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As cellular networks continue to evolve toward the sixth-generation (6G) of wireless, joint

communication and sensing (JCAS) has emerged as a promising research direction that aims

to equip these communication networks with high-resolution sensing capabilities. Oppor-

tunities for JCAS are particularly ripe in systems operating at millimeter-wave (mmWave)

frequencies, as they can offer both high range and angular resolution, courtesy of wide band-

widths and many antennas. Recent research aims to realize JCAS on such systems through a

variety of innovative beamforming strategies, spanning compressive sensing, clutter rejection,

interference cancellation, and others. Due to hardware imperfections, however, implementing

these beamforming techniques on actual mmWave transceivers with high precision can be

considerably difficult, but this has largely been overlooked in the majority of prior work on

JCAS. In light of this, the objectives of this thesis are twofold. The first aim is to highlight

the detrimental effects of these hardware imperfections on JCAS beamforming techniques,

if not accounted for. The second aim is to propose methods to overcome these hardware

imperfections through measurement and characterization of mmWave transceivers. To ac-
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complish these objectives, extensive measurements are collected with a 60 GHz phased array

platform using a custom signal processing pipeline. Then, this platform is used to exper-

imentally evaluate two techniques proposed herein for physically realizing desired beams

while accounting for hardware nonidealities. These experimental results indicate that the

proposed techniques yield beams that tend to offer higher main lobe gain, lower side lobe

levels, greater null depth, and reduced clutter, when compared to beams that neglect hard-

ware impairments. Ultimately, the contributions of this thesis can be used to improve the

translation of existing JCAS techniques to practice and can influence future research that

involves high-precision beamforming on real-world transceivers.
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CHAPTER 1

Introduction

Next-generation radio systems with large bandwidths and many antennas are well-suited

for joint communication and sensing (JCAS) applications, but implementing sophisticated

beamforming techniques with high precision on real-world hardware can be a challenge.

This thesis aims to bridge this gap between state-of-the-art beamforming research and its

implementation on practical wireless platforms, with a particular emphasis on JCAS.

1.1 Background

Throughout the development of wireless technology, multi-antenna systems have been a

major driver in performance improvements, as they can be used to increase signal-to-noise

ratio (SNR), reduce interference, spatially multiplex data streams, and even communicate

with multiple users at once. This trend has played out across many decades, from the

conception of phased arrays to the proliferation of multiple-input multiple-output (MIMO)

systems [1], and still continues today.

In recent times, two key innovations powering fifth-generation (5G) cellular networks

include millimeter-wave (mmWave) communication and massive MIMO [2]. As applications

evolve and enabling technologies and infrastructure continue to mature, mmWave systems

and massive MIMO are all but certain to also play an important role in sixth-generation

(6G) wireless networks and beyond [3].

Among efforts to define future 6G wireless technologies in recent years, joint communi-
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cation and sensing (JCAS) has emerged as a particularly promising avenue with traction

in academia, industry, and standardization bodies [4–6]. The core idea behind JCAS is to

exploit mmWave and massive MIMO infrastructure for both high-speed wireless communica-

tion and high-resolution radar-like sensing, ideally using a single transceiver for both tasks.

This capability is appealing to researchers and industry alike, as JCAS systems could make

greater use of limited spectrum resources and could play a pivotal role in the proliferation

of future cyber-physical systems [7].

Since wireless communication systems and radars typically employ similar but distinct

hardware architectures, processing algorithms, and protocols, a key challenge in JCAS lies

in designing and optimizing systems that exhibit good performance in both communication

and sensing. Core to the vast majority of proposed JCAS techniques that address such

challenges are innovative beamforming and/or waveform designs [8]. This thesis focuses on

the beamforming aspect in particular, specifically within the context of mmWave systems.

The mmWave spectrum—ranging from roughly 30 GHz to 300 GHz—is remarkably at-

tractive for JCAS, as it offers wide bandwidths, spanning up to several GHz, that can be

used to attain fine range resolution. Additionally, since wavelengths are sub-centimeter at

these frequencies, mmWave transceivers are typically equipped with tens or even hundreds

of antenna elements within a reasonable footprint. These antenna arrays can provide fine

angular resolution not usually encountered at lower frequencies. Finally, mmWave network

deployments are typically much denser than lower-frequency cellular networks, with cell

sizes on the order of 200 meters [9]. This density has the potential to enable unprecedented

ubiquitous sensing on a network scale [10].

Recognizing this potential, multiple bodies of work have developed beamforming tech-

niques for possible future 6G deployments with JCAS capabilities. One branch of research

focuses on designing beams that steer lobes in multiple directions while minimizing clutter

in other directions, creating carefully designed radiation patterns [11–14]. Another line of

work centers on compressive sensing techniques [15], which exploit spatial sparsity in the
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high-dimensional mmWave setting. Finally, other work designs beams that place directional

nulls [16] or perform interference cancellation in more sophisticated manners [17]. When

considering typical monostatic systems where the transmitter and receiver are co-located,

such as in a typical base station, strong self-interference can manifest between the two front-

ends. Many strategies exist for mitigating this self-interference, including antenna isolation,

analog cancellation, digital signal processing, and beamforming cancellation. These beam-

forming strategies utilize zero-forcing/nulling techniques [16, 18, 19] or more sophisticated

optimization methods to design beams [20].

In spite of this promising work, important practical limitations and nonidealities impede

the direct translation of proposed techniques to real-world systems. To start, most modern

mmWave systems employ analog-only beamforming or hybrid beamforming architectures

with substantially fewer radio frequency (RF) chains than antenna elements [21]. In these

types of systems, element-wise gain and phase control is used to craft the beams, rather than

the digital signal processing techniques employed in fully-digital beamforming, as shown in

Figure 1.1. The use of analog beamforming greatly reduces power and hardware complexity,

as fewer RF front-ends, data converters, and computational resources are required for a given

antenna count. A primary drawback of analog beamforming is that it suffers from hardware

imperfections, preventing a desired set of beamforming weights from being perfectly realized

in hardware. If not attended to, these imperfections can cause deformations in the realized

beam [22], including misshapen radiation patterns (e.g., more prominent sidelobes) [23] and

shallower nulls [24]. These effects are largely ignored or not well diagnosed in the existing

literature, preventing them from being accounted for during the development of beamforming

techniques. While these effects can be negligible for simple objectives, such as steering a

single beam in a desired direction, they can cause major issues in downstream tasks that

exploit compressive sensing or rely on clutter reduction and interference cancellation.

Thus far, there is very little work that bridges the gap between sophisticated JCAS

beamforming and real-world implementation. To improve the translation of JCAS research
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Figure 1.1: Comparison of (a) analog and (b) digital beamforming. In analog beamforming,

gain and phase control of each element is done at RF, rather than in the digital domain.

to practice, the next generation of mmWave beamforming techniques should be evaluated,

or perhaps explicitly designed, with specific characteristics of real hardware in mind. The

overall aim of this work is to measure and analyze the effect of these imperfections, show

where they emerge in a practical system, and demonstrate ways to overcome them.

1.2 Related Existing Work

In virtually any transceiver that employs analog beamforming, there arises the need to

physically realize desired beamforming weights on the actual front-end, and this process

is rarely trivial due to hardware limitations and nonidealities. Some research literature

considers discrete, nonuniform phase control, presenting analytical [25, 26], heuristic [27],

and measurement-based [28,29] methods to design beams that maximize gain in a particular

direction or over a given channel. While these methods are effective for maximizing gain

with discrete phase control, they do not address more complicated objectives like the ones

involved in JCAS, and do not generalize particularly well to the additional flexibility and

complexity provided by arrays with both phase and amplitude control.

Other work does consider the commonly used vector modulator beamforming architecture
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that offers both phase and amplitude control [30], but makes an unrealistic assumption

about vector modulator performance: that a uniform grid of amplitude and phase states

can be produced [31, 32]. In practice, vector modulator performance is greatly affected by

nonlinearity with respect to control setting and gain-dependent phase variation [33–36]. In

contrast, characterization of similar imperfections of beamforming elements is considered

in [37], but this considers a case where gain and phase can be independently controlled, a

capability that mmWave systems, such as those with vector modulators, commonly do not

have. Vector modulator performance characterization in situ is addressed in [38] but requires

additional circuitry that is not present in any commercially available mmWave front-ends,

to the author’s knowledge.

Additional relevant work analyzes the effect of beam weight errors and quantization

errors [22, 23] or optimizes for robustness against uncertainty [39]. However, they make

assumptions about the error distribution (e.g., uniform or Gaussian) that do not accurately

capture the aforementioned behavior of vector modulators. Importantly, they also do not

leverage the fact that these imperfections can be measured, and thus incorporated into one’s

design.

Furthermore, despite these various efforts, most practical mmWave beamforming experi-

ments do not actually make full use of the beamformer, but instead rely solely on a fraction

of the possible beam settings. For instance, the Sivers phased arrays [40] used in a variety

of wireless research [15,41–46] have vector modulator phase shifters that can be set to 4096

possible states per element, but only a small codebook of 64 beams pointing in various direc-

tions is provided by the manufacturer. Some work only makes use of this codebook [41,42],

which is only suitable for cases where gain is maximized in one direction. Other work does

deviate from the provided codebook, but does so in a constrained manner by relying on

reinforcement learning to choose from a small subset of settings [45], or manually turning

off antenna elements to realize sparse sensing rather than explicitly designing weights [15].

Other work also designs beams with the unrealistic assumption that the vector modulator
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is perfectly linear [46].

As illustrated by this thesis, greater capability can be extracted from the array by leverag-

ing a full understanding of its settings, rather than relying on limited vendor information or

assuming idealized behavior. This thesis examines the Sivers beamformer as a representative

case study, and is, to the author’s knowledge, the first published work that characterizes and

exerts near-complete control over this particular front-end. This alone is expected to be a

welcome contribution to the mmWave wireless research community, as it sheds much-needed

light on these particular arrays, lowering the barrier to entry for others to use them, and

paving the way for accurate real-world evaluation of sophisticated beamforming techniques.

Beyond the Sivers arrays in particular, this thesis presents a framework for beamformer

characterization and mapping beam weights to settings that are applicable to a wide variety

of systems, including those not necessarily operating at mmWave frequencies.

1.3 Objectives and Outline

This thesis is organized as follows. First, in Chapter 2, a system model of mmWave phased

arrays and their nonidealities is introduced. Following this, Chapter 3 presents strategies for

effectively mapping desired beams to hardware settings, in spite of the nonidealities. Next,

Chapter 4 describes the hardware setup and measurement procedures used for system char-

acterization and experimental evaluation. Beamforming techniques pertinent to JCAS are

then implemented on the phased array platform in Chapter 5, and the results are discussed.

Finally, Chapter 6 concludes this thesis and discusses future work in this area.
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CHAPTER 2

System Model

In this chapter, mathematical models of antenna arrays, beamforming, and vector modulators

are laid forth, providing a foundation for the remainder of this thesis.

2.1 Analog Beamformer

In fully-analog beamforming, all array processing is conducted in the analog domain, with

only one RF chain serving the entire antenna array. The analog beamforming network

controls the amplitude and phase of a transmitted or received signal at each of the N

antennas. A system illustration of analog transmit and receive beamformers with only one

RF chain is shown in Figure 2.1. Since each of the N antennas has its own feed path and

vector modulator, it is assumed each element will have its own distinct (but possibly related)

nonidealities that need to be characterized.

2.2 Uniform Linear Array

For experimental viability, this work considers the uniform linear array (ULA) commonly

employed in many systems [47–49], but is otherwise not tied to a particular array geometry.

In a ULA, N antenna elements are arranged in a linear fashion such that adjacent elements

are separated by a physical distance d, typically around half a wavelength λc/2.

From the perspective of complex baseband, a plane wave impinging a ULA from the
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Figure 2.1: Functional block diagram of typical analog transmit and receive analog beam-

formers.

direction θ induces a phase shift at each of the N antennas. The phase shift experienced at

the n-th element can be expressed as

an(θ) = e j
2π
λc

(n−1)d sin(θ), n = 1, 2, . . . , N, (2.1)

where θ = 0◦ corresponds to broadside of the array. Populating the response seen by all N

antennas yields the array response vector

a(θ) =




1

e j
2π
λc

1d sin(θ)

e j
2π
λc

2d sin(θ)

...

e j
2π
λc

(N−1)d sin(θ)




. (2.2)

Using this, the array gain in some direction θ can be defined as

G(θ) =
|w∗a(θ)|2√

N
, (2.3)

wherew is the beamforming weight vector whose n-th element wn is the complex gain applied

to the signal at the n-th antenna. Note that, in practice, analog beamforming happens on

RF signals (at passband), meaning w represents the complex gain that is seen at baseband

by the actual beamforming weights realized in hardware.
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2.3 Array Calibration & Element Response

In an actual mmWave front-end, the antenna array and its feed may induce additional

amplitude and phase variations across elements. Methods for correcting this phenomenon

are known as array calibration and are well documented in phased array literature [28,46,50].

These variations across elements can be captured by the miscalibration vector c ∈ CN , whose

n-th entry represents the magnitude and phase variation of the n-th element. As shown

in Section 4.6, this miscalibration vector can be determined from measurements and then

accounted for during beamforming.

Additionally, the antenna elements in any given array are in general non-isotropic, and

thus exhibit unique element patterns that can be captured by en(θ) ∈ C. These patterns can

be stacked into an element response vector e(θ). The combined effect of the miscalibration

vector c and element response vector e(θ) results in an effective array response ã(θ), defined

by the elementwise multiplication

ã(θ) = a(θ)⊙ c⊙ e(θ), (2.4)

which, as before, assumes no mutual coupling across elements.

When designing a beam w, the the ideal array response a(θ) can be used, and the effect

of the element response e(θ) can either be ignored or directly taken into account, depending

on the objective of the particular technique to be employed. Then, to cancel out the effect

of the miscalibration vector, w̃ should be used to get the desired performance:

w̃ = w ⊙ c−1, (2.5)

where the inverse here is applied element-wise.
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Figure 2.2: Functional schematic of a typical vector modulator phase shifter.

2.4 Vector Modulator Phase Shifter

As mentioned, a desired set of analog beamforming weights w are realized in hardware using

RF circuitry, which can take a variety of forms. This work considers a vector modulator

architecture in particular, as it is commonly used in mmWave front-ends [30], but the in-

sights drawn herein could likely extend naturally to other beamforming architectures. A

vector modulator consists of three stages: IQ generation, variable gain control, and vector

summation. During IQ generation, the input signal is divided into two paths which differ

in phase by 90◦, using a hybrid coupler, for instance. Then, stepped gain control is applied

to each path using variable gain amplifiers (VGAs) or variable attenuators with m bits of

precision. Finally, the two signals are summed together using a combiner, for example. A

block diagram depicting this process is shown in Figure 2.2.

The gain control elements in a vector modulator can be configured with settings i and

q, adjusting the signed gain of gI(i) and gQ(q), respectively. Since i and q are discretely

controlled with m bits of precision, they must be selected from a discrete set of M = 2m

10



values, denoted by

M = {0, 1, . . . ,M − 1}. (2.6)

Simply put, i ∈ M and q ∈ M.

Reflected at complex baseband, the output of an ideal vector modulator whose input is

x(t) can be mathematically modeled as

y(t) = (gI(i) + j gQ(q)) · x(t), (2.7)

where gI(i) and gQ(q) are purely real-valued and linear with respect to settings i and q, i.e.,

gI(i) = i− M − 1

2
, (2.8)

gQ(q) = q − M − 1

2
. (2.9)

When nonidealities are considered, these gains gI(i) and gQ(q) may deviate from this linear

mapping and may in fact be complex-valued, as will be seen. This could be due to nonlinear

control of the gain-tuning elements [51] and/or gain-dependent phase variations [36].

While this vector modulator architecture with sufficient control resolution can, in theory,

produce a weight close to any desired one (up to a scaling factor) through an appropriate

choice of i and q, a variety of nonidealities can complicate this process. For one, a phase

imbalance between the I and Q paths may arise due to either imperfect IQ generation or

path length differences. Furthermore, an amplitude imbalance can emerge due to differences

in path attenuation or imperfect matching at the combiner. Together, these two issues can

be understood as an IQ imbalance [52] with respect to gI(i) and gQ(q). Without loss of

generality, this can be expressed as a gain difference gimb ∈ R and phase difference ϕimb ∈
[0, 2π) between the I and Q paths. Capturing this, the revised input-output model is

y(t) =

gI(i) + j gimbe

jϕimb gQ(q)
�
· x(t), i, q ∈ M, (2.10)

which is the model considered henceforth in this thesis.
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Note that this model assumes the I and Q paths to be completely independent. While

this may not always be strictly true, it is experimentally observed that the coupling between

the two paths only seems to have a noticeable effect on settings of high amplitude—which are

seldom encountered in this work. It would be valuable future work to capture this coupling

between the I and Q paths.

12



CHAPTER 3

Proposed Solutions

Typical beamforming designs implicitly assume a continuous set of possible beamforming

weights, whereas only a discrete set of amplitude and phase settings are actually achievable

with practical vector modulators. Therefore, to translate existing beamforming techniques

to practice, it is necessary to use some scheme to quantize the weights, i.e., map them

to settings of i and q. The simplest method, which is considered in this thesis, is to use a

lookup table (LUT), denoted herein by the tensor T ∈ CN×M×M , which stores each realizable

weight across all antenna elements and vector modulator settings, with entries Tn,i,q indexed

by antenna element n, i setting, and q setting. Then, settings ĩn and q̃n for each weight wn

are chosen simply by projecting to the closest entry in Tn,:,: in the L2 sense, while applying

a scaling α and the array calibration c−1
n , i.e.,

(̃in, q̃n) = argmin
(i,q)

��Tn,i,q − α · c−1
n · wn

��, (3.1)

with the resulting beamforming weight then assumed to be

w̃n = Tn,̃in,q̃n
. (3.2)

Recognize that the scaling factor α is constant for all n, meaning it merely scales the vector

w but does not reshape it. Further, note that, upon setting the vector modulator at the n-th

element to settings (̃in, q̃n), the realized beamforming weight will differ from this assumed

value, unless the LUT T perfectly matches the true set of physically realizable settings. For

this reason, the effectiveness of this strategy is greatly impacted by the specific LUT used—

more specifically, how representative T is of the actual behavior of the vector modulators.
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This chapter discusses approaches to two key design decisions for this process: namely, how to

generate the LUT T used for quantization, and how to apply a scaling α to the beam weights

w prior to the projection step to attain high gain without compromising performance.

3.1 Beam Setting Mapping

In this section, a baseline approach for populating the LUT T is introduced, along with two

proposed approaches.

3.1.1 Linear LUT

Without any knowledge of the characteristics of the particular vector modulators or their

nonidealities, the simplest way to design the LUT is to assume each element behaves like

the ideal model described in (2.7). In this case, the real and imaginary parts of the complex

weight scale linearly with the control setting as

T lin
n,i,q = gI(i) + j gQ(q), (3.3)

where

gI(i) = i− M − 1

2
, (3.4)

gQ(q) = q − M − 1

2
. (3.5)

This method neglects any IQ imbalance, control nonlinearity, and gain-dependent phase vari-

ation that may be present in practice, and is therefore expected to perform worse compared

to cases when these factors are taken into account.

3.1.2 Measured LUT

The first LUT proposed herein improves upon the linear LUT by explicitly measuring each

setting to account for nonidealities that may be present. To fully characterize the vector

14



modulator at each antenna, one can explicitly measure every possible setting to populate

each entry of a LUT denoted by Tmeas. A measurement procedure to accomplish this is

described in Chapter 5.

In theory, measuring each possible state of each vector modulator would presumably be

optimal, but there are challenges with this approach. First and foremost, collecting measure-

ments to populate the entirety of Tmeas can be time consuming, since a vector modulator

with m bits of I and Q control has M2 = 22m possible settings and these settings must

be measured sequentially. This is exacerbated by the presence of thermal noise, oscillator

phase noise, DC offsets, and other issues which introduce measurement error, since multi-

ple (sometimes many) measurements are needed to reduce estimation error. These issues

motivate the need to characterize vector modulator phase shifters without measuring every

setting by exploiting the structure of the vector modulator. This motivates the approach

introduced next.

3.1.3 Fit LUT

The process of measuring every setting of a single vector modulator requires O(M2) time.

However, with knowledge of the vector modulator architecture, it is shown that it is possible

to characterize it well in O(M) time using the following approach.

As discussed in Section 2.4, vector modulators are susceptible to IQ imbalance, nonlinear

amplitude control, and gain-dependent phase variation. In this approach, each of the N

vector modulators are considered separately, assuming that any interaction between any two

is negligible. First, the IQ imbalance of each vector modulator is explicitly estimated, and

then the nonlinear complex gain functions gI(i) and gQ(q) with respect to each control setting

i or q are estimated and stored. An approach to estimating these quantities is summarized

next.

Two values are needed to correct IQ imbalance: the gain imbalance, denoted by gimb, and
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Figure 3.1: Linear grid fit of the innermost (2C)2 measured settings (the values contained

in Tmeas
n,MC ,MC

) of the vector modulator at a single antenna element n, where C = 8. Using

this fit, the values can be properly zero-centered and the variation across i and q can be

orthogonalized by correcting for the observed IQ imbalance.

the phase deviation from a perfect 90◦ offset, denoted by ϕimb. To isolate the IQ imbalance,

points with minimal amplitude nonlinearity and gain-dependent phase variation should be

used, which are observed to be the innermost 2C amplitude settings for both i and q, i.e.,

the set:

MC =

�
M

2
− C, . . . ,

M

2
+ C − 1

�
. (3.6)

As such, the values in the submatrix Tmeas
n,MC ,MC

can be used for IQ imbalance estimation.

The slopes aI, aQ and intercepts bI, bQ of the grid formed by these inner settings, i.e., for
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either i or q fixed,

ℜ(Tmeas
n,MC ,q) = aI · ℑ(Tmeas

n,MC ,q) + bI,q (3.7)

ℑ(Tmeas
n,i,MC

) = aQ · ℜ(Tmeas
n,i,MC

) + bQ,i (3.8)

can be estimated using least squares. An example of this is shown in Figure 3.1. These

slopes and intercepts can then be used to center the points and calculate the IQ imbalance

parameters via

gimb =
1

2C

M
2
+CX

k=M
2
−C

bI,k − 1
2C

PM
2
+C

q=M
2
−C

bI,q

bQ,k − 1
2C

PM
2
+C

q=M
2
−C

bQ,q

(3.9)

ϕimb = arctan(aQ)− arctan(1/aI)− 90◦. (3.10)

An IQ imbalanced version ŷ of a variable y can be expressed as [52]

ŷ = y + κy∗, (3.11)

where

κ =
1− gimbe

jϕimb

1 + gimbe−jϕimb
. (3.12)

Rearranging (3.11) to solve for y leads to

y =
ŷ − κŷ∗

1− κ2
(3.13)

which illuminates how to correct IQ imbalance once it has been estimated.

Once the i and q settings have been completely orthogonalized by correcting for IQ

imbalance, the magnitude and phase contributions of the I and Q branch can be analyzed

separately, using averages across the other setting. For instance, IQ-corrected versions of the

intercepts bI can be subtracted from the data points in Tmeas
n,:,MC

to overlay points from 2C

settings of q across all M values of i. Then, |gI(i)| can be estimated for each value of i by

taking the magnitude and averaging across q. This process is shown in Figure 3.2. A similar
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Figure 3.2: Magnitude variation across all values of i, for several values of q, with the average

shown in green.

process can be used for ∠gI(i), but phase noise during actual measurements has proven too

severe to rely on an average alone. Instead, one can explicitly set the phase of all the middle

settings to zero—as it is assumed there is no gain-dependent phase variation there—take an

average everywhere else, and apply a moving-average filter, i.e.,

∠gI(i) =
1

2K + 1

KX

k=−K

∠gI,avg(i− k). (3.14)

The result of this operation is shown in Figure 3.3. The same process can be used to get

|gQ(q)| and ∠gQ(q). These functions can then be used to generate the complete LUT of all
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Figure 3.3: Phase variation across all values of i, for several values of q, with a fit performed

using an average, clipping all low-amplitude settings to zero phase, and applying a moving-

average filter.

settings, while reintroducing the IQ imbalance, via the equation

T fit
n,i,q =


gI(i) + j gimbe

jϕimb gQ(q)
�
. (3.15)

Note that this approach only requires a fraction of the total LUT to be explicitly measured,

with the remaining entries populated based on the behavior inferred from these measure-

ments.

The result of this process is illustrated in Figure 3.4, showing good alignment between

the measured and fit LUT, aside from some of the outermost corner settings—which are
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Figure 3.4: Measured (Tmeas
1,:,: ) and fit (T fit

1,:,:) vector modulator settings for the first antenna

element of the Sivers array.

in fact rarely used, if at all, in the quantization methods introduced next in Section 3.2.

This process should be repeated for all antenna elements of the array, as they could possibly

exhibit different behavior.
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3.2 Quantization Threshold

The LUTs created in Section 3.1 characterize how a vector modulator’s complex gain varies

as a function of the i and q settings. While this is useful in mapping a beamforming vector

w to actual settings, a necessary first step is to apply an appropriate scaling α to w to

ensure it fits within the range of physically realizable weights. Since this scaling α is applied

before quantizing the weight vector, it has a direct impact on which settings are chosen

upon projecting via (3.1). To formalize this, without loss of generality, it is assumed that

the designed beam weight vectors are scaled such that

max
n

|wn| = 1, (3.16)

i.e., the maximum amplitude of any of the weights is unity. In this case, each of the weights

wn would lie on or within the unit circle.

3.2.1 Fixed Quantization

Perhaps the simplest method to reliably scale w̃ before projecting to discrete settings is

to normalize it such that any given |w̃n| could never exceed the minimum magnitude of the

outermost settings realizable by any of the N vector modulators. In other words, each scaled

weight w̃n should be within the largest zero-centered circle inscribed in the convex hull of

the LUT T . Mathematically, this scaling αfix can be expressed as

αfix = minimize
n∈[1,N ],(i,q)∈B

|cnTn,i,q| (3.17)

where B is the set of outermost points in the LUT:

B = {(0, q)}M−1
q=0 ∪ {(M − 1, q)}M−1

q=0 ∪ {(i, 0)}M−1
i=0 ∪ {(i,M − 1)}M−1

i=0 . (3.18)

This baseline approach makes sense in cases where all beam weights are the same am-

plitude, such as in conjugate beamforming. However, it is unnecessarily restrictive in other

cases, where the weight of the element with the minimum outermost setting is nowhere close

to the clipping point. This motivates the next method.
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3.2.2 Maximum Calibrated Quantization

To make better use of a vector modulator’s dynamic range, the approach in the previous

section can be modified such that the amplitude of the weights of a desired beam w are

taken into account. Specifically, αmax can be designed by first scaling each element’s part of

the LUT by the weight to be applied, i.e.,

αmax = minimize
n∈[1,N ],(i,q)∈B

����
cnTn,i,q

wn

����, (3.19)

guaranteeing that one of the chosen settings will be from the largest circle that fits within

the LUT. As before, L2 projection is used to select settings for a beam weight design via

(3.1).

The difference between this quantization approach and the fixed quantization approach

is illustrated in Figure 3.5. It can be seen that maximum calibrated quantization results in

chosen settings that are further from the center, making better use of the vector modulator’s

dynamic range. These settings, therefore, result in beams with higher power, and permit

accurate realization of beams that exhibit large dynamic range, such as those used in zero-

forcing.
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Figure 3.5: Comparison of the two quantization strategies, fixed (red) and maximum cal-

ibrated (green), for an array with N = 16 antennas. The values in the LUT T fit for all

N = 16 elements are shown in separate plots, along with each scaled weight w̃ and the cor-

responding circle that it must fall within. Maximum calibration quantization makes better

use of the vector modulators’ dynamic ranges, producing beam realizations that are more

accurate and have higher power.

23



CHAPTER 4

Measurement Setup & Methods

To develop and experimentally evaluate the proposed techniques from the previous chapter,

a custom phased array platform and signal processing pipeline were used. Methods for

measurement, calibration, and characterization of the phased arrays are described in this

chapter, along with some select measurements.

4.1 Materials

The measurement platform fused a multitude of off-the-shelf components:

• 2 Sivers Semiconductors EVK6005 evaluation kits [53] equipped with BFM06010 beam-

forming modules [40].

• RFSoC4x2 development board from RealDigital [54], containing a system-on-chip with

high-speed data converters, ARM processor cores, and programmable fabric.

• Desktop computer for additional data processing and storage.

• Antenna measurement turntable with stepper motor and Arduino controller.

• Mini-Circuits balun and splitter modules.

• SMA cables, connectors, and fixed attenuators.
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Figure 4.1: Functional block diagram of the measurement platform. The PC sends commands

to the RFSoC, Sivers phased arrays, and Arduino over USB and Ethernet, and receives data

from the RFSoC over Ethernet. The phased arrays are connected to the RFSoC’s 4 GS/s

data converters.

4.2 Setup Description

The phased array system consists of two units from Sivers Semiconductors, configured as

a transmitter and receiver. These arrays are frequently used in experimental mmWave
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research [15, 43, 45, 46]. Each Sivers unit contains an RF front-end and beamformer. The

input to the transmitter and the output of the receiver are both complex baseband differential

signals (i.e., I-, I+, Q-, Q+) of up to 2 GHz of bandwidth. Each phased array module has

N = 16 antenna elements arranged in a linear fashion and operates in the IEEE 802.11ad/ay

(WiGig) band from 57–71 GHz. For the experiments in this thesis, the local oscillator (LO)

frequency is configured to fc = 60.48 GHz, corresponding to IEEE 802.11ad/ay channel 2.

Each antenna element’s vector modulator has 6 bits of control for each of the I and Q paths,

resulting in 212 = 4096 possible complex weight states.

Unless otherwise specified, the antenna arrays are placed facing each other and with

enough separation such that near-field effects between the two are insignificant. Specifically,

given the antenna arrays have an aperture of D = 36 millimeters and the wavelength is

λc = 5 millimeters, the arrays are placed such they lie in the Fraunhofer region [47]

d ≥ 2D2

λc

(4.1)

at a distance d of at least 0.52 meters.

The clock signal generated by the transmitter is fed into the receiver for synchronization

using an SMA cable, which is necessary to avoid severe carrier frequency offset.

The setup leverages the RFSoC4x2 for high-speed data capture and processing. This

board can be controlled with high-level Python commands through the PYNQ interface,

with configurable FPGA fabric. On the RFSoC, synchronization between buffers transmitted

through the digital-to-analog converters (DACs) and received through the analog-to-digital

converters (ADCs) is achieved through multi-tile synchronization (MTS) [55]. The RFSoC’s

data converters can operate at 4 GS/s, and are connected to the Sivers arrays through SMA

cables equipped with 1:1 baluns to generate a differential signal as required.
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Figure 4.2: Labeled image of the phased array platform, configured to measure receive

array’s radiation pattern. Baseband signals are generated and received by the RFSoC, and

all peripherals are connected to and controlled by a PC.

4.3 Coherent Complex Gain Measurement Procedure

Many of the measurements required later in this section are required to be coherent, meaning

that both a magnitude and a phase are estimated. To take a coherent measurement, the

RFSoC is configured such that the received signal is synchronized with an internal capture

of the transmit signal. The following measurement and estimation scheme is used to take a

complex gain measurement.

A single tone with exactly 2500 cycles is generated, which corresponds to a sinusoid of

frequency fd ≈ 152.6 MHz, since the RFSoC is configured to have an ADC sample rate

of fs = 4 GS/s and to capture buffers of length Ns = 216 = 65536. This tone, expressed
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Figure 4.3: Image of the turntable setup, showing the axis of rotation. The table is rotated

using a stepper motor controlled by an Arduino, connected to the main PC via USB serial.

mathematically as

x[n] = e−j2π
fd
fs

n, n = 0, 1, . . . , Ns − 1, (4.2)
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is stored in memory. This tone is then cyclically transmitted by the DAC, which also performs

an internal capture, expressed as

yt[n] = x[(n− Lt) mod Ns], n = 0, 1, . . . , Ns − 1, (4.3)

where Lt is an unknown cyclic shift due to the capture time. After analog upconversion,

transmission, and downconversion by the Sivers front-ends, the received signal is similarly

yr = αx[(n− Lr) mod Ns] + v[n], n = 0, 1, . . . , Ns − 1, (4.4)

where |g| is an unknown scaling factor, Lr is an unknown cyclic shift, and v[n] is noise.

Complex gain g is composed of the real gain |g| and a phase shift ∠g = 2π fd
fs
(Lr − Lt)

due to these unknown cyclic shifts, and can be directly estimated as

g =

PNs−1
n=0 yr[n]x[n]PNs−1
n=0 yt[n]x[n]

, (4.5)

which can be additionally interpreted as a complex ratio of the discrete Fourier transform

(DFT) of yr[n] and yt[n] evaluated at the bin corresponding to fd. This algorithm is imple-

mented using NumPy and configured to use the OpenBLAS library for acceleration on the

RFSoC’s Arm Cortex-A53 processor.

This approach requires perfect phase coherence between the transmit and receive front-

ends, but this is challenging in practice due to imperfect synchronization of their LOs.

Additionally, commodity hardware such as the Sivers front-ends are not designed with long-

term coherence in mind [56], and indeed, severe phase noise is observed. This phase noise

is, however, observed to be zero mean, and can thus be averaged out across numerous

measurements, at the expense of increased measurement duration.

Since the noise present across multiple measurements is dominated by phase noise, sep-

arate magnitude and phase averages are taken. Extra care needs to be taken such that the

average phase does not wrap, so the circular mean over Np samples is computed as

∠ĝ = atan2

 
NpX

p=1

ℑ(gp)),
NpX

p=1

ℜ(gp)
!

(4.6)
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Figure 4.4: (a) 200 gain measurements of one particular vector modulator setting, with an

ellipse fit to the data. (b) The same measurements after IQ correction, and the result of the

averaging process. This process is repeated for each setting to be measured.

where gp is the p-th gain sample.

Since the receiving Sivers array performs downconversion from 60 GHz to baseband, these

measurements require an additional correction step. Imperfections in the receive chain and

SMA cables can lead to the received I and Q channels experiencing slight gain and phase

imbalance. This is an IQ imbalance (in the traditional sense), but it is important to note

that it is distinct from and unrelated to the vector modulator IQ imbalance described in

Chapter 2.

Since the test signal is unmodulated, typical pilot-based strategies for IQ estimation

and correction cannot be applied. However, the repeated measurements experience the

aforementioned phase noise, applying a rotation in the complex plane, so these different

points can be fit to an ellipse using least squares to estimate the IQ imbalance. This process

of joint IQ correction and phase noise averaging is shown in Figure 4.4.
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Figure 4.5: Measured complex states of all 4096 settings of the vector modulator at a single

receive antenna element, after IQ imbalance correction and averaging.

4.4 Beam Setting Measurement

Full characterization of the phased array system requires measurement of every discrete

realizable setting of each antenna element’s vector modulator. To accomplish this, one array

is tested at a time, with the other set to a constant configuration to complete the link. For

instance, when testing the receive array, the transmit beam is set with one element activated

and the rest maximally attenuated, acting as an approximately omnidirectional beam to

illuminate the receive array. The receive beam is set similarly when testing the transmit

array, so that the receiver can measure how the signal is attenuated and phase shifted as
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the transmit settings are changed. Since the magnitude and phase of each state must be

measured, the coherent measurement approach discussed in Section 4.3 is used.

4.5 Radiation Pattern Measurement

Radiation patterns can be measured for both the transmit and receive array, with the other

array acting as constant illumination, as before. For radiation pattern measurements, only

power measurements are needed, so there is no need to average out the phase noise. The

rotation table is used to sweep from −60◦ to 60◦ in increments of 1◦. The same signal setup

as in Section 4.3 is used, but the only the absolute value of the complex gain is used to

calculate the relative power as |g|2.

4.6 Array Manifold Measurement & Array Calibration

Directional beam design generally requires knowledge of the array geometry, including the

exact array spacing d. As described in Section 2.3, the the miscalibration vector c and

sometimes the element responses en(θ) are needed as well. Although the Sivers BFM06010

is known to be a ULA with microstrip patch antenna elements—which are identical and

can be assumed to each have response e(θ)—these exact details are not provided by the

manufacturer. Thus, it is desirable to measure d, c, and e(θ). All of these effects together

can be represented as an element-wise version of (2.4), with the response of the n-th antenna

element being modeled as

ã(θ, n, d) = e(θ) · cn · e j
2π
λc

(n−1)d sin(θ), n = 1, 2, . . . , N, θ ∈
h
−π

2
,
π

2

i
. (4.7)

Using the coherent measurement approach in Section 4.3 and measuring a few settings

across various angles θ with the turntable, the array response ã(θ) can be measured. These

measurements can then be fit to (4.7) using nonlinear least squares, using computational

tools such as SciPy [57]. The extracted element spacing d for fc = 60.48 GHz is found to
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Figure 4.6: Combined element response |e(θ)|2 extracted from array manifold measurements.

be nearly a half-wavelength at 0.49λc, and the extracted combined element response e(θ)

is shown in Figure 4.6. An example of a measured beam with and without calibration

accounted for is shown in Figure 4.7.
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Figure 4.7: Measured boresight beam with and without calibration applied.
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CHAPTER 5

Experimental Results

In this section, various beamforming techniques are experimentally evaluated. They are

implemented on the hardware platform described in Chapter 4, using the methods presented

in Chapter 3. The results are then analyzed and discussed.

5.1 Conjugate Beamforming

The simplest method for steering a beam in multi-antenna systems is conjugate beamforming,

or matched filter beamforming, where power in a desired direction θdes is maximized. This

amounts to setting the beamforming weights equal to the array response as

w = a(θdes). (5.1)

In conjugate beamforming, all elements in the weight vector w have the same amplitude, i.e.,

phase-only control is applied. As such, only fixed quantization is considered in this section,

since max calibrated quantization brings no benefit when there are no amplitude differences

across elements.

To assess the effectiveness of the strategies discussed in Chapter 3, radiation patterns of

realized conjugate beams are measured and analyzed in terms of their main lobe gain and

peak sidelobe level (PSL). For a given beam steered in a desired direction θdes, PSL is defined

as the maximum relative power exhibited by a beam outside of the main lobe, i.e.,

PSL =

max
θ/∈[θdes−∆

2
,θdes+

∆
2
]
G(θ)

G(θdes)
, (5.2)
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Figure 5.1: Measured radiation patterns for all 101 conjugate beams using the fit LUT.

where ∆ is the main lobe width. In most applications, a low PSL is desirable, since it

indicates a more directional radiation pattern and less power in undesired directions.

For testing purposes, 101 beams are realized using conjugate beamforming, steering from

−50◦ to 50◦ in increments of 1◦. An example of all 101 measured radiation patterns from a

beam sweep are shown in Figure 5.1. This experiment is repeated for the linear, measured,

and fit LUTs. Examples of conjugate beams realized these three ways are shown in Figure 5.2.

In these particular cases, the beams generated with the measured and fit LUTs have visibly

higher gain and lower sidelobes compared to those generated with the linear LUTs. Further

evidence of this trend appears in Figure 5.3, which plots the empirical cumulative distribution
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Figure 5.2: Two examples of conjugate beams, for (a) θdes = −39◦ and (b) θdes = 48◦,

realized with linear, measured, and fit LUTs.

functions (ECDFs) of gain and PSL from all 101 measurements. This illustrates the merits of

the measurement-based LUTs, even in the simple case of conjugate beamforming, compared

to a simple linear LUT that ignores hardware nonidealities.

5.2 Taylor Beamforming

For many applications, it is desirable to design beams with explicitly low sidelobes, as to

prevent/avoid unwanted interference outside of a main lobe direction. The most common way

to do this is through apodization/windowing, i.e., applying tapered weights to a previously

designed beam weight vector to suppress the sidelobe level [48]. This suppression comes at

the expense of a wider main lobe but can provides useful isolation against interference or

reflections from the environment. One window function frequently used in communications

and radar for this purpose is the Taylor window [58,59]. The particular Taylor taper weights
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Figure 5.3: ECDFs of conjugate beamforming (a) main lobe gain and (b) PSL for the three

mapping strategies. Since the amplitude of beam weights in conjugate beamforming is equal

across all elements, fixed quantization is applied.

used in this experiment are plotted in Figure 5.4, which are designed to exhibit a sidelobe

suppression of 30 dB.
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Figure 5.4: Taylor window with length N = 16 and desired sidelobe supression of 30 dB.
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Figure 5.5: Simulated radiation patterns comparing conjugate beamforming and Taylor

beamforming with desired sidelobe supression of 30 dB. As shown in the figure, Taylor

beams have lower sidelobes compared to conjugate beams but also have a wider main lobe.
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Figure 5.6: Two examples of Taylor beams, for (a) θdes = −56◦ and (b) θdes = −48◦, realized

with linear, measured, and fit LUTs.

The experiment in Section 5.1 is repeated for the Taylor beamforming case, with both

fixed and maximum calibrated quantization. Examples of Taylor beams measured this way

are shown in Figure 5.6. As before, the ECDF of gain and PSL is shown in Figure 5.7. In

this case, the benefits of max calibrated quantization and the measured LUTs are visible.

The gain and PSL are comparable for the measured and fit LUTs, demonstrating that good,

or perhaps even better, performance is possible without measuring every single setting. Max

calibrated quantization also offers a gain boost of at least 1 dB.

Interestingly, max calibrated quantization had higher sidelobe levels for the linear LUT

compared to fixed quantization. This can be explained by the fact that higher-amplitude

settings are more likely to be chosen, and these settings deviate the most from a linear

assumption. In contrast, when both quantization methods are applied to the measured and

fit LUTs, the performance is comparable, indicating that they more closely fit the real device
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Figure 5.7: ECDFs of Taylor beamforming (a) main lobe gain and (b) PSL for the three

mapping strategies, for both fixed and max calibrated amplitude quantization.

behavior, even for high-amplitude settings.
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Figure 5.8: Simulated (a) transmit and (b) receive radiation pattern plots of CPSL-optimized

JCAS beams with θrad = −30◦, θcom = 20◦, ρcom = 0.5, and ∆ = 30◦.

5.3 Combined Radar Pattern Optimization

One JCAS beamforming technique involves sending a transmission that both communicates

with a user and illuminates a sensing direction of interest, while simultaneously receiving the

reflections to perform the sensing task. In this scenario, it is necessary to design a transmit

beamformer that maximizes power in two directions, namely a communication direction θcom

and a sensing direction θrad. A procedure for designing such a beam is discussed in [11]. First,

array response vectors evaluated in the two directions are vertically stacked as

Atx =


atx(θcom)

∗

atx(θrad)
∗


. (5.3)
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Figure 5.9: Simulated CRP plot of CPSL-optimized JCAS beams with θrad = −30◦,

θcom = 20◦, ρcom = 0.5, and ∆ = 30◦ (the same as those individually plotted in Figure 5.8),

compared to a conjugate beamforming baseline. The optimized solution has a 20 dB lower

PSL, and several of the other sidelobes are lower as well.

The transmit beam weights f can then be designed as the sum of the zero-forcing beams in

both directions, i.e.,

f = A∗
tx(AtxA

∗
tx)

−1




√
ρcom

√
1− ρcom


 (5.4)

where ρcom ∈ [0, 1] represents the fraction of power allocated to the communication beam,

with the rest of the power allocated to the radar sensing beam.
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Figure 5.10: Two examples of CRPs for CPSL-optimized JCAS beams with various LUTs.

Each beam is normalized so that its main lobe gain is 0 dB, so that the combined sidelobes

can be easily compared.

In the JCAS setting, the transmission in the communication direction should have mini-

mal effect on the receiver, as it could illuminate targets far away from the sensing direction.

This can be harmful, as it can lead to false detections or mask weaker targets, limiting the

overall dynamic range of the sensing system.

Recent work in JCAS beamformer design seeks to address this by optimizing the combined

peak sidelobe level (CPSL) of the combined radar pattern (CRP) [11,16,60]. The combined

radar pattern (CRP) is the multiplication of the transmit and receive radiation patterns,

expressed mathematically as

GCRP(θ) = Gtx(θ) ·Grx(θ) (5.5)

and represents the combined beamforming gain in a certain direction. For the sensing ap-

plication, radio waves are emitted by the transmitter, reflected by targets and clutter, and
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are subsequently received at the receiver. As such, the CRP gain in a direction affects the

strength of the received reflections. Because of this, it is desirable for the CRP to be high-

gain in the sensing direction θrad (so that it amplifies target reflections) and low-gain in all

other directions (so that clutter reflections from other parts of the scene are attenuated).

Optimization problems for this objective are formulated in [11,16,60], but are not convex

[61], so this thesis instead considers a similar worst-case convex optimization problem

min
α,w

α (5.6a)

s.t. max
θ

�
|w∗arx(θ)|

p
Gtx(θ)

�
≤ α, θ ∈

�
−90◦, θrad −

∆

2

�
∪
�
θrad +

∆

2
, 90◦

�
(5.6b)

w∗arx(θrad) = 1. (5.6c)

This problem fixes the transmit beam f with gain Gtx(θ), and designs the receive beam w to

minimize the maximum CRP outside of an interval around the main lobe, parameterized by

∆. The constraint w∗arx(θrad) = 1 acts to create a beam with maximum gain in the sensing

direction θrad. Since it is convex, this problem can easily be solved using computational tools

such as CVXPY [62,63].

For illustration, simulated JCAS beams designed using these methods are shown in Fig-

ure 5.8. The CRP obtained from multiplying them is shown in Figure 5.9, along with a

baseline using a conjugate receive beamformer, demonstrating how the CPSL can be signif-

icantly reduced using this method.

To experimentally evaluate the performance of the LUTs and quantization methods on

this beamforming technique, 101 transmit and receive beam pairs are designed and imple-

mented. These beam pairs are generated with θrad in 1◦ increments from −50◦ to 50◦, and

θcom randomly selected from all values that are between −50◦ and 50◦ that also differ from

θrad by at least 20◦. ∆ = 20◦ is selected as the main lobe width for the optimization problem

in (5.6).

Examples of CRPs from this experiment are shown in Figure 5.10, illustrating higher
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CPSL when the linear LUT is used. All of the results are again plotted in Figure 5.11as

ECDFs. Just as before, PSL performance of the fit LUT is similar to or slightly better than

that of the measured LUT, far exceeding that of the linear LUT. The CRP gain is also higher

when max calibrated quantization is used, rather than fixed quantization.

5.4 Null Steering

Another vital beamforming technique is null steering, where beams are designed to mini-

mize (or completely eliminate) power in a given direction [64]. This is useful for reducing

interference from other cooperative or uncooperative sources, canceling self-interference, and

reducing the effect of the known reflectors in the environment. This section considers the

zero-forcing approach, in which power is steered in a desired direction θdes, while being mini-

mized in one or more interference directions, the p-th of which is denoted by θint,p. An array

response matrix for this case can be populated as

Arx =




arx(θdes)
∗

arx(θint,1)
∗

...

arx(θint,P )
∗



, (5.7)

and then a zero-forcing beam can be designed by taking the first column of the pseudoinverse

of Arx as

w =
�
A∗

rx(ArxA
∗
rx)

−1
�
:,1
. (5.8)

In the results that follow, nulling a single direction θint is considered, but two additional

nulls are placed at θint± 1◦ for increased robustness. In a manner similar to the CRP exper-

iments, 101 beams are designed with θrad sweeping between −50◦ and 50◦ in 1◦ increments,

and θint randomly selected from values between −50◦ and 50◦ that differ from θrad by at least

20◦. These beams are evaluated in terms of null depth, which is defined with respect to the
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Figure 5.11: ECDFs of JCAS beams, assessing (a) CRP gain and (b) CPSL for the three

mapping strategies, for both fixed and max calibrated amplitude quantization.

main lobe gain as

Null Depth =
G(θdes)

G(θint)
. (5.9)
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Figure 5.12: ECDF of null depth for the three mapping strategies, for both fixed and max

calibrated amplitude quantization.

An ECDF of null depth across the various beam realizations is shown in Figure 5.12,

illustrating the performance gap when an unrealistic linear assumption is made. As indicated

by this figure, measurement data can be used to improve interference cancellation by 10 dB,

which can be consequential in the presence of strong interference.
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CHAPTER 6

Conclusion & Future Work

6.1 Conclusion

JCAS techniques often rely on crafting carefully designed beams, but this can be difficult to

achieve on real-world mmWave arrays due to imperfections in the gain and phase control of

each antenna element. This thesis addresses this challenge through a measurement and beam

quantization framework. It is shown that measuring settings of vector modulator beamform-

ing elements and characterizing them in terms of IQ imbalance, control nonlinearity, and

gain-dependent phase variation can lead to better JCAS beam performance. Additionally,

max calibration quantization is presented as a method for choosing vector modulator set-

tings for a given beam such that the power is highest without eroding JCAS performance.

These techniques are experimentally demonstrated on a phased array platform, which reveals

improvements in main lobe gain, peak sidelobe level, and null depth—all of which can be

decisive metrics in JCAS performance. These experimental methods also exhibit unprece-

dented control over the Sivers EVK06005 phased arrays, in particular, which serves as a

useful contribution to the experimental mmWave research community in and of itself, given

the wide use of these arrays in the literature.

6.2 Future Work

The work in this thesis motivates and paves the way for several interesting research directions

in practical mmWave beamforming. For one, the behavior of vector modulators in this
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thesis is only considered at one frequency. It would be interesting to repeat measurements

at multiple frequencies, to see how behavior varies. Analysis of this variance could be

illuminating as to the source of the IQ imbalance and gain-dependent behavior, for instance.

While the techniques discussed in this work aim for better setting of beam weights,

there is still a gap between simulated and real-world performance. It would be valuable

to statistically analyze this remaining error, ideally expressing it in closed-form, and find

additional ways to mitigate it.

In this work, beams are designed using a continuous set of weights and then projected onto

discrete settings. While this is a sensible approach and proves effective, it is not necessarily

optimal. A future research direction could seek to instead find the optimal discrete settings

for a particular objective, rather than simply applying a projection. In other words, beams

could be jointly designed and quantized to improve performance.

While the effect of oscillator phase noise on measurements can be addressed in the lab-

oratory setting through repeated measurements, time is generally a more precious resource

in real deployments. Future work could examine beam setting measurement methods that

rely only on noncoherent (i.e., power-only) measurements. Compressive techniques, phase

retrieval algorithms, and machine learning might be useful in this pursuit.

Lastly, many cutting-edge mmWave JCAS techniques in recent research literature have

only been evaluated in simulation, so it would be valuable work to experimentally test the

most promising ones. This line of work could lead to the development of novel beamforming

techniques that directly take hardware into account, perhaps using models extracted from

measurements or online learning methods that implicitly design beams that map well to a

given hardware platform.
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