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Abstract: Precise altitude data are indispensable for flight navigation, particularly during the au-
tonomous landing of unmanned aerial systems (UASs). Conventional light and barometric sensors
employed for altitude estimation are limited by poor visibility and temperature conditions, respec-
tively, whilst global positioning system (GPS) receivers provide the altitude from the mean sea
level (MSL) marred with a slow update rate. To cater to the landing safety requirements, UASs
necessitate precise altitude information above ground level (AGL) impervious to environmental
conditions. Radar altimeters, a mainstay in commercial aviation for at least half a century, realize
these requirements through minimum operational performance standards (MOPSs). More recently,
the proliferation of 5G technology and interference with the universally allocated band for radar
altimeters from 4.2 to 4.4 GHz underscores the necessity to explore novel avenues. Notably, there is
no dedicated MOPS tailored for radar altimeters of UASs. To gauge the performance of a radar al-
timeter offering for UASs, existing MOPSs are the de facto choice. Historically, frequency-modulated
continuous wave (FMCW) radars have been extensively used in a broad spectrum of ranging ap-
plications including radar altimeters. Modern monolithic millimeter wave (mmWave) automotive
radars, albeit designed for automotive applications, also employ FMCW for precise ranging with a
cost-effective and compact footprint. Given the technology maturation with excellent size, weight,
and power (SWaP) metrics, there is a growing trend in industry and academia to explore their efficacy
beyond the realm of the automotive industry. To this end, their feasibility for UAS altimetry remains
largely untapped. While the literature on theoretical discourse is prevalent, a specific focus on
mmWave radar altimetry is lacking. Moreover, clutter estimation with hardware specifications of a
pure look-down mmWave radar is unreported. This article argues the applicability of MOPSs for
commercial aviation for adaptation to a UAS use case. The theme of the work is a tutorial based on a
simplified mathematical and theoretical discussion on the understanding of performance metrics
and inherent intricacies. A systems engineering approach for deriving waveform specifications from
operational requirements of a UAS is offered. Lastly, proposed future research directions and insights
are included.
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1. Introduction

Accurate altitude estimation is paramount for ensuring the safety of unmanned aerial
systems (UASs), particularly during the crucial phase of landing [1]. While various tech-
nologies contribute to this essential task, each method possesses unique limitations. Global
positioning system (GPS)-aided attitude and the heading reference systems (AHRS) are
prevalent in-flight navigation [2]. However, the slow update rate, typically at one pulse per
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second (PPS), poses challenges in catering to the rapid descent during the landing phase.
Furthermore, the altitude data are referenced from the mean sea level (MSL), whereas au-
tonomous landing necessitates altitude information above ground level (AGL). Alternative
technologies such as light detection and ranging (LiDAR) systems also contribute to altitude
determination. However, LiDAR systems present limitations in adverse weather conditions
with poor visibility such as heavy precipitation, fog, or dust [3]. Barometric altitude estima-
tion requires recurrently applying corrections to the readings due to temperature-induced
variations in atmospheric pressure. Radar altimeters emerge as the optimal solution to
UAS altimetry, addressing key limitations in other technologies by offering a high update
rate and precise AGL altitude. By virtue of electromagnetic (EM) waves traversing through
atmospheric hindrances chiefly unfazed, the resilience of the radar altimeter in adverse
weather conditions further solidifies its role as an essential tool for ensuring the safety of
UAS operations.

The two predominant waveforms employed in radar systems are Pulse Doppler and
frequency-modulated continuous wave (FMCW) [4]. Continuous wave (CW) radars are lim-
ited to Doppler estimation only and, hence, do not find application in altimeters [5]. Pulse
Doppler radar altimeters determine altitude by emitting short pulses of radio frequency
(RF) energy and measure the round-trip delay for the echo to return from the surface of the
ground. To avoid overlap between transmitted and received pulses, their duration must be
shorter than the round-trip delay. Moreover, the time required for a solid-state switch to
shift between the transmit and receive cycle is an essential consideration. Local oscillator
(LO) inaccuracies further aggravate the timing situation, compelling a guard time interval.
Collectively, these aspects require a long round-trip for the radar to function properly,
hence compromising the minimum measurable altitude. Conversely, FMCW radars, owing
to the simultaneous transmission and reception, are not strictly limited by a lower bound
on altitude estimation. During the crucial landing phase, precise altitude estimation is
vital until touchdown. In this context, FMCW radars emerge as the favored candidate.
Moreover, continuous operation offers an additional benefit in terms of a low transmission
peak power. This characteristic is significant for operations conducted in close proximity to
the general public, as health authorities strictly regulate the transmission of peak power.
Pulse Doppler radars typically operate with a duty cycle of 10%. Consequently, to attain
the necessary average power, they are bound to transmit a higher peak power compared to
FMCW radars.

Over the past decade, mmWave automotive radars were largely built on a relatively
higher volume silicon germanium (SiGe) architecture with limited abstraction for a cus-
tomized waveform design [6]. However, with the advent of integrated 45-nanometer (nm)
radio frequency complementary metal oxide semiconductor (RFCMOS) technology, the
microcontroller unit (MCU), digital signal processor (DSP), hardware accelerator (HWA),
and RF front-end (RFFE) are all housed on the same chip now [7]. This breakthrough has
opened massive opportunities in terms of highly flexible waveform design leading to a high
performance in a miniature and cost-effective package. Initially designed for advanced
driver assistance systems (ADASs) and limited only to high-end luxury cars, they now find
widespread applications beyond the automotive domain [8]. Given the cost-effectiveness
and wide availability, it is intrinsically appealing for application engineers and academi-
cians to devise novel methods and techniques to stretch performance beyond hardware
constraints. In the emerging proliferation of 5G networks and the associated interference in
the universally allocated 4.2–4.4 GHz frequency band [9,10] for radar altimeters, it is imper-
ative that we explore novel avenues without compromising the performance requirements
for a stable UAS operation. To cater to the burgeoning need of the hour, the versatility of
automotive radars can be extended to the realm of UAS altimetry. However, diverging from
the identification of pedestrians and obstacles towards the estimation of backscattering
from the ground surface, a major transformation of dynamics is expected. To the best of the
authors’ knowledge, there is no dedicated minimum operational performance standard
(MOPS) for radar altimeters of UASs. Accordingly, an adaptation from existing standards
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for commercial aviation is a reasonable approach given the largely similar application of
radar altimeters in the landing stage of both platforms.

While a few products on the market have incorporated mmWave FMCW radars, there
has been limited discourse in the literature. Given the sizable potential of automotive
radars, characterized by their flexibility in waveform development, cost-effectiveness, and
widespread availability, this study aims to bridge the existing gap in the literature. The
focus of this investigation is to explore the feasibility of mmWave FMCW automotive
radars for UAS altimetry. Holistically, in radar altimeters, the performance metrics mainly
include the maximum and minimum measurable altitude, antenna beamwidth, and range
accuracy. These metrics are intricately related, and a careful consideration of the trade-
offs is necessary in order to meet the operational requirements of a versatile altimeter.
To achieve the requisite performance, there are two aspects to the problem statement
of adapting automotive radars for altitude estimation. The first is the theoretical and
mathematical conversation encompassing performance metrics in tandem with hardware
constraints. Subsequently, there is a need to highlight the challenges and requirements
for the adaptation of existing and novel signal-processing algorithms for high-accuracy
altitude estimation. In the context of limited reference studies, this study endeavors to
initiate fresh discourse on the specific subject of mmWave altimetry encompassing an in-
depth deliberation on performance metrics. To the best of the authors’ knowledge, a similar
text is unreported. Furthermore, existing theoretical discussions on automotive radars
often feature intricate mathematical expressions that may pose difficulty in understanding
for emerging researchers. This article aims to address specific problem statements related
to the application of mmWave radar technology in various scenarios. The primary focus
revolves around developing a comprehensive understanding of intricate details crucial
for specific applications. The methodology adopted involves an in-depth exploration of
theoretical and mathematical aspects, aiming to provide a robust foundation for similar
research endeavors. The outcome of applying this methodology has yielded valuable
insights and knowledge, contributing to the refinement and enhancement of mmWave
radar systems in a diverse context.

As a summary, the main contributions of this body of work are as follows:

• A discussion on mmWave automotive radars as a novel and feasible avenue for
UAS altimetry;

• A simplified stepwise tutorial-themed mathematical and theoretical basis for under-
standing performance metrics;

• An evaluation of backscattering from the ground surface using hardware specifications
of a pure look-down mmWave automotive radar;

• A rationalization of MOPSs for commercial aviation and a rationale for their adaptation
to UASs;

• A systems engineering approach for deriving radar specifications from operational
requirements.

The remainder of the article is structured as follows: Section 2 provides an overview
of related work. The state of the art, regulatory aspects, opportunities, and associated
limitations in automotive radars are covered in Section 3. Section 4 offers the mathemat-
ical and theoretical basis of the performance metrics in FMCW radars. The rationaliza-
tion of operational requirements and the resultant radar specifications are furnished in
Section 5. The ensuing Section 6 amalgamates future research directions and potential
hurdles. Section 7 presents the authors’ discussion with a summary of the contributions
and the broader scope of the work. Finally, Section 8 concludes the article.

2. Literature Review and Related Work

mmWave radar technology has evolved significantly over the past couple of decades
owing to the economies of scale as a consequence of the massive applications and use cases.
Naturally, this has attracted the attention of researchers like any other technology. Profound
theoretical and experimental studies have been reported in the literature beyond the initial
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scope of these radars, confined to automotive applications alone. Apart from expanding the
scope of application, application engineers and academicians share a natural yearning for
technologies that exhibit widespread applicability and cost-effectiveness. The focus of such
studies is to transcend the inherent hardware limitations impeding the progress towards
new avenues. The subsequent sections delve into these evolving trends and highlight the
reference literature that propels such research endeavors. In the context of drone altimetry,
comparable works are explored, aligning with the overarching theme. Finally, a succinct
discussion on existing commercial radar altimeters is provided.

2.1. Innovative and Emerging Applications of mmWave Automotive Radars

Initially developed with a primary focus on automotive applications, mmWave radars
have undergone a transformative journey over time, expanding their scope far beyond their
original intent. The early stages of mmWave radar deployment predominantly centered
around automotive functionalities. However, as the technology advanced, these radars
found new frontiers in various domains, showcasing their versatility and adaptability.
The evolution of mmWave radar technology has paved the way for a diverse range of
applications, each with its unique set of challenges and opportunities.

The shift from a singular automotive focus to a multitude of applications highlights the
agility and resilience of mmWave radar systems. The spectrum of applications spans from
innovative realms such as 9 mm bullet radar cross-section (RCS) measurement to industrial
domains like fluid level sensing and vital sign sensing. This proliferation of the technology
into diverse sectors, including robotics, healthcare, and surveillance, signifies a remarkable
transition. The adaptability of mmWave radar systems has not only broadened their utility
but has also contributed significantly to advancements in various technological spheres.
This expansion underscores the pivotal role these radars play in shaping a multifaceted
landscape of applications, offering solutions that extend beyond the automotive realm.
Table 1 lists a summary of related works.

Table 1. Emerging applications of mmWave radars.

Reference Year Application

[11] 2010 Autonomous robot navigation
[12] 2017 Fluid level sensing
[13] 2018 Material classification
[14] 2018 Blood glucose level detection
[15] 2018 Traffic monitoring
[16] 2020 RCS analysis of 9 mm bullet
[17] 2021 UAS detection and localization
[18] 2022 Vital sign measuring
[19] 2022 Blood pressure monitoring
[20] 2023 Indoor positioning system

2.2. Legacy and Contemporary Literature

The early use of radars was limited to military applications with a rich history of
research and development. There have been many academic contributions in terms of
textbooks dedicated to radar concepts and theory [21,22]. These resources offer a compre-
hensive coverage of the terminologies, fundamental principles, and algorithms, as well
as frameworks for diverse types of radar waveforms and systems. Nevertheless, with the
recent advancements in the field of automotive radars such as mmWave time division
multiplexing multiple-input multiple-output (TDM-MIMO) [23], it is more appropriate
and convenient to consult surveys and state-of-the-art review articles for an informed liter-
ature review [24–26]. Such works offer stimulating discussions on trends in the industry
and the direction of research moving forward. Nonetheless, such reviews are devoid of
depth and focus on the breadth of the research. On the other hand, concise instructional
materials, emphasizing implementation details and practical facets, are presently being
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disseminated by manufacturers of mmWave radars. These resources are presented in the
form of whitepapers and application notes intended for application engineers [27–29]. They
offer a basic level of understanding from the perspective of product development with
restricted introductory content and limited experimental work.

More recently, researchers have presented dissertations that delve into the intricate
details of mmWave radars tailored for specific applications. The theoretical and math-
ematical nuances expounded in these works establish a substantial repository, offering
valuable insights for similar endeavors to draw upon. In line with the aim of this work, the
notable dissertation in [30] stands as a testament to stretching the boundaries of automotive
radars for applications beyond conventional constraints. The cited work put forth the basis
for the resolution of velocity ambiguity well beyond the maximum measuring capacity
of automotive radars. Likewise, a consolidated theoretical and practical framework for
the applicability of mmWave radars for vital signs application was offered in [31]. Such
works lay the groundwork for exploring the untapped potential of automotive radars. This
article aims to coalesce the strengths of the existing forms of literature and fill the looming
gap. There is an evolving need to present a tutorial-themed piece of literature to equip
the impending and enthusiastic researchers to better understand the theoretical aspects
of cutting-edge technologies. To combine the strengths of the available spectrum of the
literature, the theoretical basics have been embraced from legacy textbooks. Application
notes were consulted for a better understanding of the hardware capabilities. Although not
written for a particular application, a tutorial-themed in-depth mathematical understand-
ing of three-dimensional signal processing in mmWave automotive radars was offered [32].
This article follows a similar tutorial tone but instead takes an application-specific tangent
towards UAS altimetry.

2.3. Existing Studies on the Use of mmWave Automotive Radars for UASs

Academicians and researchers have investigated the potential use of mmWave au-
tomotive radars in enhancing the flight performance of small-sized UASs. These studies
leverage the SWaP aspects combined with deep-learning (DL) elements for autonomous
flying, obstacle avoidance, and indoor navigation [33–35]. Specifically, on the subject of
altitude estimation, experiments were conducted in [36]. The use of the constant false alarm
rate (CFAR) algorithm for the detection of the ground surface was presented. However,
no mathematical basis nor discussion on the performance metrics was furnished. The
effectiveness of radar sensors in AGL altitude estimation was explored in another relevant
study [37]. However, the text offered limited depth, with a greater emphasis on potential
applications. The research most closely aligned with this study pertaining to the intended
application was carried out in [38]. A 77 GHz mmWave FMCW radar chipset was employed
to estimate the altitude of a small-sized UAS. A modification of the CFAR algorithm with a
window size spanning the entire range profile with an empirically chosen threshold was
presented. Moreover, a range compensation method was offered to improve the consistency
of measurements for low altitudes. The cited article serves as a valuable source to inspire a
comprehensive experimental work. Though the work provides a proof of concept regarding
the applicability of mmWave automotive radars as a tool for altitude estimation, there is
substantial room for more directed discussions, including but not limited to ground clutter
estimation and performance metrics.

2.4. Commercial mmWave Radar Altimeter Offerings for UASs

Plug-and-play radar altimeter solutions specifically designed for mini-drone platforms,
based on mmWave automotive radars, are now being offered [39]. In alignment with the
feasibility objectives of this article, the existence of such solutions in a compact and cost-
effective package congeals the motivation behind this exploration. Moreover, the technical
specifications of these radars are expected to serve as a valuable repository for conducting
comparative analyses and validation of theoretical findings. Nevertheless, it is important to
underscore that the focus of commercial solutions is not aimed at contributing to academic
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literature or scientific discourse. Conversely, this article delves into the rationale, theoretical
foundations, and mathematical groundwork necessary for designing a mmWave radar
altimeter for UAS.

3. State of the Art, Regulation, Opportunities, and Challenges

This section comprises a brief state of the art and establishes the maturity of mmWave
automotive radars over the past couple of decades. The regulatory aspects of mmWave
bands are briefly touched on. An abridged discourse on the opportunities and challenges
is presented. Lastly, the rationale behind device selection is included.

3.1. State of the Art

mmWave radar technology found its initial application in automobiles during the
early 1970s. Several companies and research institutes explored the potential of distance
radar to prevent collisions, leading to the development of initial applications and pro-
totypes. However, the integration challenges, substantial size, and high costs hindered
the market entry of any product until the late 1990s. It was only in 1998 that the first
generation of automotive radar sensors operating in the 77 GHz band became commer-
cially available, overcoming the technological and economic barriers that had previously
impeded widespread adoption. The volume and weight constraints for an automotive
radar necessitated integrated solutions. To address this challenge, it was only reasonable
for stakeholders to explore the mmWave frequencies to keep the hardware footprint small.
Nevertheless, the manufacturing of a monolithic microwave integrated chip (MMIC) to
cater to such high frequencies without compromising the RF performance was a challenge.
To achieve a high RF performance, yesterday’s automotive radars were based on gallium
arsenide (GaAs). However, integrating digital logic for radar signal processing could not be
harnessed using MMICs. In the interest of time, owing to the compatibility with standard
silicon processes and the integration of digital logic circuitry, bipolar complementary metal
oxide semiconductor (BiCMOS) SiGe technology emerged on the horizon [40]. To realize
a fully integrated radar sensor in a very small footprint, the latest evolution involves the
adoption of a 45 nm RFCMOS MMIC [7], integrating an exceptional blend of superior
digital logic performance and tailored modifications for a high RF performance. This has
been a massive breakthrough, since the use of pure CMOSs in the realization of efficient
power amplifiers at high temperatures was a hurdle as recent as the last decade [41]. The
high cost, another challenge to be overcome, was addressed through the economy of scale
offered by mass production in the wake of ADAS ubiquity.

3.2. 5G Interference and Regulatory Requirements of mmWave Bands

The operating frequency band from 4.2 to 4.4 GHz is universally designated for radar
altimeters in commercial aviation. Recently, due to the proliferation of 5G communica-
tion, the co-existence of radar altimeters has emerged as a critical issue [42]. Beyond the
interference concern, the current 200 MHz band provides restricted room for potential
advancements aimed at achieving very high-ranging accuracy in the future. In response
to this limitation, a viable option is transitioning to alternative frequency bands. Given
the substantial growth in the commercial drone sector and the supplementary use of radar
altimeters on board, it is prudent to explore unlicensed frequency bands for such migration.
Amidst the advent of 5G networks, mmWave bands stand out as the optimal choice, boast-
ing substantial unlicensed bandwidth. Accordingly, the 24 to 29 GHz band initially offered
a 5 GHz bandwidth (BW) with a lot of promise for high-accuracy applications. However,
over time, regulatory procedures have reduced the available BW to a mere 250 MHz in
many regions, with only a few exceptions [43]. Consequently, the mmWave band spanning
77–81 GHz has emerged as a popular alternative for automotive applications, offering a
substantial 4 GHz of usable BW [44].
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3.3. Opportunities and Challenges

The choice of a 77 GHz band offers roughly a nine times reduction in antenna size and
three times better velocity resolution owing to the small wavelength and the dependence
of the carrier phase on the wavelength, respectively. Lastly, a twenty-fold improvement in
range resolution is possible due to the 4 GHz of available BW from 77 to 81 GHz in contrast
to only 250 MHz in the 24 GHz band. Nevertheless, there are challenges associated with
this migration such as the increased noise figure and the daunting free space propagation
loss (FSPL) for such a small wavelength [45]. These impending challenges are likely to
exacerbate the existing issue of the low transmit power yielding an even lower signal-to-
noise ratio (SNR), causing a compromised maximum range. It is, therefore, important to
evaluate the feasibility of using these radars for the intended application from an SNR
perspective. The challenge of a low SNR for altitude estimation at high altitudes sets the
stage for exploring new avenues. Conventionally, increasing the transmitter power and
antenna directivity are potential methods to address the issue at hand. However, these
approaches are not without their challenges. Increasing the transmitter power, for instance,
compromises the cost-effectiveness and SWaP considerations. Simultaneously, antenna
modification entails an increased volume and the conformity to airframes. It must be
highlighted here that these methods are beyond the scope of this article as the rationale
of this study has been categorically stated in the introductory section. This study remains
steadfast in its premise of harnessing the potential of existing automotive radars for UAS
altimetry. It is crucial to realize that this study does not dismiss the promise inherent in
conventional methods, but, beyond a certain point, increasing the SNR may not harness
further benefit since the maximum range of the radar is a function of SNR, as well as the
low-pass intermediate frequency (IF) filter [46]. Nevertheless, the use of 77 GHz allows
for a higher gain antenna with an even reduced volume. Moreover, Section 4 elucidates
that backscattering from the ground surface increases significantly with a reduction in
wavelength due to the reduced penetration ability.

3.4. Rationale for Chipset Selection

Renowned automotive radar modules are being manufactured by Bosch, Delphi,
Toyota, Continental, Fruno, and Denso. There have been some valuable comparative studies
on these radar modules [40,47]. However, these systems offer relatively higher levels of
abstraction and, therefore, are not a good candidate for academic research. Moreover, they
are expensive since they are poised to serve plug-and-play applications. A state-of-the-art
review was conducted as part of the Arctic challenge to compare the radar sensors available
in the market [48]. The review summarized that amongst the solutions available on the
market, the RFCMOS single-chipset architecture offers the lowest level of abstraction with
computational resources available on the chip to host customized software.

In line with the benefits and flexibility being offered by the radar-on-chip architec-
ture, numerous manufacturers have entered this market. This flexibility to orchestrate
customized waveforms allows for the accumulation of short-range, medium-range, and
long-range radars into a single chip by leveraging the chirp parameters, signal processing,
and beamforming techniques. This dynamic range offering aligns perfectly with the op-
erational requirement of UAS altimetry throughout the flight operation. Manufacturers
of these radars include Analog Devices, Infineon, NXP, Texas Instruments, and ST Micro-
electronics. The body of this work is based on the Texas Instruments IWR1843 [49]. The
rationale behind this decision lies in its exceptional features, rich literature, and community
support. Boasting a two-dimensional antenna array, equipped with DSP, MCU, HWA,
and a complex baseband architecture with the highest sampling rate among all available
sensors in the Texas Instruments repertoire, IWR1843 stands out. Additionally, it offers
the largest on-chip memory. These specifications hold relevance from the perspective of
future work. The associated discussion concerning signal processing and dynamic testing
is covered in Section 6. Nevertheless, choosing the most appropriate chipset at the early
stages of a project is bound to ensure long-term dividends.
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It is crucial to note that, at the time this article is being published, the dynamic nature
of technological advancements may bring new sensors on the horizon. A review of recent
advances in mmWave radar sensors offered a comparison of complete radar systems and
single-chipset transceivers in a common table [8]. This served as a good repository for a
comparison of the specifications but offered little insight apropos the efficacy for a specific
use case. To this end, there is no comprehensive state-of-the-art survey concerning the
performance comparison of chipsets available in the industry for the specific application of
UAS altimetry. As such, this article disclaims any assertion of conducting a comprehensive
comparison of all the mmWave radar chipsets available on the market. Instead, the study
aims to select the most suitable sensor while considering its hardware constraints as a
limitation and strives to derive performance metrics for the intended use case.

4. Theoretical Basis of Performance Metrics

The scope of this work is to rationalize the operational requirements of the radar altimeter
that serves a broad range of UASs. To cater to a broad spectrum of drones with varied
sizes and operational capabilities from fixed-wing drones to vertical take-off and landing
(VTOL) quadcopters, the reasonable approach is to maximize the performance metrics while
minimizing the SWaP. Small-scale drones are bound to benefit from this approach, while
focusing on performance metrics serves the operational needs of medium- to large-sized
UASs as well. It is, therefore, imperative that we provide some background on the parameters
that eventually determine the performance metrics of radar altimeters. The theoretical basis
of FMCW radars can be accurately elucidated by mathematical expressions in tandem with
hardware limitations. Accordingly, the ensuing sub-sections proceed the discussion from a
mathematical standpoint. The discussion is inferred from [21,22,28–31,46], paired with the
authors’ notes.

4.1. A Complex Baseband FMCW Radar

Figure 1 depicts a system-level diagram of an FMCW radar employing an in-phase
and quadrature (I/Q) complex baseband architecture. One of the most widely utilized
waveforms in said radars is linear frequency modulation (LFM). The FMCW generator
routes an LFM-modulated continuous wave for amplification at the power amplifier (PA)
stage. Following the reflection from the target, the wave undergoes low noise amplification
(LNA) at the receiver. Afterward, it is multiplied by a time-delayed and a time-delayed
with a 90-degree phase offset version of the transmitted wave in the respective paths.
Subsequently, both signals pass through low-pass IF filters to eliminate high-frequency
elements. This yields the I and Q components, which are then sampled by analog-to-digital
converters (ADCs) and prepared for further signal processing. Power dividers (PDs) are
employed at various stages of the process, given the parallel processing inherent in complex
baseband architecture. The transmitted signal, STx, can then be given as

STx = ATxcos(2π f (t)t + φTx(t)), (1)

where φTx(t) and ATx are the initial phase and the amplitude of the transmitted signal and
f (t) is the instantaneous frequency of the FMCW generator, given by

f (t) = fc + St, (2)

where fc is the initial carrier frequency and S is the slope of the LFM waveform, the rate
of change of frequency sweep with respect to time. This signal is also known as chirp.
Figure 2 shows an LFM chirp with BW B, given by the equation

B = STc. (3)
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Similarly, the received signal SRx after reflection from the target, can be expressed as

SRx = ARxcos(2π f ct + φRx(t)), (4)

where φRx(t) and ARx are the initial phase and the amplitude of the received signal. As
the received signal is subject to multiplication with the transmitted signal, a duration τ is
elapsed, known as the roundtrip time of flight (RTOF) expressed using Newton’s second
law of motion as

τ =
2R
c

, (5)

where R is the range of the target from the radar and c is the speed of light. Using the
formula for the product to sum trigonometric functions yields the following signal at the
output of the mixer:

STx.SRx =
1
2

cos(2πSτt + φTx(t)− φRx(t)) +
1
2

cos(2πSτt + 4π fct + φTx(t) + φRx(t)). (6)

Afterward, the low-pass filter suppresses the high-frequency component containing
4π fct. The difference of frequencies comes out to be f IF and the phase difference φTx(t)−
φRx(t), is the initial phase of the resultant I and Q components of the IF signal, expressed as

φIF = 2π fcτ. (7)

Plugging (5) into (8) and expressing (7) in terms of wavelength, λ, gives us the following:

φIF =
4πR
λ

. (8)

Equation (6) can then be used to express IIF as

IIF =
1
2

AIFcos(2π f IFt + φIF), (9)
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where AIF is the amplitude of the signal. Similarly, QIF can be given as

QIF =
1
2

AIFsin(2π f IFt + φIF). (10)

Subsequently, the IF signal, SIF can expressed as

SIF= I IF + jQIF, (11)

which depicts the IF signal as a sum of I and Q components which is subject to signal
processing in the next stage for range, velocity, and angle of arrival estimation.

4.2. Range Estimation

The basic working principle of an FMCW radar is the transmission of a chirp in the
radar field of view (FOV) which is reflected off targets in its path and received with a delay
depending upon the distance of the target from the radar. This RTOF of the EM wave
traveling at the speed of light constitutes the basis for range estimation. The terms target
and object have been used interchangeably in this article. Section 4.1 provided general
expressions for the I and Q components of IF. A simplified alternative using the equation
of the line may be leveraged for modeling the process of IF generation. Since this section
aims to present a simplified discourse on the theoretical aspect of performance metrics, the
ensuing discussion considers a real baseband architecture.

The received chirp is multiplied with its time-shifted version from the output of the
FMCW generator yielding the sum and difference terms. The summed component is
suppressed by the low-pass filter, leaving only the difference component, f IF. Figure 3
exhibits this phenomenon with a constant IF signal generated for the duration of the overlap
between the transmitted and received chirp. IF signal generation can be explained with the
line equations of the transmitted (Tx) and received (Rx) chirps.
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For the sake of simplicity, the carrier frequency term fc is neglected, and the starting
point of the Tx chirp is assumed at the origin of the cartesian plane. The line equation for
the Tx chirp with a y-intercept at the origin and slope S can then be given as

fTx(t) = St. (12)

The Rx chirp has an x-intercept, τ, the RTOF. The y-intercept for the Rx chirp using
the line equation comes out to be −Sτ. The line equation for the Rx chirp can then be
expressed as

fRx(t) = St − Sτ. (13)

Then, subtracting (13) from (12) yields

f IF = fTx(t)− fRx(t) = Sτ. (14)



Drones 2024, 8, 94 11 of 26

It should be noted that f IF is constant for the duration of the overlap between the
Tx and Rx chirp. Every object in the radar FOV generates a unique IF termed as the beat
frequency. Its value depends on the chirp slope and RTOF. Using (5) and (14), the expression
for IF as a function of the target range can be rewritten as

f IF =
2SR

c
. (15)

4.3. Maximum Range and Range Resolution

As signified by (15), f IF is directly proportional to the range of the target. Therefore,
it can only be increased to a limit beyond which the cut-off frequency of the IF filter
becomes a bottleneck. Being a low-pass filter, the cut-off frequency is essentially the IF
filter BW. Per the general specifications of an LRR for the cruise-control use case, the IF
filters in automotive radars are designed to serve a few hundred meters of range [50].
Rearranging (15) for the maximum range of an FMCW radar gives us the following:

Rmax(IFmax, S) =
cIFmax

2S
. (16)

The rationale of this article is to highlight the hardware limitations in automotive
radars and the constrained IF BW is one such limitation alluded to in the introductory part
of the text. However, a reduced chirp slope S may compensate for this constraint. It is
imperative that we introduce the range resolution at this stage before further discussion on
the intertwined relation of the performance metrics. The range resolution is the ability of a
radar to distinctly identify two closely spaced objects. According to the properties of the
Fourier transform [51], a time-domain signal with a larger duration has a better frequency
resolution. FMCW is a continuous wave radar with an observation window equal to the
duration of the chirp signal, Tc. The expression for frequency resolution can be expressed as

∆ f IF >
1
Tc

. (17)

where ∆ f IF is the minimum allowable difference between beat frequencies corresponding
to two closely spaced objects at a minimum possible distance, ∆R, away from each other.
Modifying (16) accordingly and plugging into (17) gives us the following:

2S∆R
c

>
1
Tc

, (18)

∆R >
c

2STc
. (19)

Using (3), Expression (19) can be rewritten as

∆R(B) >
c

2B
. (20)

(20) is the expression for the range resolution of an FMCW radar as a function of only the
chirp BW.

4.4. Link Budget for Radar Altimeter

The maximum range of an FMCW radar is a function of the IF BW, as well as the SNR
available at the receiver. Despite a beat frequency being in the range of the IF filter BW,
if the SNR is below the requisite threshold, the requisite range is compromised. Careful
estimation is, therefore, prudent in this context. It can be conveniently estimated using the
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radar range equation, which is a manipulation of the Friss transmission formula [5]. The
power received at a monostatic radar reflected from a point target is

Pr =
PtGtGrσλ2

(4π)3R4
, (21)

where Pt is the transmitted power with Gt and Gr being the gains of the transmit and
receive antennae, respectively, σ is the RCS of the point target, and λ is the wavelength.
However, the exception for a radar altimeter use case is that the target is the surface of the
ground. Therefore, (21) must be extended for a distributed target to accurately approximate
the RCS. Backscattering or clutter from the ground surface is an unwanted phenomenon
in surveillance radars; however, it is the intended target for altimeters. For a distributed
horizontal ground surface, the RCS can be evaluated using

σ =
x

Aill

σodA = σo Aill , (22)

where σo is the backscattering cross-section per unit area normalized with respect to the
area, Aill , of the ground patch illuminated by the radar antenna [52]. Here, σo is also
referred to as the normalized radar cross-section (NRCS). The estimation of the NRCS
falls in the realm of empirical research and well beyond the bounds of this article. A
generic analytical model serves the scope of this work since the objective is an approximate
estimation of the NRCS for a given terrain type. Such models do not adequately address
the characteristics of land clutter for remote-sensing or surveillance use cases where more
specific details of scatterers are required. For a pure look-down radar altimeter scenario
of ψ = 90◦, the mean NRCS can be evaluated using the as a sum of the low grazing angle
regime contribution, and the contribution due to specular scattering [53]:

σ0(dB) = σ9.3G + 10log10

(
0.65e−tan2(90−ψ)/tan2(0)

tan2(0)

)
+ 10log10

(
f

9.3

)
+ 10log10(0.1ψ), (23)

where σ9.3G is the mean NRCS at frequency 9.3 GHz for ψ < 10◦, tan2(ß0) is the rms surface
slope, and f is the operating frequency. The term 10log10(0.1ψ) is added to cater to the
effect of increasing ψ beyond 10◦. The reference of 9.3 GHz is evident in the mathematical
expression since the specific experiments were conducted at this frequency at a very low
grazing angle. The extrapolation beyond this grazing angle and operating frequency
deems the model generic and, therefore, an approximation only. For an estimation of
backscattering for a radar altimeter, such generic models provide sufficient substance
for the estimation of performance metrics and parameters. (23) seems daunting from
a mathematical perspective but it only signifies an increase in backscattering from the
ground surface with increasing frequency owing to lesser absorption. Additionally, larger
grazing angles cause more reflection. Interested readers are encouraged to refer to [52–54]
for a detailed discourse and a more insightful understanding of clutter estimation from
ground terrains. For the sake of completeness, it must be highlighted that the landreflectivity
function from MATLAB [55] utilizes the same model for clutter estimation at such high
grazing angles and short wavelengths. There is some respite after all in the form of a high
NRCS to somehow compensate for the high FSPL in the mmWave realm. The second term
in the estimation of RCS is Aill . Figure 4 illustrates a horizontal elliptical area illuminated
by the radar antenna on the ground surface. It is governed by the half-power beamwidth
(HPBW) of the antenna in both the azimuth (H-plane) and elevation (E-plane), as well as
the altitude [56]. The higher the altitude, the longer the axes of the ellipse. Aill can be
expressed using the area of the antenna beam, Abeam, and angle of incidence, θi, as

Aill =
Abeam

cos(θi)
. (24)



Drones 2024, 8, 94 13 of 26
Drones 2024, 8, x FOR PEER REVIEW 13 of 26 
 

 
Figure 4. Area illuminated by radar antenna [57]. 

Assuming a non-symmetrical area of the elliptical antenna beamwidth, (24) can be 
expanded as 𝐴 = 𝜋 𝑅 𝑠𝑒𝑐(𝜃 ), (25)

where 𝜃  and 𝜃  are the HPBW in radians of the antenna in the azimuth and elevation 
planes, respectively, and R is the altitude of the platform AGL. The grazing angle, 𝜓 = 
90°−𝜃 , for a pure look-down radar altimeter is 90°. Accordingly, the effect of sec(𝜃 ) can 
be ignored in (25). The RCS can now be calculated using (22). Before proceeding to the 
expression for maximum range, it is crucial to estimate the noise power for the subsequent 
evaluation of the SNR. The expression of the noise power, 𝑃 , in watts is given as 𝑃 = 𝑘 𝑇𝐵 𝐹, (26)

where 𝑘  is the Boltzmann constant, 𝑇 is the temperature in Kelvin degrees, 𝐵  is the 
noise BW, and 𝐹 is the noise figure of the receiver. It is appropriate to offer some disam-
biguation and insight into the estimation of the noise BW. This term is often mistakenly 
approximated in the literature and warrants careful consideration. The only important 
aspect to understand here is the identification of the exact point where the received signal 
shall be subject to detection in the receive chain. As shown in Figure 1, after the beat fre-
quencies pass through the IF filter, the signals are sampled in two independent I and Q 
paths. The time-domain signals I and Q are sampled by the analog-to-digital converter 
(ADC) and subject to fast Fourier transform (FFT). 

Subsequently, the noise power becomes split into frequency bins where the BW of 
each bin is equal to the inverse of the chirp duration, 𝑇  [28,58]. Furthermore, it must be 
noted here that an FMCW radar generates a series of chips for the estimation of velocity. 
This aspect was not covered in the theoretical discussion on FMCW radars since velocity 
estimation is not covered in this work. Nevertheless, there is no restriction on orchestrat-
ing a chirp frame with multiple chirps to extract benefits in terms of the increased SNR. 
Figure 5 shows an 𝑁 chirp frame. The observation time for the estimation of noise can be 
extended to the entire frame instead of just one chirp. This is termed the integration time 
or frame time, 𝑇 , given as 𝑇 = 𝑁𝑇 . (27)

The noise BW in a frequency bin can then be given as 𝐵 = . (28)

Plugging (28) into (26), the modified expression for 𝑃  becomes 𝑃 = . (29)

It is pertinent to understand that the modified expression for the noise power is con-
sistent with the zero-mean Gaussian distribution of its power spectral density (PSD). It 
implies that the noise tends to average itself out as the observation interval is increased. 
To evaluate the maximum range, 𝑃  is the threshold for the minimum power that can 
be used by the radar with an acceptable value of the probability of false alarm (PFA). An 

Figure 4. Area illuminated by radar antenna [57].

Assuming a non-symmetrical area of the elliptical antenna beamwidth, (24) can be
expanded as

Aill = π
θe

2
θa

2
R2sec(θi), (25)

where θa and θe are the HPBW in radians of the antenna in the azimuth and eleva-
tion planes, respectively, and R is the altitude of the platform AGL. The grazing angle,
ψ = 90◦−θi, for a pure look-down radar altimeter is 90◦. Accordingly, the effect of sec(θi)
can be ignored in (25). The RCS can now be calculated using (22). Before proceeding to the
expression for maximum range, it is crucial to estimate the noise power for the subsequent
evaluation of the SNR. The expression of the noise power, Pn, in watts is given as

Pn = kBTBnF, (26)

where kB is the Boltzmann constant, T is the temperature in Kelvin degrees, Bn is the noise
BW, and F is the noise figure of the receiver. It is appropriate to offer some disambiguation
and insight into the estimation of the noise BW. This term is often mistakenly approxi-
mated in the literature and warrants careful consideration. The only important aspect to
understand here is the identification of the exact point where the received signal shall be
subject to detection in the receive chain. As shown in Figure 1, after the beat frequencies
pass through the IF filter, the signals are sampled in two independent I and Q paths. The
time-domain signals I and Q are sampled by the analog-to-digital converter (ADC) and
subject to fast Fourier transform (FFT).

Subsequently, the noise power becomes split into frequency bins where the BW of
each bin is equal to the inverse of the chirp duration, Tc [28,58]. Furthermore, it must be
noted here that an FMCW radar generates a series of chips for the estimation of velocity.
This aspect was not covered in the theoretical discussion on FMCW radars since velocity
estimation is not covered in this work. Nevertheless, there is no restriction on orchestrating
a chirp frame with multiple chirps to extract benefits in terms of the increased SNR. Figure 5
shows an N chirp frame. The observation time for the estimation of noise can be extended
to the entire frame instead of just one chirp. This is termed the integration time or frame
time, Tf , given as

Tf = NTc. (27)

The noise BW in a frequency bin can then be given as

Bn =
1

NTc
. (28)

Plugging (28) into (26), the modified expression for Pn becomes

Pn =
kBTF
NTc

. (29)

It is pertinent to understand that the modified expression for the noise power is
consistent with the zero-mean Gaussian distribution of its power spectral density (PSD). It
implies that the noise tends to average itself out as the observation interval is increased.
To evaluate the maximum range, Prmin is the threshold for the minimum power that can
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be used by the radar with an acceptable value of the probability of false alarm (PFA). An
estimation of the PFA for the minimum value, SNRmin, is beyond the scope of this work
and, therefore, the value specified by the manufacturer serves the purpose [28]. Using (28),
Prmin can be expressed as a sum of Pn and SNRmin

Prmin =
kBTF
NTc

+ SNRmin. (30)

Using (22), (25), and (30), the radar range equation can be modified by moving R to the
left side of the equation and canceling R2 from the expression of Aill . The final expression
for the maximum range can then be given as

Rmax(SNRmin) =

√√√√ PtGtGrσoθeθaλ2(
kBTF
NTc

+ SNRmin

)
256π2

. (31)
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4.5. Supplementary Performance Metrics

The performance metrics elaborated in the preceding text directly govern the wave-
form specifications of an FMCW radar employed for drone altimetry. However, for the
sake of completeness, it is imperative to provide a succinct summary of other metrics as
well. Section 6 briefly discusses the potential directions for future work which includes an
experimental verification in dynamic conditions. Nevertheless, one of the concerns in range
estimation is the rapid rate of descent (RoD). Moreover, the vertical velocity component
becomes more relevant if RoD estimation is necessitated.

Moreover, with the widespread use of AoA estimation in emerging applications, it is
essential to briefly summarize the associated performance metrics as well. Given the scope
of the existing work, an abridged discussion on velocity and angular estimation has been
offered in the proceeding text. Readers are encouraged to consult references [21,22,28–31,46]
for detailed derivations.

Velocity estimation in an FMCW radar requires at least two chirps and estimates the
range corresponding to each chirp. According to Newton’s second law of motion, the
measured phase difference corresponds to the motion ∆d of the target given as

∆d = vTC. (32)

Plugging ∆d from (32) into (8), the phase difference ∆φIF can be expressed as

∆φIF =
4πvTc

λ
. (33)

Rearranging (33), the final expression for velocity estimation comes out to be

v =
λ∆φIF
4πTc

. (34)
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The phase difference can only be increased to a limit |∆φIF|< π beyond which the esti-
mation becomes ambiguous. Accordingly, the upper bound on the maximum unambiguous
velocity is given by

vmax =
λ

4Tc
. (35)

The two-chirp velocity measurement method fails when multiple objects with different
velocities align at the same radar distance, generating identical IF frequencies and resulting
in a single peak in the range-FFT. To address this, the radar system transmits a chirp frame
of N equally spaced chirps for an accurate velocity measurement as already illustrated in
Figure 5. After the range-FFT, another FFT of order N is performed in a second dimension
to distribute the phase changes into Doppler bins. According to the properties of FFT,

∆φIF >
2π

N
. (36)

The final expression for velocity resolution, ∆v, can then be obtained by using (36) and
plugging (27) into (31) as

∆v >
λ

2Tf
. (37)

Per the application requirements concerning the localization of obstacles and pedestri-
ans in the radar FOV, contemporary automotive radar platforms pack multiple antennae
for accurate AoA estimation. The platform under consideration, IWR1843BOOST, offers
antenna arrays for AoA estimation in the azimuth, as well as the elevation, planes. Ap-
propriately, AoA is an important performance metric similar to range and velocity. The
following discourse covers the basics of this metric considering only two antennae in a
single dimension. Practically more than two antennae in multiple dimensions are realized
for spatial localization and high AoA accuracy.

The angular estimation relies on the observation that a slight deviation in an object
position from the boresight of the radar causes a phase shift in the range-FFT or Doppler-
FFT peak. By performing an FFT operation along the antenna dimension, this phase
shift can be estimated. Utilizing a minimum of two RX antennae as shown in Figure 6, a
phase shift in the FFT peak due to reflected waves arriving at different times facilitates
the AoA estimation. Equation (8) is based on the RTOF where the AoA works on the
concept of transmission of the EM wave from a single Tx antenna and reception by multiple
Rx antennae after reflection from the target. Essentially, the phase difference, therefore,
becomes half, since only half the distance is considered in this scenario. Figure 6 shows
that the reflected wave arrives at the second Rx antenna after covering a longer distance ∆s.
Using fundamental geometry and the assumption that the EM waves are planar since the
target lies in the far-field region of the antenna, the distance ∆d can be written as

∆d = lsin(θ), (38)

where θ is the AoA with reference to the radar boresight and l is the distance between the
neighboring Rx antennae. Plugging (38) into (8) with half the RTOF and rearranging, the
AoA can then be expressed as

θ = sin−1
(

λ∆φIF
2πl

)
. (39)

As already elaborated in the preceding text, the upper bound for the maximum phase
difference for unambiguous measurement is |∆φIF|< π . Moreover, (39) elucidates that
the maximum AoA estimation, θmax = ±90

◦
degrees, is only possible when the antennae

are separated by a distance of λ
2 . The derivation of the angular resolution requires a

more detailed consideration and extends beyond the scope of this article. From a holistic
perspective, its importance cannot be discounted in any radar application. Given AoA
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evaluation necessitates a third FFT along the antenna dimension, the angular resolution,
∆θ, is expressed in radians as

∆θ =
2
N

(40)

where N is the number of Rx antennae, as well as the FFT order in the third dimension.
In summary, this basic discussion on the AoA serves as a basis for a detailed explanation
of TDM-MIMO. Nevertheless, the potential of the velocity and AoA in advancing the
capabilities of modern mmWave radar altimeters for UASs requires further investigation to
be carried out in future work.
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5. Operational Requirements and Radar Specifications

With the preliminary discourse on performance metrics covered, it is appropriate to
deliberate on the operational requirements of a radar altimeter intended for UASs. In this
context, the existing aviation standards serve as a good reference. In active use for the
past half-century, RTCA DO-155, the minimum operational performance standard for low-
range radar altimeters, is considered the gold standard [59]. Likewise, EUROCAE ED-30
is a similar standard with minor modifications [60]. Furthermore, the specifications of
contemporary radar altimeters developed for the aviation industry serve as a good reference
to compare performance metrics [61]. However, these systems generally operate in the
4.2–4.4 GHz band. More recently, radar altimeters employing FMCW in the mmWave band
with a high update rate and dynamic range designed specifically for small- to medium-scale
drones have emerged [39]. To this end, there is no such reference specifically dedicated to
radar altimeters intended for use on UASs. It is therefore not possible to have a one-to-one
mapping of every single requirement listed in the referred standards. This article strives to
adapt the existing MOPSs for radar altimeters used in commercial aviation for applicability
to UASs. The requirements of reliability and the environmental stress screening of avionics
for commercial and military aviation is a separate domain that is more related to the
product aspect than the technological aspect. With this understanding, the discussion on
performance metrics has been kept to the maximum and minimum measurable altitude,
the measurement accuracy, and the update rate.

5.1. Minimum Update Rate

The referred standards do not explicitly state the requirements of the update rate and,
instead, specify the antenna HPBW as a crucial requirement. To the best of the authors’
understanding, the requirement of a wide HPBW implies that the projection of the antenna
on the ground surface shall be large enough such that the platform does not cover a
longitudinal distance more than the major axis of the elliptical antenna illumination on the
surface of the ground between two successive updates from the radar sensor.

For a symmetric radiation pattern, the choice of antenna orientation is irrelevant.
However, UAV platforms displace faster along the longitudinal direction than yaw or
roll. Therefore, it is logical to orient the antenna such that the larger HPBW is along the
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longitudinal motion of the platform. This study considers the specifications of the develop-
ment platform, IWR1843BOOST, for the evaluation of waveform parameters. For the given
board, the azimuthal HPBW is greater than the elevation HPBW [62] and, therefore, used
in subsequent mathematical expressions. From (25), the length of the major axis, D, of the
ellipse can be mathematically given in terms of the altitude, R, as

D =
θa

2
R. (41)

To estimate the minimum update rate, for a platform capable of traversing at maximum
velocity, Vmax, and a minimum altitude requirement of Rmin, the maximum time between
successive updates is upper-bound by

∆tmax ≤
θa
2 Rmin

Vmax
. (42)

This upper bound signifies that there is a minimum requirement of fetching the
successive altitude data before the overlap of elliptical antenna projections on the surface
of the ground reaches zero over the time period ∆tmax. The inverse of this duration, the
minimum update rate, Umin, can then be given as

Umin =
1

∆tmax
. (43)

The crux of this discussion is that, as the altitude of the platform decreases, the antenna
projection becomes smaller and there is a requirement to rapidly update the altitude infor-
mation, particularly during the landing stage. Furthermore, faster platforms necessitate a
rapid update rate, hence an inverse relationship. Figure 7 illustrates this phenomenon.
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5.2. Range Resolution and Accuracy

In the context of radar altimeters, the range resolution essentially translates to range
accuracy since a finer range resolution allows for the more precise discrimination between
altitude levels. If the range resolution is too coarse, it may lead to ambiguity in determining
the actual altitude within a given range bin. The range accuracy requirement can be inferred
conveniently from aviation standards [59,60]. The requirement for range accuracy is ±1.5 ft,
which equates to a range resolution of 3 ft or 0.9 m. However, there is room for the lower
limit of measurable altitude being 20 ft to be improved for the case of small-sized drones
relying solely on a radar sensor for landing. Since most legacy radar altimeters operate
between 4.2–4.4 GHz, there is a requirement to keep a significant separation between
the transmit and receive antennae to avoid signal coupling. The mmWave length has an
intrinsic benefit of a very small antenna separation requirement. This, coupled with the
high range resolution, enables a significantly smaller minimum measurable altitude value.
This feature may be particularly useful during the flight operation of mini-drones to aid in
efficient traffic management within the scope of smart cities [63].
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5.3. Maximum and Minimum Measurable Altitude

The determination of the minimum altitude is tied to the resolution of the range bin
and the application of a high-pass filter to mitigate coupling effects from the Tx chain. This
is an inherent challenge as the Tx and Rx chains operate simultaneously in FMCW radars.
Owing to a wavelength, λ, of 3.9 mm at the 77 GHz operating frequency, even with an
antenna separation of 10λ, the high-pass filter can be conveniently programmed to filter
out the coupling effects.

Although the concept of the range bin is related to the signal-processing domain, it is
important to discuss it in the context of the minimum measurable altitude. A range bin is
the smallest measurable unit by a radar. It may be interchangeably used with the range
resolution as per the discussion in Section 5.2. It is governed by the ADC sampling rate, Fs,
chirp slope, S, and size of the FFT, NFFT [28,46]. The mathematical expression is as follows:

∆R(Fs, NFFT , S) =
cFs

2SNFFT
. (44)

Nevertheless, this raises the question about the necessity of having two distinct ex-
pressions for the range resolution, (20) and (44). Each equation holds its validity within
its context. Achieving the range resolution as defined by Equation (20) requires adjusting
the parameters in Equation (44) accordingly. It explicitly signifies that a higher-order FFT
is bound to enhance the separation of the frequency components in a time-domain signal,
resulting in a finer range resolution. In essence, Equation (20) delineates the range reso-
lution based on the chirp BW of the waveform provided that the signal-processing chain,
accordingly, offers the required FFT size. Accordingly, ∆R can be expressed in terms of (20)
and (44) as

Altacc ≥ Max
(

cFs

2SNFFT
,

c
2B

)
. (45)

The readings, starting from the DC range bin to the mth range bin, with m∆R cor-
responding to the Tx and Rx antenna separation, are to be removed from the altitude
measurement. This necessitates a lower bound for the minimum measurable altitude. For
a separation between the Tx and Rx antenna, ∆x, the value of the range bin indices to be
removed can be given as

m = Roundup
(

∆x
∆R

)
. (46)

where Roundup is rounding off the decimal value to the next nearest integer. The minimum
measurable altitude, Altmin, can then be given as a lower bound:

Altmin ≥ m∆R. (47)

For mmWave frequencies, Rmin is much smaller than the requirements specified in the
reference MOPS. However, for small-sized drones flying at low altitudes, the requirement
may be stringent. The radiation patterns of an antenna are impervious to the distance from
the source only in the far-field region. Therefore, any interference from a nearby radiating
source in the near field and Frensel region is likely to cause destructive or constructive
inference and affect the far-field radiation pattern [64]. This commands the Tx and Rx
antennae to be separated at least by a distance, ∆y, dictated by the following expression

∆y ≥ 2L2

λ
. (48)

where L is the largest dimension of the antenna and λ is the wavelength. This separation
requirement is significantly higher for the 4.2–4.4 GHz band, owing to the large wavelength.
Subsequently, filtering the coupling signature from the Tx antenna requires a high-pass filter
with a greater cut-off frequency followed by a higher value of the minimum measurable
altitude. Nonetheless, this is another inherent benefit of mmWave FMCW radars coupled
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with a simultaneous transmit and receive operation—very low altitudes can be reported
accurately unlike the Pulse Doppler counterpart. The far-field region of a microstrip patch
antenna designed for 77 GHz allows the Tx and Rx antennae to be placed in close proximity,
enabling a relaxed lower bound on the altitude measurement.

One important aspect to be apprised here is the role of the complex baseband architec-
ture in absolving Fs from the Nyquist sampling criteria [65]. Essentially, the simultaneous
sampling of I/Q components indirectly fulfils the Nyquist sampling criteria, but, since both
components are being sampled in parallel, the minimum sampling requirement imposed
by the Nyquist theorem to sample the incoming signal at twice the IFmax is reduced by
half [66]. There are other benefits of using a complex baseband architecture that warrant an
in-depth discussion in the signal-processing domain.

With the number of range bins being NFFT , the expression for the maximum range
can be given as

Rmax(NFFT , ∆R) = NFFT∆R. (49)

The above expression implies that, for a given NFFT , the maximum range decreases
as the range resolution increases. This is an interesting phenomenon that results in the
processing ability of the DSP being a critical bottleneck. Similar to the discussion on the
range resolution, (16) and (31) assume that (49) does not limit the evaluated maximum
range in the respective expressions. Essentially, if the hardware constraints governing the
SNR and the IFmax is not a limitation to achieving a higher value of the maximum range,
the processing prowess is still a constraint on simultaneously increasing the range and
resolution. The upper bound for the maximum altitude in terms of (16), (31), and (49) can
therefore be approximated as

Altmax ≤ Min {Rmax(NFFT , ∆R), Rmax(SNRmin), Rmax(IFmax, S)}. (50)

5.4. Waveform and Radar Specifications

Given that the maximum range and resolution are governed by multiple expres-
sions and the evident interdependence, an open-ended evaluation is bound to become a
multivariate optimization problem, which does not align with the model of operational
requirements. To culminate the discussion on performance metrics and facilitate the read-
ers in the inference of waveform specifications more effectively, it is crucial to examine
a realistic UAS scenario and succinctly outline the resultant radar specifications aligned
with those requirements. It is only practical to imply that the specifications of the radar
altimeter stem from the requirements of the platform and not vice versa. An example test
case follows with the operational requirements of a UAS summarized in Table 2 with the
hardware specifications of the radar presented in Table 3. The references are cited in the
remarks column where applicable.

Table 2. Operational requirements for radar altimeter of UAS.

Requirement Value Remarks

SNRmin 20 dB [28]
Accuracy ±0.45 m [59,61]

Rmin 1 m Minimum altitude requirement
Rmax 500 m Maximum altitude requirement
Vmax 20 m/s Maximum platform velocity

T 273.15 ◦K Antenna temperature

Table 4 entails the resultant waveform and radar specifications. The remarks column
contains the equation numbers for the convenience of readers. The evaluations yield a fair
promise with the reference standards and state-of-the-art products [39,59–61]. Section 7
provides a discussion on these specifications and potential methods for further improve-
ment. Moreover, the parameters and waveform specifications are provided in a sequential
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manner starting from the maximum time between successive updates and finishing with
the maximum measurable altitude.

Table 3. Hardware Specifications of Radar.

Requirement Value Remarks

θa 56◦ HPBW azimuth [62]
θe 28◦ HPBW elevation [62]

Pt(dBm) 12.5 dBm MAX Tx power, IWR1843 [62]
Gt 10.5 dBi IWR1843Boost [62]
Gr 10.5 dBi IWR1843Boost [62]
f 77 GHz Operating frequency [62]
λ 3.9 mm Wavelength

tan(0) 0.14 RMS surface slope
F 15 dB Receiver noise figure

Table 4. Waveform and altimeter specifications.

Parameter Value Remarks

∆tmax 26 ms Max time b/w data updates (42)
Umin 38 Hz Minimum update rate (43)

Tc 1 ms Chirp duration
S 1.91 MHz/µs Chirp slope
B 1.91 GHz Chirp BW (3)

∆R(B) 0.07 m Function of chirp BW (20)
∆R(Fs, NFFT , S ) 0.85 m Function of sampling, FFT and slope (44)

NFFT 1024 FFT size
Altmin 0.85 m Minimum measurable altitude (47)
Altacc 0.85 m Altitude accuracy (25)

N 16 Number of chirps/frame
TF 16 ms Frame duration (27)
Bn 62.5 Hz Noise BW (28)
Pn −141.27 dBm Noise power (29)
σ0 2.47 Normalized RCS (23)

Rmax(SNRmin) 4548.9 m Function of minimum SNR (31)
Rmax(IFmax, S) 783.3 m Function of IF, BW, and Slope (16)

Rmax(NFFT , ∆R) 870.4 m Function of FFT and resolution (49)
Altmax 783.3 m Maximum measurable altitude (50)

6. Future Work and Challenges

The proposed direction of mmWave radar altimeters is a relatively modern concept.
Like any other technology, there is a lot of potential for rigorous improvement with the
accompanying challenges.

6.1. Future Work

This article is the initial segment of an ongoing mmWave radar altimeter project. This
text concentrates on a careful literature review, an exploration of MOPSs, an examination
of the state of the art, and the establishment of the theoretical foundation. Next in line is to
identify relevant signal-processing techniques for true altitude estimation. In the presence
of multiple scatterers in the antenna beamwidth, the most useful altitude estimate is the
one obtained directly beneath the nose of the UAS platform. To cater to this requirement,
one such direction is the exploration of mmWave TDM-MIMO [32] for the radar altimeter
use case. Having a spatial resolution in radar altimeters is a nascent concept that can be
extremely useful in true altitude estimation. Moreover, to make the best use of processing
resources on automotive radars, it is imperative that we study and evaluate the signal-
processing techniques prevalent in ADASs for their applicability in radar altimeters. For
instance, the efficacy of the CFAR algorithm for the detection of the ground and the
selection of associated design parameters for this particular application is unreported.
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Similarly, signal-processing algorithms used in industrial applications can be applied to
improve range accuracy. Liquid-level sensing radar systems use algorithms like Zoom-
FFT [67]. There is plenty of room for exploration and use in the very-high-accuracy
landing requirements of UASs or commercial aviation. Zoom-FTT provides a coarse
range estimation, followed by magnifying a specific portion of the frequency spectrum
for accuracy enhancement beyond the conventional limits of the radar. Accuracies in the
mm range have tremendous application avenues specifically as a backup for weight-on-
wheel systems in fixed-wing UASs or commercial aircraft. There is a dire need to extend
the scope of the work toward experimental verification across varied ground surfaces,
including snow, water, grass, and concrete. More importantly, the performance of the
radar altimeter against complex textures such as large forest and green vegetation may
warrant careful signal-processing algorithms. Moreover, flying birds and waterfalls under
the UAS airframe during the flight is another concern to be investigated. The discussion on
velocity has not been made a part of this study. However, during the rapid rate of ascent
and descent of UASs, the effect of velocity needs to be studied. The experimental work is
bound to not only validate the theoretical presentations of this work but also appraise the
signal-processing techniques to be explored in the next stage.

There has been a plethora of work carried out in the domain of machine learn-
ing/deep learning (ML/DL) using radar sensors for automotive applications. Surveys in [8]
and [68,69] show the potential research directions and experimental research conducted.
ML/DL are traditionally employed in object detection and classification within ADASs.
A survey dedicated to their efficacy in the UAS domain is presented in [70]. Based on the
extraordinary work being carried out, it is rational to highlight that these techniques hold
promising applications in the field of drone altimetry. Beyond their conventional uses, these
technologies can be leveraged for advanced functionalities. One such application involves
the prediction of interference from neighboring radars or electromagnetic sources, distin-
guishing it from authentic radar returns. Another innovative approach is the utilization of
machine-learning algorithms to discern ground surface types, dynamically adjusting the
chirp and frame configurations in response. A particularly noteworthy concept may involve
the autonomous adaptation of radar altimeter modes based on the operational state of the
UAV, specifically during the landing approach in autopilot mode. Trained on nuanced
patterns in radar altitude data, ML/DL models could be leveraged to integrate variables
such as the rate of descent, surface type, and current altitude to intelligently switch to a
high-accuracy mode. In this heightened accuracy mode, sacrificing the maximum range for
precision aligns with the specific operational requirements of precise landing. Concurrently,
it offers a redundant safety measure akin to a backup for weight-on-wheels systems. This
strategic integration of ML/DL not only optimizes the radar altimeter performance across
diverse flight modes but also underscores its potential to elevate overall flight safety.

6.2. Challenges

Amongst the challenges inherent in integrating a microstrip patch antenna and radar
chip on the same printed circuit board PCB at 77 GHz, radome design and fabrication is
crucial for deployment on UAS. The purpose of a radome is to protect the antenna and
electronics from environmental effects. The design and fabrication of a radome is a potential
cost overhead. Moreover, the inclusion of MIMO in the next phase of the work implies that
an array of multiple Tx and Rx antennae shall be deployed. While horn antennae may be
considered, their installation and calibration on UAS airframes entail substantial cost, effort,
and volume implications. The requirement of precise antenna separation deems conformal
microstrip patch antennae the optimal choice. Nevertheless, their manufacturing and
characterization is a daunting task. There is a need to explore cheap substrates with a small
Young’s modulus [71] for bending and rolling to fulfill the said task. Traditional testing
methods with a vector network analyzer (VNA) and anechoic chamber are expensive. A
cheaper alternative could be to employ the radar unit itself as a test bench by incorporating
targets with a known RCS at a calibrated distance to gauge the practical gain against
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simulated results since the rich software control offered by Texas Instruments allows for
real-time SNR evaluation [72]. Nevertheless, the characterization of the radiation pattern
for HPBW evaluation is a research venture of its own.

Another challenge is that there is no evidence of the long-term performance and
reliability of mmWave automotive radars for airborne applications. Although automotive-
grade electronics have a wide operating temperature range and experience significant
vibration through the course of the life cycle, the vibration spectrum of a broad scale
of UAS platforms may pose additional stress. Moreover, if the scope is extended to
commercial aviation, long-term exposure to very low temperatures at high altitudes may
warrant accelerated life testing. These are unexplored areas and a thorough investigation is
necessary for the mmWave band to become a viable avenue given the 5G interference and
inherent benefits associated with this migration.

7. Discussion

The goal of this effort was to establish the applicability of mmWave automotive radars
for radar altimeters of UASs. To realize this goal, the article has offered a discussion on the
feasibility, benefits, and methodology for exploring the 77 GHz mmWave automotive radars
in the wake of 5G interference in the dedicated 4.2–4.4 GHz band. The cost-effectiveness,
easy accessibility, and FMCW waveform offered on the MMIC position them as a lucrative
candidate. In this work, their suitability with intrinsic hardware limitations was appraised
theoretically. With very few reference works for researchers and academicians to benefit
from, a tutorial-themed discourse comprising a simplified mathematical expression was
furnished. Another important milestone of this work was to present a brief and meaningful
discussion on backscattering from the ground surface in a mmWave radar altimeter scenario.
The scope of this discussion for 77 GHz automotive radars being evaluated for a radar
altimeter use case was previously unreported. This direction is poised to aid youthful
researchers and system engineers alike in better understanding the performance metrics.

The authors’ comments throughout the entire course of the text have been aimed
at providing the basis for the optimization of available resources. Nevertheless, it is in
no way implied that the hardware limitations cannot be improved upon. For instance,
Rmax(IFmax, S) was found to be a bottleneck that brought the Altmax down. The benefits of
migration to the 77 GHz band remain equally applicable if the problem of the mmWave
radar altimeter design is approached with a modular radar that offers the flexibility to
increase IFmax. Despite a complex baseband architecture, this direction demands a higher Fs.
Subsequently, a proportionate increase in NFFT is poised to keep ∆R(Fs, NFFT , S ) relatively
constant while offering an increase in Rmax(IFmax, S) proportional to IFmax. However, it
must be noted that having a higher NFFT requires more processing resources, which is
possible with a dedicated, more powerful processor. It was underscored in Section 3 that
EM waves traversing at 77 GHz are expected to experience a high FSPL followed by a
compromised SNR at the receiver. Contrariwise, it was observed that a higher NRCS for
smaller wavelengths compensates for the high FSPL. This, along with a wide HPBW in
both planes and a longer observation window, enables a promising Rmax(SNRmin). In
summary, impartial to the choice of hardware, the discussions and findings of this article
are composed to propel the narrative towards the mmWave altimeter. Nevertheless, a
modular approach is certain to add volume and cost overhead.

The lack of dedicated MOPSs for radar altimeters of UASs required some deliber-
ation for repurposing commercial application standards for the required use case. The
authors’ notes are backed by the theoretical and mathematical rationale to rationalize the
operational requirements accordingly. The discussion on the performance metrics and their
interconnected nature required a careful approach in order to exploit the performance to
its fullest. The authors exercised great care in presenting a systems engineering approach.
To culminate the work, an example test case was presented with operational requirements
followed by the derived radar specifications.
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It is appropriate to point out that this body of work is the first in a series of an ongoing
project concerning mmWave radar altimeters. The scope of future work is stated in Section 6.
For the sake of completeness, it is stated that the sequential approach towards the eventual
goal shall encompass a dedicated text on signal processing. A completely novel direction
is the exploitation of ML/DL methods to classify the flight modes in UAV operation for
subsequent waveform optimization. Lastly, experimental work with real-time aerial testing
onboard the UAS platform is poised to culminate the theoretical basis and discussions with
practical validation in the field.

8. Conclusions

In the wake of 5G interference with legacy radar altimeters, the article deliberates on
the feasibility of employing mmWave FMCW automotive radars for UAS altimetry. A brief
history of contemporary systems and the rationale for device selection is briefly touched
upon in the context of frequency regulations, opportunities, and drawbacks. Theoretical
and mathematical basis, coupled with tutorial-themed discussions, for understanding the
intertwined performance metrics are furnished to address a broad range of readers. A
ground clutter estimation using the hardware specifications of a mmWave automotive
radar for a pure look-down case is provided. Owing to the dearth of MOPSs for UAS radar
altimeters, the existing standards for commercial aviation are appraised for the requisite
adaptation. A systems engineering methodology for deriving waveform and radar specifi-
cations from operational requirements is offered. Subsequently, the authors’ perspective on
the optimization of performance metrics and potential improvements through alternative
methods was penned down. It is argued that the scope of this work is poised to propel the
discussion towards mmWave altimeters. Lastly, the scale of future work and associated
challenges in realizing the full potential of the proposed approach are put forth.
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