fails
SLL, pattern RMSE)
Single-reflector Bandwidth needed to get < 0.5 > 200
scenario, frequency dB and 5° in magnitude and MHz, 100 MHz i
diversity parameters phase SD of calibration weights | depends on
analysis error window
SD of callbratlo.n weights error, 0.998 dB 0.592 dB 2004 dB
magnitude
SD of calibration weights error, 5.0 6.00° 13.02°
Phase
Swerves
. Around Around
Steering angle error o o across
-0.4 -0.4 .
frequencies
Two—reflgctor Smooth, Vart T
scenario _ always anes, wi Calibration
Maximum SLL peaks up to .
under -10.5 95 dB fails
dB '
Smooth, Sharp
but worsen variations Calibration
Pattern RMSE to 17% at ' .
hicher but below fails
sher 14%
frequencies

* Conventional, i.e. the SCSNS technique without compensation for multipath effects.
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Table 5.3: Summary of how different aspects of the calibration scenario affects performance of the proposed echo-aware
calibration methods.

Aspect FDA GIED

Will only compensate scattered

D ili
oes not utilize geometry paths accounted by fed the

Geometry/scattered paths

information. . .
geometry information.
Calibration performance hinges Requires significantly less
Frequency information on the amount of frequency frequency information to
information. converge.

Perform better when behavior is
smooth and relatively static
over frequency

Frequency behavior of RF
channel/excitation error

Agnostic as long as modeled
well in the cost function.

5.2. Recommendations for Future Work

From Section 3.2, it has been demonstrated that by performing calibration at a given steering angle, better
steered beam metrics are obtained, i.e. steering angle error. However, it would be interesting to extend
the question for more complex beam shapes. For example, when the placing of nulls are important in the
intended beam shape, does performing calibration in that angle yield better results. What of flat-top beam
patterns, or multi-beam patterns? Ultimately, when considering these different patterns, is adapting the
calibration procedure worth the time-performance trade-off?

Still on the topic of calibration angle, the possibility of smart interpolation techniques is worth exploring. In
doing so, the number of measurements done to achieve optimum calibration at multiple steering angles can
represented by a subset of measurements.

In Chapter 4, pattern-derived metrics were synthesized through AF patterns, derived from calibration weights
information. In doing so, simplification of the inter-subarray calibration is applied Equations 4.51 -4.53.
Measurements must be done to validate these simulated results when applied to a physical APAA.

As significant disadvantage to the GIED is the fact that geometry information must be manually input as
objects in the ray-tracing engine. Not only inference of this information difficult to obtain manually, such an
approach will only work in a static calibration environment. As such, a joint sensing-calibration problem arise.
To overcome this, an iterative approach can be explored. The FDA, which requires no geometry information,
can be used as to obtain the initial calibration weights.

Furthermore, a natural progression to echo-aware calibration is echo-enhanced calibration. That is to say,
calibration that not only compensate, but utilize scattered paths to their advantage. For example, scattered
pathh signal components can be used to increase the overall calibration SNR as spatial diversity, or as an
additional calibration angle.
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Photographs of Measurement Setups

Figure A.1: Photograph of the measurement setup to investigate the effects of performing calibration in an echoic
environment, taken in one of the Radar Labs of the Electrical Engineering, Mathematics and Computer Science (EEMCS)
building. The DUT is placed on the edge of a table. Without the use of a specialized antenna platform, the measurement

procedure relies on manual positioning of the HB100 module to implement the azimuth angles, ¢.,. Moreover, a small panel
of RF absorber can be seen on the floor halfway between the DUT and the beacon. This is done as an effort to suppress the
scattered path due to the floor reflection.
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(b) (c)

Figure A.2: Photographs taken from the proof-of-concept experiment for the reference and single-reflector scenario, done in

the Delft University Chamber for Antenna Tests (DUCAT): (a) horn antenna, acting as the calibration beacon; (b) the metal

reflector panel placed for the single-reflector scenario, thereby introducing a scattered path; (c) the DUT, fixed on a antenna
platform.
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(b)

Figure A.3: Photographs taken from the proof-of-concept experiment for the two-reflector scenario, done in one of the Radar
Labs of the EEMCS building: (a) PDP measurement, taken from the perspective of the surrogate antenna; (b) frequency
diversity measurement, taken from the perspective of the DUT. The horn antenna, acting as the calibration beacon, is visible
in the far side of the room. The two metal reflector panels can be seen to the sides of the room. An RF absorber panel can be
seen set on the floor, just under the LoS path between the beacon and the surrogate antenna/DUT, to remove the scattered
path due to the floor.
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