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Abstract: Commercial automotive radar systems for advanced driver assistance systems (ADASs) have
relied on frequency-modulated continuous wave (FMCW) waveforms for years due to their low-cost
hardware, simple signal processing, and established academic and industrial expertise. However,
FMCW systems face challenges, including limited unambiguous velocity, restricted multiplexing of
transmit signals, and susceptibility to interference. This work introduces a unified automotive radar
signal model and reviews alternative modulation schemes such as phase-coded frequency-modulated
continuous wave (PC-FMCW), phase-modulated continuous wave (PMCW), orthogonal frequency-
division multiplexing (OFDM), orthogonal chirp division multiplexing (OCDM), and orthogonal time
frequency space (OTFS). These schemes are assessed against key technological and economic criteria
and compared with FMCW, highlighting their respective strengths and limitations.

Keywords: automotive radar, frequency-modulated continuous wave, orthogonal chirp-division
multiplexing, orthogonal frequency-division multiplexing, orthogonal time frequency space, phase-
coded frequency-modulated continuous wave, phase-modulated continuous wave

1. Introduction

Radar is essential for spatial perception in automotive systems, providing range, speed, and angle
data to create a 360-degree view of a vehicle’s surroundings [1] Radar systems underpin advanced
driver assistance systems (ADASs), such as lane change warning (LCW) and emergency brake assist
(EBA). As vehicles advance to higher autonomy levels (L-4 and L-5 automation) [2], the demands on
radar sensors intensify, presenting significant challenges for next-generation systems. Research has
introduced various modulation schemes to meet these stringent requirements, including improved
angular resolution. However, integrating these advanced technologies into automotive radar systems
faces obstacles such as technical complexity, cost effectiveness, market readiness, and reliable perfor-
mance in diverse scenarios. Cost-effectiveness remains a critical factor for the commercial viability
of automotive radar, necessitating a balance between advanced capabilities and affordability in the
competitive automotive market.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Automotive radar market size forecast from 2023 to 2034 [3], indicating significant growth in the coming
years.

Early automotive radar systems used short pulse transmissions with limited resolution and
range. Advances led to continuous wave (CW) radar systems, which, however, cannot estimate range.
Further development introduced frequency-modulated continuous wave (FMCW) chirp modulation,
transmitting signals with linearly increasing frequency to enable range estimation. Modulation
schemes are generally classified into analog and digital [4]. Automotive radar systems for up to
L-2 and L-3 ADASs predominantly use chirp sequence based FMCW analog modulation, which,
with steeper frequency ramps and shorter pulse durations [5], allows higher unambiguous velocities
than earlier slow-chirp systems [6]. FMCW radar utilizes stretch processing, mixing transmitted
and received signals to produce a low-frequency beat signal [7], which can be sampled by analog-to-
digital converters (ADCs) at relatively low rates, making FMCW cost-effective. Radar systems are
increasingly adopting multiple input multiple output (MIMO) technology to improve the angular
resolution in azimuth and elevation [8]. Although most current radar sensors use a single monolithic
microwave integrated circuit (MMIC), the trend is toward cascading multiple MMICs to increase the
number of antennas and improve angular measurements [9]. Ideally, all transmit antennas operate
simultaneously, but this requires multiplexing in time, frequency, or code domains. For FMCW
radar systems, multiplexing methods such as time-division multiplexing (TDM) or Doppler-division
multiplexing (DDM) become challenging, as increasing transmit antennas reduces unambiguous
velocity [10]. Additionally, FMCW radar systems are susceptible to interference, a significant issue as
the number of radar sensors on the roads increases [11]. As illustrated in Figure 1, the radar sensor
market is expected to grow elevenfold between 2024 and 2032. Consequently, mitigating multiplexing
complexities and interference issues is critical to ensuring the efficient and effective deployment of
radar systems in the era of autonomous driving.

Various approaches seek to overcome the limitations of modern radar systems, with digital
modulation schemes (e.g., phase-modulated continuous wave (PMCW) and orthogonal frequency-
division multiplexing (OFDM) [12]) and hybrid solutions (e.g., phase-coded frequency-modulated
continuous wave (PC-FMCW) [13]) gaining popularity. They offer flexible waveform generation,
improved maximum unambiguous velocities [14], potential for joint radar and communication (JRC)
[15], and eliminate the need for a linear frequency synthesizer. However, fine-range resolution demands
large instantaneous bandwidth [16], which, in turn, requires ADCs with high sampling rates. This
drives up power consumption, data processing overhead, storage requirements [17], and ultimately
costs. Although PMCW and OFDM are currently the most studied digital schemes for automotive
radar, alternatives like orthogonal chirp division multiplexing (OCDM) [18] and orthogonal time
frequency space (OTES) [19] show promise, especially in resisting Doppler frequency shifts and
inter-symbol interference (ISI) [19,20]. Research on OCDM and OTFS is still in its infancy and these
approaches are unlikely to be adopted in the near term for next-generation automotive radar systems.
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1.1. Related Work

Modulation schemes have been studied for several years, and each presented work emphasizes
specific aspects such as interference mitigation or signal processing. Table 1 provides an overview of
related works, namely review and surveys, and their contributions, and indicates the investigated mod-
ulation schemes. Additional literature is given in Section 4 for the specific parameters of commercial
automotive radar.

1.2. Terminology

Modulation schemes can be separated into analog modulation schemes, such as FMCW, and
digital modulation schemes, such as PMCW and OFDM. With analog modulation, the signal can
take on any level. With digital modulation, the signal can take only discrete values. Examples of
analog modulation schemes are FMCW and OCDM. Digital modulation applies discrete symbols to
a carrier signal, such as binary phase shift keying (BPSK), quadrature phase shift keying (QPSK), or
quadrate amplitude modulation (QAM), constellation points. Based on these symbols, an analog signal
is generated.

1.3. Contributions

Numerous works have explored modulation schemes for automotive radar systems, focusing on
FMCW and digital approaches such as PMCW and OFDM. However, these investigations often fail to
address practical requirements for commercial applications, such as cost-efficiency and implementation
complexity.

This work advances the development of next-generation automotive radar systems by reviewing
potential modulation schemes and their feasibility for commercial deployment. A waveform-agnostic
signal model is introduced, offering adaptability to various modulation schemes. The analysis encom-
passes waveform characteristics, system architectures, Doppler-variant impulse response acquisition
processes, multiplexing techniques, and system parameters for six modulation schemes: FMCW,
PC-FMCW, PMCW, OFDM, OCDM, and OTFS. Furthermore, this work assesses key requirements for
automotive radar systems, weighing the advantages and limitations of each scheme. Finally, it outlines
future research directions and highlights potential advances for next-generation radar systems.
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Table 1. An overview of related works and their contributions.

4of41

Modulation Ref. Year Authors Title Contribution
5
S =
ciiEte
23]
2 2 £ 6 38 0
Review of radar development over years with a focus on research
v v o x v x x 6] 2021  Waldschmidt et al. Automotive Radar — From First Efforts to Future Systems topics of automotive radar such as digital modulation schemes, radar
networks, radar imaging, and machine learning.
. . . . Review of radar and lidar technology with a focus on modulation
v v x v x x [21] 2023 Giuffridaetal. ﬁriﬁft‘;i{uzfe?ummmwe Radar and Lidar Signal Processing and schemes and imaging systems, highlighting weaknesses and strengths
and presentation of sensor fusion concepts
Vv Vv x v x x [22] 2019 Hakobyanetd. ngh—Performance Automotlve Radar: A Review of Signal Processing Rev1ew of mod.u'latlf)n schemes with a focus on signal processing and
Algorithms and Modulation Schemes interference mitigation.
Review of aspects, such as waveform design, architectures, estimation
v x x v x x [23] 2017 Patoleetal. Automotive radars: A review of signal processing techniques algorithms, mp lementation comp lexity-resolution, processuig for
complex environments, and unique problems associated with
automotive radar.
v v v x x x [24] 2021 Kumbuletal. Automotive radar interference study for different radar waveform Interferencg study on different waveforms and experimental
types demonstration of PC-FMCW waveforms.
Performance comparison of FMCW and OFDM in terms of
. Comparison of Automotive FMCW and OFDM Radar Under interference. The results show that both waveforms can perform
v X X v X x [25] 2020 Carvajal et al. . . . . L
Interference similarly under proper windowing, but OFDM is more sensitive to
interference.
. The Fairy Tale of Simple All-Digital Radars: How to Deal With 100~ mplementation of PMCW and OFDM modulation on Xilinx RFSoC
X v X v X X [17] 2021  Schweizer et al. X .. T FPGA with performance demonstration, showing that sophisticated
Gbit/s of a Digital Millimeter-Wave MIMO Radar on an FPGA . L . . X
digital design is required to realize the radar processing.
V v x v x x [2] 2019 Roosetal Radar Sensors for Autonomous Driving: Modulation Schemes and Presentation of modulation schemes and interference mitigation for
: Interference Mitigation automotive radar, namely FMCW, PMCW, and OFDM.
. L . . Overview of modulation schemes for JRC systems with detailed
v v x v v Vv [26] 2016 Giroto de Oliveira et al. Joint Radar-Communication Systems: Modulation Schemes and systems models and parameters for quantifying radar and
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communication performance.
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2. Waveform-Agnostic Signal Model

Physically present entities such as cars, other traffic participants, road boundaries, and curbs are
collectively referred to as objects. Each object may contain several scattering centers, each scattering
center being referred to as a target. Consequently, an object can consist of multiple targets. The primary
goal of modern radar systems is to capture the Doppler-variant impulse response of the channel,
known as the spreading function [27]. This function is essential because it directly corresponds to two
fundamental dimensions of radar operation: range and velocity. In addition, antenna characteristics
and spatial processing influence azimuth and elevation, completing the four-dimensional perception
space.

The propagation delay, Ty, is proportional to the path length 7y, between the radar and
target ntgt via Ty, = 27ng /co, Where ¢q is the propagation velocity. The Doppler frequency shift,
Jonge = 20 /A, with A = ¢/ fc, reflects the time-dependent change in the propagation path. Here,
Urny denotes the relative radial velocity between the radar and target. For short observation times
relative to the target distance and velocity, the Doppler frequency can be approximated as constant
and proportional to V.

As shown in Figure 2, the channel is typically probed with short-duration pulses, Tpyse, during
which it can be approximated as quasi-static. The range axis, derived from the propagation delay
information, can be obtained from a single pulse. However, longer pulses may violate this assumption,
requiring compensation for pulse extension. The velocity axis, linked to the Doppler-variant channel
component, is not directly measurable but is inferred from consecutive probes separated by the
slow-time period Tgjow = Tpuise + Tidler Where Tigle € R>o. The slow-time interval determines the
unambiguous velocity interval, [—Umax, Vmax), With ¥max = A/ (4Tgow )- Although Ty, is waveform-
agnostic, its structure depends on the specific waveform. Multiple probes are coherently processed
over the total interval, called the coherent processing interval (CPI), with duration Tcpr = Npuise Tslow-
where Npyise € N>2. The CPI duration determines the velocity resolution, vres = A/ (2Tcpr).
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Figure 2. An illustration of a waveform-agnostic transmission and reception process in automotive radars is
shown. Green indicates transmitted pulses, each lasting Tp,yse, within the CPI of duration Tcpy, transmitted at
intervals of Ty, . Orange shows received echoes from multiple target reflections, repeated over a cycle Tcye.

To obtain periodic channel updates, measurements are repeated with a cycle period Tcy., typically
Teye = 30ms to 60ms in automotive applications [28]. Multiple cycles are used for higher-layer


https://doi.org/10.20944/preprints202503.1248.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

processing, e.g., target tracking or environment modeling. This work focuses on modulation schemes,
limiting the scope to a single cycle, i.e., the CPI of duration Tcpr.

To establish a unified waveform-agnostic model, the radar pulse xpulse(t) is defined to be an
arbitrary time-dependent function f(t) with duration Ty, expressed as

xpulse(t) = f(t) rect ( Tpilse ) ’ 1)

where rect(f) is the rectangular window function constrained to 0 < ¢t < T. The entire baseband (BB)
pulse sequence xpg(t) is then created by repeating the pulse at a period of Ty, and expressed as

Npulse -1

xBB(t> = Z xpulse(t — Mpulse Tslow)' 2)

Mpulse =0

The BB pulse sequence xpp(t) is generated by repeating xpyise () with a period of Tyioy,

xre(t) = xpp(t) exp(j27tfet). 3)

We focus on CW waveforms, characterized by Tpyise > max Ty, which necessitates simultaneous
Nigt

transmission and reception. The pulse duration is constrained by Tgow > Tpuise to avoid overlap
between pulses. Durations shorter than Ty, are allowed, creating idle periods between pulses,
primarily due to hardware limitations or implementation constraints.

The received signal ygrp(t) is modeled as the sum of delayed, time-scaled, and attenuated replicas

of the transmit signal
tht—l

yRF(t) ~ Z Anigt XRF (t - Tﬂtgt(t))l 4)
mgtzo
where ay,, represents target attenuation, and Ty, (t) is the propagation delay. This approximation
assumes constant a,,,, and Nigt over the CPI, justified by typical automotive radar parameters, with
CPIs of Tcpr = 5ms to 25 ms and maximum relative speeds up to 400 km h=1[28].

The magnitude of a,,, encapsulates all pertinent information from the radar equation, including
range-dependent attenuation and the radar cross-section (RCS) of the target. Additionally, the phase
captures the effects on the target echoes related to propagation, antenna, and reflection on the target
surface. For the propagation delay, we further use the approximate model

201 nigy

T”tgt(t) ~ Tﬂtgt(o) + co t, (5)

which has a linear relationship between target radial velocity v, 5, and the propagation delay Ty, (t).
The approximation in (5) is valid under the assumption of constant radial velocity during the CPI,
which is reasonable for the short CPIs typically used in automotive radars. Accordingly, the received
BB signal can be modeled as

yeB(t) = yrE(t) exp(—j27tfct)

Nigt—1
~ Z Anig XRF (t - Tntgt(t)) exp(—]anCt)

i’ltgt:O

tht_l Npulse71 (6)
~ E a”tgt Z (xpulse (t - T”tgt (npulse Tslow) - npulse Tslow)

”tgt:O npulse:0

texp ( - ]27rfCTntgt (”pulse Tslow)) ) .
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This model includes two approximations. First, time scaling is essentially not visible in the BB signal,
and second, the fast-time Doppler frequency shift is negligible. Range estimation is performed using
the delay in the fast-time pulse signal, Xpuise (f — Tig (Mputse Tslow) — Mpulse Tslow ), While the phase shift

exp (— 27 fCTntgt(npulseTslow)) along slow-time is used for the velocity estimation. In practice, the
received signal yrg(t) is downconverted, demodulated and digitalized at the receiver side [29]. Digital
samples are stored as a two-dimensional matrix Y whose columns and rows denote the dimension
along fast-time and slow-time, respectively. Afterward, a two-dimensional discrete Fourier transform
(DFT) is applied to this matrix to obtain the range-Doppler (RD) spectrum, & whose volume and
row correspond to the range and velocity, respectively. However, in high-dynamic scenarios with
significant acceleration, the linear phase assumption may introduce artifacts in the RD spectrum. In
such cases, a polynomial phase model may be more appropriate [30].

3. Waveform Models and Processing

The general waveform-agnostic signal model determines the fundamental properties derived
from the slow-time parameters of the waveform. These properties, such as Doppler resolution and the
range of unambiguous Doppler values, are independent of the specific waveform utilized. Considering
a modular plug & play approach, diverse waveforms could now be interchangeably considered for
the pulses of the radar system. The choice of a specific waveform significantly impacts the radar
characteristics observed along the fast-time axis, notably affecting the radar range and range resolution.
Furthermore, the choice of waveform significantly shapes the architecture, hardware, and signal
processing necessary to achieve the Doppler-variant impulse response. It also has a notable effect on
implementing, for example, MIMO multiplexing techniques.

Accordingly, this section outlines specific descriptions of several modulation schemes pertinent
to next-generation automotive radar systems, including FMCW (Section 3.1), PMCW (Section 3.2),
PC-FMCW (Section 3.3), OFDM (Section 3.4), OCDM (Section 3.5), and OTFS (Section 3.6). Each
scheme is analyzed in detail, explicitly discussing the following essential waveform-dependent as-
pects: waveform characteristics, system architecture, fast-time/slow-time processing, multiplexing
capabilities, and other critical system parameters.

Detailed waveform representations and system block diagrams are provided in each respective
section. The waveform-specific symbol notation is presented in Table 2. A summary table of system
parameters is also presented in Table 3 for a comprehensive comparison.

Table 2. An Overview of Waveform-Specific Symbol Notations.

Modulation Bandwidth Number of pulses Pulse duration Slow-time interval
Agl’lOStiC B Npulse Tpulse Tsiow
EMCW Bchirp N, chirp Tchirp Tchirp + Tslow
PMCW Bchip Nseq Tseq - Nchip Tchip Nace Tseq
PC-FMCW Bchirp/ Bchip N, chirp Tchirp Tchirp + Tidle
OFDM Bsc = NscAf Nsym Tsym =1/Af Tsym + Tcp
OCDM Bchirp Nsym Toym =1 /Af Tsym + Tcp
OTFS Bge = NocAf Neym Topm = 1/Af Teym + Tcp

Behirp: swept chirp bandwidth, Behip: chip bandwidth, B.: subcarrier-spanned bandwidth, Nac.: number of accumulations,
Nehip: number of chips, Nehirp: number of chirps, Nseq: number of sequences, Nsc: number of subcarriers, Ngym: number of
symbols, Tcp: cyclic prefix interval, Tehip: chip duration, Tehirp: chirp duration, Tigje: idle time, Tseq: sequence duration, Tsym:
symbol duration, Af: subcarrier spacing.

3.1. Frequency-Modulated Continuous Wave (FMCW)
3.1.1. Waveform
Among the various FMCW modulation schemes, the chirp sequence modulation scheme [31] and

its variants are predominantly adopted by most automotive manufacturers. The waveform signal can
be expressed as follows:

femew (£) = exp(j9(t)), ()
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where ¢(t) = 27(fot + § t2) + ¢o with 0 < t < Ty is the instantaneous phase, fj is the starting
frequency (at the beginning of the pulse), and ¢y is the initial phase. The instantaneous phase is
governed by the slope & = By / Tehirp, Where By, denotes the swept bandwidth. The waveform is
depicted in Figure 3(a). For transmission, the BB signal is modulated on a carrier wave. The received
signal in (4) is demodulated by a stretch processing [7], i.e., it is mixed with the transmitted signal,
resulting in an intermediate frequency (IF) beat signal expressed by

yie(t) = yre(t) xge(t), ®)

where (-)* denotes the complex conjugate.

1 fmax
\q/) 8
2z 0 +
<05 =
-1 \ \ \ \ fO \ \ \ \
0 02 04 06 08 1 0 02 04 06 08 1
t/ Tpulse t/ Tpulse

@) (b)

Figure 3. A linear chirp FMCW waveform in two representations. (a) Time domain representation. (b) Frequency
over time with fmax = fo + Benirp, where fo is the starting frequency and « is the slope of chirp with the swept
bandwidth Bep;p and the pulse duration Tpypse-

3.1.2. Architecture

FMCW is a modulation scheme that uses analog frequency chirps for individual pulses, where
the term chirp stands for compressed high-intensity pulse. The chirp is generated by a voltage-controlled
oscillator (VCO) and phase-locked loop (PLL), which increases the frequency during the chirp duration.
This chirp is then modulated onto a carrier wave within the 24 GHz or 77 GHz band designated for
automotive radar applications, amplified, and transmitted. Upon encountering targets, the reflected
signal undergoes amplification and is demodulated using the transmitted chirp signal, yielding a low-
frequency beat signal — a process known as stretch processing. The demodulation can be performed
by either in-phase/quadrature (IQ)- or real-mixers. After demodulation, bandpass filters (BPFs)
eliminates low-frequency components, such as bumper reflections, and high-frequency components,
resulting from the demodulation. ADCs digitize the resultant signals at a frequency corresponding to
the frequency of the beat signal. The sampled signal can then be processed to obtain range, Doppler,
and angle information. The system architecture is illustrated in Figure 4.

3.1.3. Obtaining Doppler-Variant Impulse Response

A 2D-DFT processing is used on the sampled beat signal to extract range and Doppler information.
First, A DFT along the samples of a chirp retrieves the beat frequency f, = f: + fp, i.e., thesum of a
range-dependent frequency f; and a Doppler-dependent frequency fp. Given the significant slope
of chirps in chirp sequence modulation, in typical automotive scenarios, fp is considerably smaller
than f; [22]. Consequently, if the range accuracy requirement is not stringent, the Doppler component
within the beat signal may be disregarded; however, if needed, it can be compensated for post-Doppler
frequency estimation. Second, DFTs along the samples of consecutive sampled waveforms estimate
the Doppler frequency shift.


https://doi.org/10.20944/preprints202503.1248.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

Transmitter

E Waveform

: control

; J| PLL |«

E ADC BPF

E DSP b

: é) ADC BPF
Receiver

Figure 4. A block diagram of a SISO-FMCW radar system. Green denotes RF-bandwidth signals, orange denotes
IF-bandwidth signals. At the receiver, the transmitted and received signals mix to produce a low-frequency beat.

3.1.4. Multiplexing

In automotive applications, MIMO-FMCW radar systems often employ TDM for their simplicity
and cost effectiveness [32]. TDM activates only one transmit antenna at a time, increasing the interval
between transmissions with each additional antenna. The increase in delay expands the sampling
interval, reducing the sampling rate over multiple pulses and constraining the maximum unambiguous
velocity. Thus, TDM alone is unlikely to suffice in large-scale MIMO systems, though it can be combined
with other modulation schemes.

Recently, chip manufacturers have promoted DDM [10,33]. Unlike TDM-MIMO, DDM supports
simultaneous transmissions on the same frequency band. Transmitters emit identical waveforms
with distinct initial phases, segmenting the Doppler domain into multiple parts, one per transmit
antenna, and requiring additional processing to separate antenna-specific signals [10]. For further
DDM literature, see [10,34].

Although both multiplexing approaches offer advantages, such as increased system capacity, they
also reduce unambiguous velocities.

3.1.5. System Parameters
In FMCW radar systems, the chirp bandwidth Byp, .., swept bandwidth during Tepirp, deter-
mines the range resolution

Co
=90 9
Fres 2B chirp ( )

The maximum unambiguous range
€0 Tchirp
4Bchirp

fs (10)

’max =

is determined by the chirp duration Ty, sampling rate fs of the ADC, and the chirp bandwidth.
Furthermore, the chirp duration determines the maximum unambiguous velocity

A A
e 4Tg0w 4 ( Tchirp + Tidle )

and the CPI duration expressed by the product of transmitted chirps Nenirp and chirp duration, i.e.,
Tcpr = Nehirp Tehirp, determines the velocity resolution

A A
2Tcpr 2NChiI'p ( Tchirp + Tidle) .

(12)

Ures =
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XRF(t)r xpulse (t>

T
0 0.1 0.2 0.3 0.4 0.7 0.8 0.9 1

t/ Tpulse

Figure 5. A PMCW waveform in two representations: Orange shows the pulse waveform xse (t), and blue
shows the modulated RF waveform xgg(t). The pulse is the analog representation of a 8-chip binary sequence.

Note that using DDM reduces the maximum unambiguous velocity by a factor equal to the
number of transmit antennas [34]. When designing a DDM radar system, this should be considered.

3.2. Phase-Modulated Continuous Wave (PMCW)
3.2.1. Waveform

In PMCW, a code sequence, e.g., a binary code (-1, +1), is assigned to a constant frequency wave,
where a symbol of this sequence is called a chip. A single pulse consists of Nypjp € N>» chips, whereas
a pulse in PMCW is typically called a sequence. The waveform is shown in Figure 5. The waveform
signal can be expressed by

Nerip 1 t— Mchip Tchip
femew(t) = ) exp (1 Pnenyp ) TeCt T K (13)
nchip:0 chip

where Prighip denotes the phase shift of the n¢,;p-th chip with duration Tiyp. For transmission, the
signal is modulated on a carrier wave, as shown in (3). The received signal is demodulated with the
same carrier wave, resulting in the receiver BB signal. As explained in [35], the received demodulated
signal is sampled at a rate of Repip = 1/Tcnip and stored in a matrix representation as Yu g neq =
VBB (”chip Tehip + tseq Tseq) for further processing, where nseq denotes the sequence index, and Tseq is
the sequence and pulse duration, respectively. Generally, the slow-time interval is assumed to equal
the sequence duration because sequences with good periodic auto-correlation and cross-correlation

properties are used.

3.2.2. Architecture

PMCW radar comprises Nepp chips in one pulse, each with a duration of Te,;p, and a sequence
duration Tseq = Nenip Tehip- Typically, pseudo-random binary sequences (PRBSs) (such as BPSK) are
used to simplify transmitter hardware requirements, transmitting only real-valued signals (-1 and
+1) and obviating the need for an IQ modulator at the transmitter. These sequences can be generated
through linear-feedback shift registers (LFSRs) [36]. The digital signal is then converted to analog,
modulated onto a carrier wave by a local oscillator, amplified, and transmitted. In MIMO systems, each
transmit antenna uses a unique sequence to enable signal separation at the receiver. After receiving
the reflected signal, the received signal is amplified again before being demodulated with the same
carrier frequency used for modulation. Therefore, the BB bandwidth equals the radio frequency (RF)
bandwidth. After mixing with the carrier wave, an low-pass filter (LPF) filters the high-frequency
components, and an ADC digitizes the signal. Each chip should be sampled at least once, i.e., the
sampling frequency should be at least as high as the chip rate Repip, i-e., fs > Renip- After sampling,
the signal is processed to obtain the range, Doppler, and angle information. The system architecture is
shown in Figure 6.
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Figure 6. A block diagram of a SISO-PMCW radar. The green color indicates signals with RF bandwidth. The
instantaneous pulse bandwidth equals the receiver-side bandwidth after demodulation, thereby requiring fast-
sampling ADCs.

3.2.3. Obtaining Doppler-Variant Impulse Response

Correlations between transmitted and received signals are calculated to extract the time delay
T (0) between transmission and reception. If the correlation is performed in the time domain, many
correlators must match all potential time delays. However, the correlation can also be implemented
efficiently in the frequency domain [37], allowing the use of dedicated fast Fourier transform (FFT)
engines. Ny impulse responses can be accumulated before the correlation to increase the signal-to-
noise ratio (SNR). However, this increases the slow-time sampling interval Tgjo = NaccTseq, resulting
in a decrease of the maximum unambiguous velocity by a factor of Nyc [38].

Different studies have shown that the Doppler shift affects the correlation performance and
must be considered when designing a radar system. Moreover, choosing phase sequences with good
autocorrelation and cross-correlation properties is crucial for correlation performance and, hence, for
the target detection probability [39]. To estimate the relative velocities, DFTs along the sequences are
calculated to estimate the Doppler frequency shift.

3.2.4. Multiplexing

MIMO-PMCW uses code-division multiplexing (CDM) to transmit unique sequences at different
transmit antennas simultaneously in the same frequency band. Different approaches have been
proposed:

*  Sequence coding: In this approach, each transmitter is assigned a unique sequence. To recover the
signals from the N1y individual transmit antennas, Ntx parallel correlators (i.e., matched filters),
each matched to one of the transmitted sequences, are required [40].

®  Quter coding: As proposed in [14], the same base sequence is used for all transmitters, but is
multiplied by a code word, e.g. a Hadamard code, to ensure orthogonality (zero cross-correlation)
among transmitters. The length of the outer code is Ntx. In [14], the authors first repeat the
sequence multiple times to form a block, thereby improving the SNR, and then repeat this block
Nx times with sign inversions applied according to the chosen Hadamard code.

The sequences should have good autocorrelation and cross-correlation properties, determining
self-isolation and crosstalk between adjacent channels. The higher the cross-correlation sidelobe
level, the greater the risk of ghost targets or weak target masking. Another important parameter is
the autocorrelation property of the sequences used, which determines the self-isolation. Ideally, the
auto-correlation function (ACF) would have a peak at the target delay and zero elsewhere. This would
result in the maximum peak-to-sidelobe ratio (PSR). The cross-correlation function (CCF) should
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be zero for all possible delays. However, several works have shown that perfect orthogonality is
impossible with binary sequences, and sequence choice is always a tradeoff between autocorrelation
and cross-correlation properties [41,42]. Furthermore, the Doppler frequency shift affects the correlation
performance [43] and leads to reduced PSRs.

Assuming that the number of antennas per radar will increase in next-generation radar systems,
the cross-correlation properties will become increasingly important. In [44], an analysis showed that
the cross-correlation properties determine the performance of large-scale MIMO-PMCW systems, and
the greater the number of transmit antennas, the lower the PSR.

3.2.5. System Parameters

In PMCW, the chip duration Ty, or instantaneous bandwidth By, determine the range resolu-
tion
L _ Tenip
res — - .
2Bchip 2

(14)

The shorter the chip duration or the larger the bandwidth, the finer the range resolution. However,
large bandwidths require fast-sampling ADCs. Furthermore, the sequence duration expressed Tseq
determines the maximum unambiguous range

coT. CoON iy Tty
oo = Ozseq _ 0 C*“ZP chip (15)

The longer the sequence length, the greater the processing gain in the range profile can be expected.
The sequence duration also determines the unambiguous velocity

A A A
4Ts10w 4Nacc Tseq 4NaeeN, chip Tchip .

Umax = (16)
In the case of short sequence durations, i.e., pulse repetition interval (PRI), the unambiguous velocity
can be high, which is beneficial compared to the reduced unambiguous velocities in TDM and DDM
systems. The CPI duration expressed by Tcp; = NseqTseq determines the velocity resolution

A A
2Tcpr 2N, seq Tseq .

Ures = (17)
3.3. Phase-Coded Frequency-Modulated Continuous Wave (PC-FMCW)
3.3.1. Waveform

PC-FMCW combines a chirp waveform with phase sequences, where phase shifts are encoded in
the chirp. The waveform is shown in Figure 7. PC-FMCW uses an intra-chirp phase-coding, whereas
in contrast FMCW with DDM uses an inter-chirp phase coding. Phase shifts represent complex values,
such as BPSK or QPSK constellation points. A sequence consists of Nepjp € N5 chips. The waveform
signal can be expressed by

fec—pvcw () = s(t) exp(jo(t)), (18)

where s(t) is the phase sequence given as

Nenip 1 t— Mchip Tchip
s()= ). exp(1@ngy,) rect| ——— |. (19)
Nehip=0 chi
chip P
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The chirp configuration is similar to the FMCW systems in Section 3.1.1. After transmitting the signal,
the received signals are demodulated by stretch processing [7]. The signal after the LPF is a beat signal
that still contains phase shifts at an IF. It can be expressed by

yie(t) = as(t —t(t)) exp(1¢Bpc(t)), (20)

where ¢p pc(t) can be denoted as

dBpc(t) = ¢(t) — ot — (1)) (21)
-~ 17
HQ-‘ _1 I I I I I I I I

\
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t/Tpulse

Figure 7. A PC-FMCW waveform in two representations. Blue shows the chirp signal xpyse(f), and orange
indicates a phase code s(t). The phase change of x5 () is determined by s(t).

3.3.2. Architecture

Due to technical challenges, digital modulation has yet to mature for market deployment. As a
transitional solution, PC-FMCW has emerged as a hybrid modulation scheme that integrates digital
phase sequences into analog frequency chirps. Unlike the bandwidth typically used in PMCW, the
bandwidth of the phase coding in PC-FMCW is much lower (e.g., less than 1 MHz in [7]). In PC-EFMCW,
a coder applies phase sequences (chips) to each chirp; these sequences differ between transmit antennas
to facilitate transmitter identification. The frequency- and phase-modulated signal is then upconverted
to a carrier, amplified, and transmitted, while an uncoded reference chirp is routed to the receiver for
demodulation.

On the receiving side, the signal is amplified and demodulated using the uncoded chirp, yielding a
low-frequency beat signal - an approach already familiar from FMCW radar systems (see Section 3.1.1).
After low-pass filtering to remove high-frequency components, the signal is digitized by an ADC.
However, this beat signal still contains phase shifts. Unlike PMCW, where phase shifts are used for
range processing (see Section 3.2.3), PC-FMCW employs phase shifts only for transmitter identification.
Consequently, these phase shifts must be eliminated before conducting range and Doppler processing.
Because the received signal may contain reflections from multiple ranges (i.e., different beat frequen-
cies), it first passes through a group delay filter (GDF) that delays each frequency component to the
maximum possible delay associated with the chirp duration, thus corresponding to the maximum
unambiguous range [7]. As a result, the envelopes of all beat frequencies align in time, allowing the
subsequent decoding stage to remove the phase shifts. The decoded signal can then be processed to
extract range, Doppler, and angle information. Figure 8 illustrates this system architecture.
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Figure 8. A block diagram of a SISO-PC-FMCW radar from [7] is shown. Green denotes signals with RF bandwidth,
and orange represents signals with IF bandwidth. At the transmitter, a coder applies a phase code to the chirp
signal. The receiver’s GDF delays frequency components based on their beat frequencies to the maximum delay.
The decoder then removes the phase code.

3.3.3. Obtaining Doppler-Variant Impulse Response

In contrast to the FMCW beat signal, each reflection introduces an additional shifted received
signal envelope s(t — 7(t)), as depicted in (20). In [7], Uysal assumes that this is a slowly varying
envelope modulated on a beat frequency. Consequently, this envelope can be effectively addressed
using a GDF. The signal of a single reflection following the GDF can be represented as

yiEGDE(t) = s(t — T(f) — Tmax) exp(JPppc(t —1p)), (22)

where Ty is the time delay corresponding to the beat frequency, and Tmax is the maximum time delay.
Since the received signal typically comprises multiple beat frequencies resulting from various target
ranges, aligning these different beat frequencies in the signal before decoding is imperative. In practice,
it has been recommended to use spectral estimation methods (such as DFT) to exploit the range
information after stretch processing [7]. A decoding stage removes the phase shifts to obtain the pure
beat signal that can be expressed by

YIF,decoded = s ( ) YBB,GDF (). (23)

t — T(t) — Tmax
Note that the GDF causes a quadratic phase shift on the phase-coded signal, which distorts the received
phase sequence. This distortion results in imperfect decoding, leading to increased sidelobe levels [45].

To retrieve the range and Doppler information from the decoded beat signal in (23), a 2D-DFT
processing is applied. The processing is similar to the range-Doppler processing of FMCW, described
in Section 3.1.3. DFTs along the samples of the beat signal extract the range information, and DFTs
along consecutive beat signals extract the Doppler frequency shift.

3.3.4. Multiplexing

MIMO-PC-FMCW uses CDM to achieve orthogonality between simultaneously operating transmit
antennas. Phase sequences, such as binary sequences, e.g., maximum length sequences (MLSs) and
Gold sequences, or polyphase sequences, are encoded in each chirp to distinguish between transmitters.
In the receiver, these sequences identify the transmit antenna using the decoding procedure proposed
above.
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3.3.5. System Parameters

In PC-FMCW radar systems, the performance indicators are similar to FMCW radars. The chirp
bandwidth By, determines the range resolution

Co
= — 24
T'res 5 Bchirp (24)
The maximum unambiguous range
€0 Tchi
"max = P f s (25)
4Bchirp

is determined by the chirp duration Tepirp, the sampling rate fs of the ADC, and the chirp bandwidth.
The chirp duration Ty, determines the maximum unambiguous velocity

A A
e 4Tg0w 4 ( Tchirp + Tidle )

and the CPI duration Tcp; determines the velocity resolution

A A
2Tcpr 2N, chirp ( Tchirp + Tidle) '

(27)

Ures =

3.4. Orthogonal Frequency-Division Multiplexing (OFDM)
3.4.1. Waveform

An OFDM signal consists of a sequence of Ngym € N> symbols. Each symbol consists of
Nsc € N> subcarriers, modulated with a modulation symbol ¢, , where ngc € {0,1,..., Nsc — 1} is
the subcarrier index. The modulation symbols are taken from an alphabet, e.g., QPSK or QAM. The
bandwidth spanned by the subcarriers is Bsc = NscAf, and the waveform signal can be expressed as

fOFDM<t) =N C”sc¢nsc (t)’ (28)

where P, (1) = exp(j2mns.Aft). In addition, a cyclic prefix (CP) is added before transmission,
avoiding ISI resulting from multipath propagation [22]. The waveform is shown in Figure 9(a).
Assuming a single moving target reflection, the received demodulated signal after removal of the CP

is given by (4).
| | | | 1/Tsym
o 1
o
= 2
— = 0.5
s E
< 04 &
T T T T T T T T T T
0 02 04 06 08 1 0 Af 2Af 3Af 4Af 5A
t/TSym fnsc

(a) (b)

Figure 9. Illustrations of the OFDM waveform in two representations. Varied colors represent distinct carrier
frequencies. (a) In-phase (solid) and quadrature (dashed) components of the orthogonal subcarriers, where 9, (¢)
is defined in (28). (b) Orthogonal subcarriers in the frequency domain representation. The subcarrier spacing is
defined as Af = 1/ Tsym.
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3.4.2. Architecture

In an OFDM system, a sequence, such as a binary sequence, is transmitted on multiple subcarriers.
Therefore, OFDM is called a multi-carrier modulation scheme instead of a single-carrier scheme, such
as FMCW and PMCW. A sequence of symbols is generated and parallelized into Ng. narrowband
streams via an inverse discrete Fourier transform (IDFT). Each subcarrier is modulated individually,
similar to a single carrier system, for example, by BPSK, QPSK, or QAM. A subcarrier occupies only
a fraction of the total bandwidth. The subcarrier spacing Af is chosen as the inverse of the symbol
duration Tsym = 1/Af to allow orthogonality and avoid inter-carrier interference (ICI). The subcarrier
spacing depends on three conditions. First, it should be large enough to avoid ICI so that the loss
of orthogonality due to the Doppler shift is minimized, which requires Af > 10fp max, With f4 max
denoting the maximum Doppler frequency, as analyzed in [46]. Second, it must be large enough to
obtain the desired maximum unambiguous velocity vmax, which is proportional to the subcarrier
spacing, i.e., Umax o Af. Third, the subcarrier spacing determines the maximum unambiguous range,
ie., rmax < 1/Af. The outputs of the IDFT blocks are serialized into a single wideband signal, after
which a CP is appended. The resulting digital signal is converted to analog, upconverted to the carrier
frequency, amplified, and transmitted. Because the subcarriers add coherently, the analog signal can
exhibit a high peak-to-average power ratio (PAPR), demanding a highly linear power amplifier (PA)
[47]. After reflection from the targets, the received signal is amplified, downconverted using the same
carrier frequency, and high-frequency components are filtered out. The remaining signal is brought to
the IF domain, and the CP is removed. Next, it is divided into Ns. subcarrier streams and processed
by a DFT — the inverse of the IDFT at the transmitter — to recover the modulation symbols in the
frequency domain.

The recovered symbols are then serialized and subjected to element-wise division, effectively
nullifying the transmit modulation symbols (see Chapter 3.2 in [48]). A further DFT is performed, ac-
companied by additional element-wise divisions in the spectral domain, resulting in signals composed
solely of complex sinusoids. For a complete system model, refer to Chapter 3.2 in [48]. The overall
system architecture is shown in Figure 10.

oo ansmitter s
j|Seauence g p Ll IDFT [—| p/s [—{CP

'| control > >

ADC

' [ <+ Y

| DSP |+ P/S [«| DFT |« S/P [ CPR [«D—

' | <] A

E é«ADC

Receiver

Figure 10. A block diagram of an SISO-OFDM radar. Green indicates signals with RF bandwidth.

3.4.3. Obtaining Doppler-Variant Impulse Response

The time delay between transmission and reception results in a subcarrier-dependent phase shift,
proportional to the time delay and range, respectively. For this purpose, IDFTs are calculated along the
subcarriers to estimate the time delay, namely the range. Afterward, DFTs along the symbols estimate
the Doppler frequency shift fp and the relative radial velocity v, respectively.
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3.4.4. Multiplexing

MIMO-OFDM uses frequency-division multiplexing (FDM) to transmit symbols on different
subcarriers. For multiplexing, subcarriers can be assigned to different transmit antennas. In [22],
the author presented three approaches for the subcarrier assignment, which will be introduced here
shortly:

*  Equidistant subcarrier interleaving: The subcarriers are equally spaced among the transmitters,
using the same bandwidth. The frequency spacing between subcarriers of the same antenna
increases by a factor equal to the number of antennas, reducing the maximum unambiguous
range.

*  Non-equidistant subcarrier interleaving: Subcarriers are assigned non-equidistantly, preserving the
maximum unambiguous range. However, this method requires advanced signal processing, such
as compressed sensing, to reconstruct the uniformly sampled signal.

®  Space-time block codes: All transmitters share all subcarriers simultaneously, modulated with space-
time block codes. This retains the maximum unambiguous range but decreases the maximum
unambiguous velocity.

3.4.5. System Parameters

In OFDM, the spanned bandwidth Bsc = Nsc Af spanned by the Ny subcarriers and the spacing
between the subcarriers Af determine the range resolution

Co Co
= — = . 29
e = DBe | 2Ny Af @9)
Details on the requirements of the subcarrier spacing can be found in Section 3.4.2. The OFDM symbol
duration Tsym and subcarrier spacing Af determine the maximum unambiguous range
€0 Tsym Co

Tmax = > = m . (30)

Further, the slow-time interval Ty, = Tsym + Tcp, comprising both the symbol duration Tgym and the
CP period Tcp, defines the maximum unambiguous velocity

A A
v = = , 31
max 4T 0w 4(Tsym + TCP) (31)
and the CPI duration Tp; determines the velocity resolution
A A
Ores = (32)

2TCPI B 2Nsym(Tsym + TCP) ‘

3.5. Orthogonal Chirp Division Multiplexing (OCDM)
3.5.1. Waveform

An OCDM signal is composed of Nsym € N> symbols. Each symbol contains Nsc € N>»
subcarriers (also referred to as subchirps in the OCDM context), each modulated by a symbol c;,,
where ng € {0,..., Ngc — 1} denotes the subcarrier index. Although every subchirp spans the entire
bandwidth, they differ in their instantaneous frequency profiles. The modulation symbols are drawn
from an alphabet such as QPSK or QAM.

In OCDM, orthogonality is achieved in the chirp domain employing a discrete Fresnel transform
(DFnT), which yields a set of orthogonal subchirps in the time-frequency domain. All subchirps share

]{:2];; . The ng.th subchirp can be represented by

7T N, Tsym 2
Y (1) =e><p(q) exp (—JnT;C (t—nsc Nsc) ) (33)

the same frequency slope, i.e., xocpm =
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where the sweep bandwidth of each subchirp is Behirp = Nsc / Tsym- The overall waveform signal can
be expressed as

Ngc—1
fOCDM (t) = Ni Chige Ipnsc (t) . (34)
SC hge=

For a complete derivation of this signal model, the reader is referred to [49]. Furthermore, a CP is
appended before transmission to mitigate ISI caused by multipath propagation [22]. Hence, the OCDM
symbol duration becomes Tocpm = Tsym + Tcp-

Frequency

Chirp

Ynee (1)

Time
(a) (b)

Figure 11. Illustrations of the OCDM waveform in two representations. Varied colors represent distinct subchirps.
(a) In-phase (solid) and quadrature (dashed) components of the orthogonal chirp waveforms, where ¢, (t) is
defined in (33). (b) Orthogonal chirps in the time-frequency domain.

3.5.2. Architecture

OCDM is fundamentally similar to OFDM, with the primary difference that it uses an inverse
discrete Fresnel transform (IDFnT) instead of an IDFT to generate the baseband modulated signal. As
shown in [26], the IDFnT can be constructed from the IDFT by introducing pre- and post-multiplication
factors. Consequently, OCDM can be regarded as a multi-carrier modulation scheme. At the transmitter,
Nsc - Nsym modulation symbols are generated and arranged in a 2D matrix of dimension Nsc X Nsym.
Each column of length Ns. undergoes an IDFnT, which in practice is performed via an IDFT with

pre- and post-multiplications by 85 € CNsc and 6; € CNs. Here, 6;(m) = exp(— ]%) exp (}ﬂﬁ—i),
62(n) = exp (}ﬂﬁ—i), where n,m € {0,...,Ns. — 1} and log,(Ns.) € N. The outputs of the IDFnT,

namely the discrete-time domain OCDM frame Cocpwm € CNsexNsym are then serialized into a single
wideband signal. Afterward, a CP is appended, and the signal is converted to analog form, modulated
onto a carrier, amplified, and transmitted. The ADC sampling frequency must be at least equal to the
instantaneous bandwidth [20], which in this context matches Bp;rp [26].

Upon receiving the reflection from the targets, the signal is downconverted to baseband and
digitized by the ADC, followed by the removal of the CP. The resulting signal is then restructured into
a 2D matrix of dimension Nsc X Nsym and processed column-wise through a DFT. The resulting frame
is then multiplied element-wise by the complex conjugate of the transmitter’s column-wise DFT output
on Cocpm. After that, the RD processing that will be detailed in Section 3.5.3 can be followed. This
approach provides an alternative to the symbol division method in OFDM, which can add more noise
and is therefore less beneficial for OCDM [50]. The overall system architecture is shown in Figure 12.
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Figure 12. A block diagram of an SISO-OCDM radar. Green indicates signals with RF bandwidth.

3.5.3. Obtaining Doppler-Variant Impulse Response

Analogously to OFDM (see Section 3.4.3), a 2D-DFT processing is used to derive the range and
Doppler parameters. As described in [50], the procedure begins with a joint range-Doppler window
applied to the matrix once the symbol cancellation has been performed. Subsequently, IDFTs are
executed along the subchirps, i.e., the frequency dimension, to determine the time delay. Following
this, DFTs are executed along the symbols, i.e., the time dimension, to estimate the Doppler frequency
shift and the corresponding relative radial velocity.

3.5.4. Multiplexing

In [51] it has been presented how MIMO-OCDM can be realized in two different multiplexing
schemes, which are FDM and CDM. Although OCDM and OFDM share some similarities, the frequency
interleaving used in MIMO-OFDM systems cannot be applied to OCDM as interleaving to OCDM can
violate the orthogonality of the subchirps.

e Multiplexing can naturally occur within the Fresnel and chirp domains. However, this method is
applicable only to radar-exclusive systems. For JRC systems, approaches can be used based on
CDM and FDM.

e In CDM-based MIMO-OCDM systems employing outer coding, signals from various transmitters
are orthogonalized by multiplying them with orthogonal codewords, for example, derived
from rows of the Hadamard matrix. At the receiver end, outer coding needs to be decoded to
distinguish signals from different transmitters.

¢ In an FDM-based MIMO-OCDM system employing frequency shift precoding (FSP), unique
frequency shifts are implemented on the transmitted signals across all channels to ensure their
orthogonality in the frequency domain. This precoding process involves multiplying the signals
by two matrices, as described in detail in [52]. In general, this approach is very similar to
CDM-based multiplexing.

3.5.5. System Parameters

Because of the similarity between OCDM and OFDM, the performance parameter can be calcu-
lated in a similar way as given in Section 3.4.5. In OCDM, the bandwidth By is occupied by each
subchirp, which defines the range resolution

_ Co _ Co
Tres = 2Bchirp == ZNSCAf' (35)

Note that each subchirp spans the entire bandwidth, unlike OFDM where each subcarrier uses only a
portion. Consequently, in OCDM, the frequency spacing Af is determined by the differences between
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the instantaneous frequencies of the subchirps. The OCDM symbol duration Tsym and subcarrier
spacing Af determine the maximum unambiguous range

COTSym _¢o  coNsc

Tmax =TT T OAf T 2By (36)

Further, the slow-time interval Tgo, = Tsym + Tcp, comprising both the symbol duration Tsym and the
CP period Tcp, defines the maximum unambiguous velocity

A A
v = = , 37
e 4Tslow 4(Tsym + TCP) ( )
and the CPI duration Tcp; determines the velocity resolution
A A
(38)

Ures = = .
e 2Tcpr 2N, sym ( Tsym + Tcp )

3.6. Orthogonal Time Frequency Space (OTFS)
3.6.1. Waveform

In OTFS, modulation symbols are placed on a two-dimensional grid in the delay-Doppler (dD)
domain, represented as a matrix xqp € CNs*Neym_ Here, N5 € N>, represents the number of cells in
the delay domain and Nsym € N>, represents the number of cells in the Doppler domain. The grid
corresponds to one OTFES symbol, with each column corresponding to a subsymbol. The waveform
signal can be expressed as

Nsym—1 Ny —1
fOTFS(t) = Z 2 xtf[nsm nsym] g(t - nsystym) exp (]27TnscAf(t - nsystym))/ (39)

7’lsym:O nsc=0

where xi; € CNsc*Nsym represents the signal in the time-frequency (tf) domain, and g(t) serves as a
pulse shaping filter. It is notable that the waveform definition differs from that of the other waveforms,
which have only specified a signal pulse. The representation in the delay-Doppler domain requires the
expression of signals transmitted within a CPI. Section 3.6.2 offers a comprehensive explanation of the
transformations between the delay-Doppler, time-frequency, and time domains.

3.6.2. Architecture

In OTFS, orthogonality is realized in the two-dimensional delay-Doppler domain rather than
the traditional time-frequency domain, where the symbols overlap. An inverse symplectic finite
Fourier transform (ISFFT) transforms modulation symbols from the delay-Doppler domain to the
time-frequency domain as described in (40). This transformation involves an IDFT along the Doppler
axis and a DFT along the delay axis of xqp. The transformation can be expressed by

Ngym—1 _ ~ ~
e nom) = i Y L xapli tgmlerp (o "mlom tee)) )
t scrftsym| — T /=7 — scs ftsym - .
Y V/NecNeym 7.~ 70 Y Neym Nac

Subsequently, a Heisenberg transform, namely an IDFT along the frequency axis, converts the signal
from the time-frequency domain to a time-domain signal in (39). When using a rectangular window
filter, the Heisenberg transform operates as an OFDM modulator applied to every column of xi;.
Therefore, OTFS modulation can be viewed as a two-dimensional version of an OFDM modulation,
which is enhanced by applying precoding through ISFFT. To mitigate ISI, a CP or a sequence of zeros
between OTFS subsymbols can be added. This is analogous to the approach used for OFDM (see
Section 3.4).


https://doi.org/10.20944/preprints202503.1248.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

21 of 41

In the receiver, a Wigner transform [53] is utilized as an inverse operation of the Heisenberg
transform, facilitating the transformation of the signal from the time domain to the time-frequency
domain, represented by ys. When a rectangular pulse shaping filter is employed, a symplectic finite
Fourier transform (SFFT) converts yy € CNse*Nsym from the time-frequency domain to the delay-
Doppler domain, denoted as ygp € CNsc*Nsym | The system architecture is illustrated in Figure 13.
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Figure 13. A block diagram of an SISO-OTFS radar. Green indicates signals with RF bandwidth.

3.6.3. Obtaining Doppler-Variant Impulse Response

As discussed in Section 3.6.2, the received signal undergoes a Wigner transform to transition from
the time domain to the time-frequency domain. The SFFT then maps the signal to the delay-Doppler
domain, y4p. Radar processing focuses on estimating the channel response from the difference between
xgp and ygp. Although a matched filter algorithm in [19] offers high Doppler tolerance, it is compu-
tationally expensive. To mitigate this, Correas-Serrano ef al. introduced a computationally efficient
approach for low-speed scenarios in [54], employing symbol-wise division in the time-frequency domain,
followed by SFFT. The resulting signal represents the desired RD spectrum for radar applications. This
processing is very similar to the processing at an OFDM radar receiver.

3.6.4. Multiplexing

OTEFS operates in the delay-Doppler domain but maps its signal to the time-frequency domain for
transmission. Multiple transmit antennas send their signals in different time-frequency slots, ensuring
orthogonality. To combat reduced unambiguity in range and Doppler non-uniform slots selection has
been proposed in [54]. Despite its similarity to OFDM, its nature rooted in the coding jointly in the
delay-Doppler domain makes its robustness against Doppler effects, while OFDM suffers the ICI in
high-mobility scenarios.

3.6.5. System Parameters

In OTFS, the spanned bandwidth Bs. = NscAf defined by the Ng. delay grid cells, i.e., subcarriers,
and the spacing between the subcarriers Af determine the range resolution

co Co 0 Tsym

s = DB 2NAf 2Nk

(41)

The symbol duration Tsym and subcarrier spacing Af determine the maximum unambiguous range

C()Tsym co
Ymax = 5 = TAf'

(42)
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Further, the slow-time interval Tgoy = Tsym + Tcp, comprising both the symbol duration Tsym and the
CP period Tcp, defines the maximum unambiguous velocity

A A
v = = , 43
max 4T 0w 4 ( Tsym + Tcp ) (43)

and the CPI duration Tcp; determines the velocity resolution

A A
2TCPI 2Nsym(Tsym + TCP) ‘

(44)

Ures =

Table 3. System Parameters for FMCW, PMCW, PC-FMCW, OFDM, OCDM, and OTFS Modulation Schemes.

Waveform | Range resolution r, Unambiguous range  Velocity resolution Unambiguous
eS max Ures velocity vmax
FMCW ‘o 0 Tchirp A A
ZBChirP 4Bchirp ° 2N, chirp ( Tchirp + Tidle ) 4 ( Tchirp + Tidle )
PMCW €0 Tchip coN, chip Tchip A A
2 2 2N, seq N, chip Tchip 4NaccN, chip Tchip
PC-FMCW €0 €0 Tehirp I A A
2B chirp 4’Bchirp ° 2N, chirp (Tchirp + Tidle ) 4 ( Tchirp + Tidle )
OFDM ‘0 c0Tsym A A
2NscAf 2 2Neym(Tsym + Tcp)  4(Toym + Tcp)
OCDM co co Tsym A A
2Bchirp 2 2Nsym (Tsym + Tcp) 4(Tsym + Tcp)
OTES €0 co Tsym A A
2NscAf 2 2Nsym (Tsym + Tcp)  4(Teym + Tcp)

Behirp: chirp bandwidth, fs: sampling rate, Nacc: number of accumulations, Nepip: number of chips, Nepirp: number of chirps,
Nsc: number of subcarriers, Ngeq: number of sequences, Nsym: number of symbols, Tcp: cyclic prefix interval, Tchip1 chip
duration, Tehirp: chirp duration, Tigje: idle time, Tseq: sequence duration, Tsym: symbol duration, A f: subcarrier spacing.

4. Essential Features of Automotive Radar Waveforms

This section delves into the prerequisites, challenges, and applications of automotive radar
systems, examining six modulation schemes: FMCW, PC-FMCW, PMCW, OFDM, OCDM, and OTFS.
The analysis encompasses performance metrics such as angular resolution, hardware complexity
feasibility, and economic considerations such as cost-effective implementation. The section is divided
into seven subsections: angular resolution (Section 4.1), interference robustness (Section 4.2), joint
radar and communication (Section 4.3), Doppler influence and tolerance (Section 4.4), implementation
aspects and limitations (Section 4.5) and summary (Section 4.6).

4.1. Angular Resolution

Compared to Light Detection and Ranging (LiDAR) sensors, commercial automotive radar sensors
generally have a lower angular resolution [55]. Current state-of-the-art automotive radar systems
achieve about 1° azimuth resolution [56], which remains inadequate for tasks such as estimating the
precise shape of objects in high-level automated driving. Consequently, the automotive radar industry
must urgently enhance both angular resolution and discrimination of closely spaced objects.

Elevation measurement is especially challenging, as ground reflections often distort readings, and
tunnel environments exacerbate this through additional roof reflections. Numerous methods, such as
sparse arrays [57,58], high-resolution subspace techniques [29,59], coherent networks [60,61], artificial
intelligence (AI) [62], and hybrids, have been proposed. However, they usually assume conditions
such as a nearly stationary environment, high SNRs, data sparsity, or perfect synchronization, which
rarely hold in practice.

A more common solution is to increase the radar aperture via a virtual array to improve angular
performance [8]. Strict azimuth and elevation requirements can drastically increase the number of
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transmit and receive antennas, driving the development of MIMO designs that balance complexity
and cost. However, operating many transmitters simultaneously demands resource sharing and
multiplexing in frequency, time, or code, complicating interference mitigation and velocity accuracy.

Different multiplexing schemes lead to different antenna array applications. Ideally, all transmit
antennas would operate simultaneously with orthogonal waveforms, allowing unambiguous signal
separation for angle estimation. While modulation defines the multiplexing method rather than the
angle measurement capability, schemes supporting simultaneous transmission (e.g., CDM and FDM)
are generally preferable to TDM or DDM. Notably, TDM blocks parallel operation, and DDM reduces
the maximum unambiguous velocity by the number of transmit antennas.

4.2. Interference Robustness

Increasing radar sensors in vehicles and on roadways [6] increases interference risks that degrade
target detection. Mitigation strategies can be classified as reactive vs. proactive [63], transmission
vs. receiver [11], or in six domains [64]. The four classes in [22] are receiver-based suppression,
detect-and-avoid, cognitive radar, and coordination.

Prominent approaches include protocol-based coordination (e.g., compass [65]) and signal-
processing methods for reconstructing interference-free signals [66-71]. While protocol-based co-
ordination avoids interference without active communication, it remains capacity-limited [65]. Cen-
tralized scheduling has been investigated but is unimplemented, hindered by hardware/infrastructure
demands, and strict latency requirements. Alternatively, distributed coordination via vehicle-to-
vehicle (V2V)-enabled radar (RadChat [63,72], multi-hop [73]) improves efficiency, and vehicle-to-
infrastructure (V2I) architectures [74,75] provide further gains. Finally, joint radar and communication
(JRC) [63] (see Section 4.3) merges sensing and communication to maximize cost and resource efficiency.

The following subsections detail interference in various modulation schemes and associated
mitigation approaches. Since FMCW-based systems dominate due to maturity and cost effectiveness,
the focus is on FMCW-specific interference scenarios.

4.2.1. FMCW

Due to the mass deployment of FMCW radars, most mutual interference on the street happens
between FMCW radars. Thus, it has been studied for a long time in academia, and industrial experience
also exists. For studies on interference involving FMCW and other modulation schemes, refer to
Sections 4.2.3 and 4.2.4, as well as [11,25,76].

Numerous studies, such as those by Rameez et al. [77], Chen et al. [70,78,79], Fei et al. [69],
and Wang et al. [80], have focused on removing interference from received signals in FMCW radars.
This approach does not require adjustments to the hardware architecture. However, computational
demands escalate significantly as the number of interference sources and the mitigation performance
required increases. Thus, techniques that can prevent the interfering power from jamming into the
victim’s radar become vital.

In [11], it has been shown that the slope of the waveforms in combination with LPF significantly
influences the number of data points in the digital beat signal affected by interference. In most
scenarios as shown in Figure 14(a), the difference in slope between victim and aggressor waveforms is
substantial enough that only a small portion of digital samples in the beat signal are distorted. This
suggests the possibility of post-processing repair using the approaches mentioned in the received
signal as mentioned above.

Figure 14(b) shows an impulse-like interference signal that produces a broadband frequency
spectrum in the range profile, often exceeding the background noise floor. Consequently, DFTs along
slow time smears the interference power across the entire RD spectrum, cf. Figure 15(b), which raises
the background power level, potentially masking weak targets or introducing ghost targets. In this
case, the PRI of the aggressor is comparable to the CPI of the victim, and only digital samples near the
chirp intersections are distorted.
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Figure 14. Blue: victim radar chirps; green: object echo; red: aggressor radar chirp; dashed: LPF bounds. (a)
FMCW chirps with differing parameters interfere in the time—frequency domain (black circle: intersection of
victim and aggressor chirps). (b) Baseband beat signal of the real echo overlapped by interference.
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Figure 15. Based on [11], the range-Doppler spectrum in (a) shows multiple point targets without interference,
while (b) shows the same scene with interference.

Interference patterns between chirp sequences with similar PRIs [22] can exhibit significant
complexity. To illustrate this, two examples are presented. In Figurel6(a), both the victim and the
aggressor have identical PRIs, leading to interference occurring at the same position within each chirp,
highlighted by red circles. In contrast, Figure 16(c) illustrates a situation where the PRI vary slightly,
showing the aggressor’s PRI as 10 % shorter compared to that of the victim. This minor variation
causes the interference positions to shift progressively across chirps, reducing the overall number of
distorted points. As a result, the interference intensity in Figure 16(d) is significantly weaker. These
examples underscore the crucial impact of small differences in parameter configurations on mutual
interference. By carefully adjusting modulation parameters, interference can be statistically mitigated,
offering an effective strategy for managing such effects.
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Figure 16. (a) A visualization of the interference between chirps with identical PRI, where the chirps from the
aggressor are highlighted in magenta. (b) The interfered RD spectrum corresponding to (a). The same case as in
(a) is shown in (c), but aggressor’s PRI is 10 % shorter. (d) The interfered RD spectrum corresponding to (c).

4.2.2. PMCW

PMCW radars offer interference mitigation advantages through flexible waveform generation
enabled by large code sets. Several code families have been studied, such as MLSs, Gold sequences, and
almost perfect auto-correlation sequences (APASs), providing adaptability against interference from
another vehicle while minimizing the risk of accidental synchronization. Nonetheless, interference
remains relevant due to the wide bandwidth employed by PMCW for fine range resolution. As long as
the interfering signal is uncorrelated to the applied sequence, it behaves as wideband noise [12].

Mutual interference between FMCW and PMCW radars is examined in [76], showing a compa-
rable sensitivity for both waveforms. An extended study in [81] considers phase noise effects and
concludes that PMCW is more robust than FMCW when victim and aggressor radars use the same
waveforms or exhibit bandwidth mismatch. Conversely, [82] shows no PMCW advantage over FMCW
in terms of interference suppression (probability of missed detections) in two typical automotive
scenarios. In [83], the impact of FMCW-PMCW interference on the range-Doppler (RD) spectrum
is analyzed, demonstrating that a mismatch in PRIs introduces ripple-like patterns concentrated at
Doppler bins near half the relative velocity, potentially obscuring weak targets or generating ghost
targets.
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In [39], several PMCW interference mitigation strategies are proposed considering the permutation
of sequences. Two further approaches are described in [11]. The first uses phase code information
from other radars to adapt transmitted waveforms, requiring information exchange through JRC. The
second applies blind interference suppression techniques from code division multiple access (CDMA),
exploiting the cyclostationary structure of aggressor signals [84]. Although these methods do not
completely remove interference, they significantly reduce it by estimating the correlation matrix and
employing an orthogonalizing matched filter [85]. Standardization efforts would further enhance these
strategies.

4.2.3. PC-FMCW

In [24], a simulation-based interference study was conducted and experimentally validated in
real-time automotive radar systems using commercial off-the-shelf radar transceivers. Due to the
similarity between PC-FMCW and FMCW, it was shown that time-limited broadband impulse-like
interference—illustrated in Figure 14(b)—emerges in the spectrogram after applying the short time
Fourier transform (STFT) to the discrete beat signal of a single chirp in PC-FMCW scenarios. This
interference appears as a V-shaped pattern in the spectrogram.

Moreover, the phase-coding characteristic of PC-FMCW leads to multiple Dirac delta peaks in the
spectrogram of victim radars, as depicted in Figure 17. As analyzed in [24], non-decoded PC-FMCW
chirps acting as aggressors induce a similar effect in the RD spectrum of victim FMCW radars as
incorrectly decoded FMCW chirps do in the RD spectrum of victim PC-FMCW radars. Consequently,
broadband clutter is likely to occur in the RD spectra of victim radars under both circumstances. An
example of such clutter appears in Figure 15 of [7].

1 T T T T T T T T T

09r = Target beat signal
= |nterference

0.8 )

— — — Low pass filter

0.7 J

0.6 J

Normalized beat frequency

1 1 1 I 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
Normalized time

Figure 17. Interference simulation of FMCW versus PC-FMCW provided in [24]. The axis description is modified
according to this work. The red lines denote the interference. The Dirac delta peaks are attributed to phase coding
in the waveform of PC-FMCW.

4.2.4. OFDM

OFDM modulation is a coding technique with similarities to PMCW. If decoding or synchro-
nization fails, OFDM interference appears as background noise in the RD spectrum. However, the
orthogonality of its subcarriers confines interference with FMCW to specific time segments where
the FMCW chirp overlaps with occupied OFDM subcarriers. Conversely, a FMCW aggressor exhibits
time-frequency sparsity, affecting only a small set of OFDM subcarriers as the chirp sweeps through.
Taking advantage of this sparsity, distorted data points can be selectively mitigated during RD process-
ing. Furthermore, [86] addresses interference between two OFDM radars by detecting and removing
corrupted subcarrier data. This concept is extended in [87] to handle sparsely spaced subcarriers,
utilizing a compressed sensing (CS) algorithm for RD processing.
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4.2.5. OCDM

OCDM is an emerging modulation in the community, and related studies on interference are
very limited. While FMCW, based on linearly swept chirps, can experience interference if multiple
overlapping chirps are transmitted, OCDM transmits orthogonal chirps whose cross-correlation
remains minimal if they are well synchronized. Compared to OFDM, which is also multicarrier-based
modulation, OCDM extends its orthogonality to time and frequency through chirps. In general,
OCDM can outperform FMCW and OFDM in certain interference scenarios due to its orthogonality
of time-frequency. However, factors such as synchronization, hardware constraints, and resource
allocation ultimately determine whether OCDM'’s theoretical advantages fully materialize in real-world
automotive radar systems. As research progresses, concrete evaluations in dense radar environments
will shed more light on OCDM'’s efficacy against these established waveforms.

4.2.6. OTFS

The study detailed in [88] examines how sinusoidal co-channel CW interference affects the spectral
efficiency of a communication system based on OTFS. Experimental results show that CW interference
originating from a specific channel path is confined to limited Doppler domain spacing, with the
interference length being approximately twice the Doppler domain resolution. The simulations
demonstrate that OTFS remains robust against CW interference when the Doppler domain resolution
is sufficiently refined.

4.2.7. Summary

Each modulation scheme presented is affected by interference. Therefore, significant measures
are the degree of interference and possible mitigation approaches. For next-generation automotive
radar systems, mutual interference between FMCW and a potential modulation scheme must always
be evaluated, since modern radars are mainly equipped with FMCW modulation and will also be
available in the coming years.

4.3. Joint Radar and Communication

Digital modulation schemes such as PC-FMCW, PMCW, and OFDM enable JRC by supporting
both communication and sensing with a single device. Communication data can be embedded in
waveforms by modulating the phase in PC-FMCW [89] and PMCW [15], or by coding the waveform in
OFDM [90,91]. According to [92], JRC system designs can be broadly categorized into three types:

*  Radar-centric design, which adds communication functions to existing radar systems;
¢  Communication-centric design, which integrates sensing into communication systems;
¢ Joint design, which targets both functionalities without relying on an underlying system.

Although sensing is already well established in the radar industry, embedding communication
data in radar waveforms remains a developing field. A notable use case is V2V or broader vehicle-to-
everything (V2X) communication, where JRC waveforms can help vehicles exchange radar parameters
and thus mitigate interference. This work provides only a brief overview of JRC; a more comprehensive
review of the modulation schemes that enable JRC can be found in [26].

4.3.1. FMCW

JRC is not possible with a conventional FMCW modulation. However, if the single-carrier FMCW
chirp modulation was replaced by a multi-carrier OCDM waveform, JRC would be feasible, which
will be detailed in the part for OCDM.

4.3.2. PC-FMCW

In [89], the authors analyze PC-FMCW for JRC by comparing two receiver architectures: phase-
lag-compensated group-delay receivers and filter bank receivers. Their findings show that the phase-
lag-compensated group-delay receiver offers better sensing performance but lags in communication
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capabilities. PC-FMCW currently serves as an intermediate step between traditional analog modulation
and fully digital modulation, pending advances in hardware and signal processing. Its communication
capacity remains limited by a relatively low phase update rate, which reduces ADC demands but also
constrains data throughput.

4.3.3. PMCW

By carefully designing the code sequence, PAPR in PMCW-based systems can remain low, al-
though the Doppler effect, data rate constraints, and resource efficiency continue to pose challenges.
Probst et al. demonstrated a 15 Gbits~! PMCW-based JRC system operating in the D-band, which is
currently outside the automotive radar spectrum. In [15], a JRC PMCW system achieves data rates up
to 627.03 kbits~! while preserving the sensing performance of conventional PMCW and maintaining
robust communication. Furthermore, Su et al. [93] introduced a 6G-oriented PMCW design that
uses orthogonal codes for parallel pilot and data transmission, improving resource efficiency and
communication reliability. This approach also mitigates Doppler effects without compromising radar
functionality.

4.3.4. OFDM

In [90], a communication-centric OFDM JRC system is introduced and shown to be effective
through analytical and simulation-based evaluations. In [94], various over-the-air (OTA) synchroniza-
tion methods, such as preamble symbols and pilot subcarriers, are discussed. Integrating radar and
communication functions via OFDM can yield notable throughput enhancements. For example, one
approach achieves a 7 % throughput gain over conventional methods by reserving sensing symbols
[95]. Moreover, the design of OFDM waveforms with subcarrier interleaving aims to optimize the
PAPR and SNR, both critical for joint radar and communication operations [96].

Despite these advances, challenges persist to maintain optimal performance across all parameters.
Although the OFDM radar can perform well using coherent integration, the traditional FMCW radar
may still surpass it in terms of SNR and target detection under certain conditions [97]. This underscores
the need to further refine and tailor OFDM-based radar systems for vehicular environments to fully
realize their potential in combined sensing and communication.

4.3.5. OCDM

OFDM has been widely used in JRC systems due to its high spectral efficiency and robustness,
but its high PAPR has spurred growing interest in OCDM-based JRC. In [98], an OCDM JRC signal is
introduced alongside a novel PAPR reduction strategy that reserves specific chirps for peak cancellation.
Unlike tone reservation in OFDM, this method preserves valuable frequency resources for standard
JRC transmission. Expanding on this, [99] proposes a hybrid OCDM-OFDM waveform that multiplexes
signals in the chirp and frequency domains, achieving higher communication rates and improved bit
error rate (BER) performance compared to conventional OCDM or OFDM. Additionally, Oliveira et al.
[51] enhance signal orthogonality using CDM with outer coding or FDM via frequency-shift precoding,
highlighting the flexibility of OCDM-based JRC systems.

While OFDM faces challenges such as sensitivity to phase noise and reliance on CP, OCDM
mitigates some of these limitations, offering a robust and efficient alternative for JRC [18,51]. How-
ever, trade-offs must be considered, such as the potential for higher range sidelobe levels in certain
configurations. The integration of OCDM into existing systems also demands careful system design
and optimization of processing algorithms to fully exploit its advantages. Despite these challenges, the
efficiency and robustness of OCDM position it as a compelling candidate for future integrated sensing
and communication systems.

4.3.6. OTFS

OTFS modulation has gained significant attention as a promising technology for JRC, particu-
larly in high-mobility environments where traditional waveforms face limitations. By exploiting the
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delay-Doppler domain, OTFS enables seamless integration of communication and sensing functions
within a single waveform, addressing the growing need for systems capable of delivering high data
rates and precise sensing simultaneously. This dual capability is achieved through efficient parameter
optimization, such as adjusting the number of subcarriers and pilot symbol strength. These adjust-
ments reduce channel estimation errors and minimize guard symbol overhead, thereby improving
communication reliability and overall system efficiency [100]. Advances in OTFS-based JRC have
introduced innovative frameworks and algorithms to further improve joint performance. Techniques
such as hybrid message passing detection have been shown to enhance symbol demodulation, while
fractional delay-Doppler estimation provides more accurate radar parameter extraction, enabling
precise detection in complex environments [101]. These developments underline OTFS’s potential to
support robust JRC operations under dynamic conditions.

However, several challenges remain in optimizing the trade-offs between communication and
sensing performance. Managing interference, mitigating fractional delay-Doppler shifts, and meeting
stringent real-time processing requirements represent ongoing areas of research. Additionally, inte-
grating OTFS with complementary techniques, such as the weighted-type fractional Fourier transform,
offers a promising avenue for further enhancing JRC system capabilities [102]. As research progresses,
OTFS modulation is poised to play a key role in advancing the performance and scalability of future
JRC systems.

4.3.7. Comparison

Digital modulation schemes are suitable for JRC and enable an additional feature for radar sys-
tems. OFDM, OCDM, and OTFS waveforms have proven effective in high-speed data transmission,
while PMCW and PC-FMCW waveforms require further examination. PMCW radar provides faster
data rates than PC-FMCW due to its requirement for larger bandwidths to achieve fine-range res-
olutions. PC-FMCW only allows low-speed transmissions to avoid the high costs associated with
large bandwidths. Although JRC requires additional signal processing compared to conventional
sensing radar systems, it is a necessary tradeoff for the benefits it provides. However, integration of
communication into radar sensors needs to be debated within the automotive community, and to the
best of our knowledge, radar-centric JRC systems are not commercially available.

4.4. Doppler Influence and Tolerance

The relative movement between a radar system and its target may result in effects such as range
migration along the slow-time axis and Doppler frequency shifts along the fast-time axis. In the
literature, a variety of algorithms have been proposed to mitigate range migration (cf. [103,104]). This
study focuses on addressing Doppler frequency shifts, as they can severely affect detection accuracy
and range estimation in fast-time. The dynamic nature of automotive scenarios further underscores
the importance of tackling this challenge.

44.1. FMCW

For FMCW waveforms, the Doppler frequency shift causes a range-Doppler coupling in the beat
frequency estimate, which is expressed as f;, = f; + fp, where f; and fp are the range-dependent and
Doppler-dependent components, respectively. The beat frequency, crucial for range estimation, is
detailed in Section 3.1.3. Typically, f; > fp, but compensating for fp, especially in high-performance
radar systems, enhances range accuracy [105].

4.4.2. PMCW

The Doppler frequency introduces a phase shift, represented as exp (27 fpt). While the Doppler
shift along slow-time aids velocity estimation, its effect along fast-time compresses or stretches symbols,
degrading correlation processing and reducing PSRs.

Doppler-tolerant code selection is therefore crucial in designing PMCW radar systems. More
Doppler-tolerant sequences offer an improved dynamic range and higher target detection probabilities
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in high-speed scenarios. Studies in [41,42] have shown that certain sequence families exhibit greater
Doppler tolerance, with PSRs declining further as velocity increases, an issue particularly critical in
high-speed applications. To address this, Doppler mitigation techniques, such as those in [106,107],
compensate for fast-time Doppler shifts. These methods are applied post-Doppler processing and
before correlation, ensuring enhanced system performance.

4.4.3. PC-FMCW

In [45], the Doppler tolerance of BPSK, Gaussian, and Gaussian minimum shift keying (GMSK) PC-
FMCW waveforms was analyzed and compared to FMCW waveforms. The results demonstrate that
these PC-FMCW waveforms exhibit the same Doppler tolerance as FMCW, with the range-Doppler
coupling determined by the chirp slope. As with FMCW radars, compensating for the Doppler
frequency shift in beat frequency estimation is essential for high-performance measurements.

4.4.4. OFDM

In OFDM radars, Doppler shifts cause nonorthogonality between subcarriers, i.e., Af # 1/ Tsym,
leading to reduced dynamic range in range-Doppler estimations [46]. As detailed in Section 3.4.2, the
subcarrier spacing A f must be sufficiently large to prevent ICI and maintain orthogonality, requiring
Af > 10fq max- To address these challenges, Doppler mitigation techniques, such as those proposed in
[22,108], apply all-cell Doppler correction (ACDC) before range estimation, similar to PMCW systems.

4.4.5. OCDM

OCDM radar offers improved robustness against Doppler shifts by leveraging its discrete-Fresnel
domain representation. As reported in [20], time and frequency shifts caused by Doppler result in
subchirp shifts and phase rotations, leading to inter-chirp interference (IChl). However, the spread-out
nature of the OCDM signal in both time and frequency domains helps mitigate these effects, preserving
target detection accuracy. Moreover, the inherent flexibility in managing multipath propagation, as
highlighted in [50], reduces interference from reflections common in automotive scenarios. Conse-
quently, OCDM radar exhibits improved performance and resilience against Doppler-induced phase
perturbations and complex propagation environments encountered in vehicular applications.

4.4.6. OTFS

OTFS radar leverages the distribution of information in the delay-Doppler domain to mitigate
time and frequency variations, particularly under high Doppler conditions. Compared to conventional
OFDM solutions, OTFS demonstrates better performance in channels characterized by high mobility
and multipath effects [53]. However, as shown in [109], fractional delay shifts can spread signals
into adjacent bins, causing symbol-level interference. This interplay between robust high-mobility
performance and potential interference due to fractional shifts underscores the importance of careful
system design and parameter optimization in OTFS-based radar applications.

4.4.7. Comparison

All the discussed radar waveforms degrade under Doppler shifts, but in different ways. FMCW
and PC-FMCW require Doppler-dependent frequency compensation due to range-Doppler coupling
in the beat frequency. PMCW suffers reduced PSRs at higher velocities, risking ghost or weak target
masking; ACDC mitigates these effects. OFDM experiences broken subcarrier orthogonality under
Doppler, reducing the detection dynamic range, which ACDC can also address.

More recent OCDM and OTFS waveforms offer stronger Doppler robustness. OCDM uses
discrete-Fresnel domain processing to spread signal components in time and frequency, combating
Doppler-induced subchirp shifts and phase rotations while handling multipath. OTFS leverages
delay-Doppler domain signaling to combat rapid time-frequency fluctuations, improving detection in
high-mobility or multipath scenarios—though fractional delays can leak interference into adjacent bins.
Both show promise for mitigating Doppler distortions in next-generation automotive radar systems.
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4.5. Implementation Aspects and Limitations

Commercial automotive radar systems primarily employ fast-chirp FMCW modulation due to
the long experience and cost-effective implementation. This section delves into the state-of-the-art and
obstacles in the practical application of each modulation scheme, focusing on hardware intricacy.

4.5.1. FMCW

FMCW has been in development for numerous years and continues to be utilized in modern
radar systems. As a result, it has been extensively researched theoretically and practically in real-world
automotive scenarios. Moreover, ongoing research efforts are focused on enhancing the effectiveness
of modern FMCW systems.

One significant benefit is the relatively simple hardware complexity. The generation of the
waveform involves creating a linear chirp using a frequency synthesizer. The chirp’s linearity is crucial
for its performance, with the frequency synthesizer’s linearity being a major factor influencing the
hardware complexity [110]. Due to the low-frequency beat signal in the receivers, only slow-sampling
ADCs are required (less than 10 MHz), enabling data processing and storage on cost-efficient hardware,
which has been explained in Section 3.1. The DFTs for range, Doppler, and angle processing can be
calculated using specially designed dedicated engines for fast and efficient calculations.

4.52. PMCW

PMCW has recently gained more attention in academia and industry. The waveform generation in
PMCW radars consists of a constant carrier frequency and a phase shifter to apply the phase sequences
that can be generated through LFSRs. The implementation is flexible due to many different code
families and sequences. Moreover, much knowledge from CDMA-based communication regarding
codes is available. In [111], PRBS generation was presented and designed using a 22 nm fully-depleted
silicon on insulator technology. The technology is usable for programmable feedback, while standard
LFSRs exhibit fixed feedback to generate different binary sequences. This is especially advantageous for
MIMO systems, where different PRBSs are required at the transmit antennas. Polyphase-phase codes
are often not considered to avoid needing IQ-modulators at the transmitters. For further literature
regarding waveform generation in hardware, it is referred to [36,40].

The correlation for range processing can be performed in the digital domain [37], and the DFTs
for Doppler processing are a conventional signal processing step, similar to the other presented
modulation schemes. The question of how PMCW systems perform regarding self-interference and
inter-vehicle interference remains open when the number of radar systems increases in the following
years. Different studies showed that dynamic scenarios lead to a degradation of orthogonality and
performance loss, and perfect orthogonality cannot be achieved when binary sequences are used [41].

In [40], the concept of a 2 x 2 MIMO PMCW system-on-chip (SoC) is presented, and the perfor-
mance is demonstrated. The radar achieves a range resolution of 7.5 cm and an angular resolution of
5° in both azimuth and elevation by applying the multiple signal classification (MUSIC) algorithm. In
[17], a system demonstrator for two digital modulation schemes, PMCW and OFDM, based on a radio
frequency system-on-chip (RFSoC) field programmable gate array (FPGA) solution has been presented.
The challenge of dealing with fast data rates and large amounts of data is especially emphasized.

Uhnder, an American startup, has entered the market with a digital radar solution. They presented
a 77 GHz imaging radar-on-chip (RoC) with 192 virtual channels (12 transmitters, 16 receivers) and
range resolutions of about 7.5 cm, and Doppler resolutions up to 0.01ms~! [112].

A disadvantage of PMCW is the sampling requirement for achieving fine-range resolutions, which
requires fast-sampling ADCs and much memory to store the sampled data. The sampling rates should
satisfy the Nyquist sampling theorem, i.e., each chip must be sampled at least once, which requires
fast sample rates in the case of short chip durations, e.g., a chip duration of 1ns requires a sampling
rate of 1 GHz. An approach to reducing sampling requirements has been presented in [35], showing
promising results and making the implementation economically feasible. Other works, such as [113],
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focus on reducing the resolution by employing one-bit sampling, thereby reducing the cost and power
consumption of the ADCs.

4.5.3. PC-FMCW

PC-FMCW has been extensively studied in academia by the Delft University of Technology through
simulation and experiments in recent years [7]. The waveform generation consists of a linear chirp
generation using a frequency synthesizer and a coder that adds phase codes into the waveform.
Typically, the chip rate is decreased compared to PMCW radars because phase codes are only used
for transmitter identification. As with FMCW, the chirp’s linearity is essential for the performance.
The system architecture is slightly more complex than the FMCW architecture due to additional
components such as the coder at the transmitter and the GDF and decoder at the receiver. The extent
to which these components add to hardware complexity and increase cost remains to be investigated.

Compared to PMCW and OFDM, the sampling rate is comparably low, with less than 100 MHz.
The sampling rate depends mainly on the bandwidth of the applied phase sequences. In contrast to
PMCW, the phase sequences are only used for transmitter identification. Therefore, the chip duration
can be longer and the bandwidth smaller, as in PMCW.

To our knowledge, there is no commercial implementation of PC-FMCW for automotive radars,
and therefore, performance in automotive scenarios has not yet been studied.

4.5.4. OFDM

OFDM is a well-established waveform in communication technologies, like WLAN. The waveform
generation consists of an IDFT for generating signals in the time domain from signals in the frequency
domain by summing the modulated subcarriers as expressed in (28). OFDM waveform generation
provides a high degree of flexibility because each time-frequency symbol can be configured arbitrarily,
enabling the generation of a great variety of signal shapes [22]. As a result, OFDM requires linear PAs
due to high PAPRs, as described in Section 3.4, unlike FMCW, PC-FMCW, and PMCW. An approach
to PAPR reduction has been presented in [47].

Similarly to PMCW, the BB bandwidth is equal to the RF bandwidth. Therefore, wideband signals
require fast sampling ADCs, and a large amount of data must be processed and stored. However, in
[114] an approach to reducing sampling requirements using a stepped-carrier processing scheme has
been presented. This approach makes OFDM more attractive for implementation in automotive radars
by reducing hardware requirements.

In [115], a 2 x 2 FPGA-based demonstrator operating in the band between 76 GHz to 81 GHz with
a bandwidth of more than 500 MHz with real-time processing capabilities was presented. The work
shows its functionality and enables further investigations.

4.5.5. OCDM

Due to its robustness against ISI and Doppler frequency shifts, OCDM is considered a promising
waveform for next-generation communications and automotive radar. This is especially critical in
vehicular environments, where rapid velocity changes and strong multipath propagation demand
resilient signaling. In [116], researchers demonstrated a cost-effective OCDM implementation by
integrating phase controllers into a conventional OFDM system, thus reusing existing hardware.

Despite these benefits, several key implementation issues persist. Precise phase alignment is
crucial to fully leverage OCDM'’s Doppler tolerance. As noted in [20], small timing misalignments
or subchirp phase offsets can trigger inter-chirp interference (IChI), degrading detection. Moreover,
high-speed automotive scenarios with strong multipath reflections impose tighter synchronization
requirements [50]. Although discrete Fresnel domain processing helps reduce interference, it increases
digital signal processing overhead. Nevertheless, careful parameter tuning, coupled with calibration
and equalization, can address these challenges, paving the way for robust, cost-effective OCDM
solutions in future automotive radar applications.
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4.5.6. OTFS

OTES is well-suited to highly dynamic automotive radar scenarios, as it embeds signals in the
delay-Doppler domain, providing resilience against velocity variations and multipath effects [53].
A key benefit is its lower PAPR compared to OFDM, reducing the linearity requirements for power
amplifiers and increasing efficiency [117]. A single input single output (SISO)-OTFS modulator on
an FPGA was presented in [118], showing faster convergence and fewer detection errors, making
it appealing for high-mobility situations. Similarly, an software-defined radio (SDR)-based OTFS
prototype in [119] underlines the need for precise frame synchronization to preserve channel sparsity;
without it, performance suffers.

However, several challenges remain. The two-dimensional transform for delay-Doppler process-
ing increases computational complexity, and tight synchronization is vital to fully exploit channel
sparsity. Moreover, fractional Doppler shifts and heavy multipath can cause interference between
delay-Doppler bins, demanding robust channel estimation and equalization. Despite these hurdles,
OTFS remains a promising candidate for high-performance automotive radar in rapidly changing
environments.

4.5.7. Comparison

A significant advantage of FMCW is its extensive history in the automotive radar market. It
has been rigorously studied in academia, resulting in various improved and optimized approaches.
However, the hardware complexity associated with waveform generation in FMCW and PC-FMCW
radars can be mitigated by employing PMCW. In PMCW radars, a linear frequency synthesizer for
chirp generation is no longer required, simplifying the waveform generation process.

Despite this advantage, PMCW radars face challenges when larger RF bandwidths are required.
These bandwidths demand faster ADCs and increased data storage, which significantly increase
costs. A similar challenge is encountered in OFDM, OCDM, and OTFS systems. While FMCW and
PC-FMCW radars can achieve gigahertz-level performance with megahertz sampling rates, PMCW,
OFDM, OCDM, and OTFS require gigahertz sampling rates to achieve similar performance, resulting in
increased hardware complexity and cost. Another limitation of OFDM is the requirement for linearity
in the PA due to the high PAPR. However, this drawback can be mitigated using OCDM waveforms,
which inherently reduce PAPR.

While promising approaches exist to address the high sampling rate requirements, it remains to
be seen whether these challenges can be fully resolved by implementing complete digital modulation
schemes. Similarly, techniques to reduce PAPR are available and should be carefully considered when
designing an automotive OFDM radar. In addition, the automotive industry must acquire hands-on
experience with digital modulation schemes. Practical expertise will play a crucial role in determining
whether these schemes can overcome their current limitations and deliver the desired performance
and cost-efficiency for future automotive radar systems.

4.6. Summary

Each modulation scheme presented has its strengths and weaknesses for future automotive radar
systems. While PMCW and OFDM offer strong multiplexing capabilities in the code and frequency
domains for large-scale MIMO, FMCW benefits from a long history and cost-effective implementation.
PC-FMCW merges the advantages of an analog FMCW scheme with CDM-based digital modulation;
however, its practical viability remains to be demonstrated.

The increasing number of radar sensors on the road worsens interference for all schemes, and
perfect orthogonality is unachievable in dynamic automotive environments. Additionally, JRC is
crucial. FMCW is seldom explored for JRC, so if JRC-based V2X communication becomes the norm,
an alternative to FMCW is needed. JRC also supports coordinated radar transmissions between
vehicles to mitigate interference. In this regard, PC-FMCW stands out by accommodating JRC and
retaining a simple implementation. A low-speed JRC solution appears sufficient for future-generation
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radars, given that vehicles already have high-speed communication units. Table 4 summarizes the key

characteristics of these modulation schemes.

Table 4. Essential Features for FMCW, PMCW, PC-FMCW, OFDM, OCDM, and OTFS Modulation Schemes.

Parameter FMCW PMCW PC-FMCW OFDM OCDM OTFS
. . Analog + . . .
Modulation Analog Digital Digital Digital Digital Digital
chirp / FDM delav-
Multiplexing TDM /DDM  CDM CDM FDM via FSP / D y
CDM oppler
proof-of- high-speed low-speed high-speed high-speed high-speed
Communication concepts communica- communica- communica- communica- communica-
available tion possible  tion possible tion possible  tion possible tion possible
Interference susceptible susceptible susceptible susceptible N/A N/A
ood — low — ood —
gan o decreased ?an o low —lossof  good — loss ood —
Doppler tolerance 8 PSR after 8 subcarrier of subchirp 8§00
Doppler Doppler . . native
. range . orthogonality  orthogonality
coupling . coupling
processing
high PAPR +
simple, but synchroniza-  reduced
. linear tion for PAPR
fast-sampling frequenc decodin, compared to
simple, but ADCs quency amng p reduced
. . synthesizer required + OFDM
linear required + a . . PAPR
. and fast-sampling  possible +
Implementation frequency large amount . : compared to
. additional ADCs integra-
synthesizer of data must ired . . OFDM
required be stored and components required + tion/coexistence possible
. d compared to large amount ~ with OFDM
processe FMCW are of data must system
required be stored and  possible
processed
Wigner
Range processing DFT Correlation DFT IDFT IDFT transform +
SFFT
Wigner
Doppler processing | DFT DFT DFT DFT DFT transform +
SFFT
ADC rat slow — less fast — up to gllld —less fast — up to fast — up to fast — up to
rate than I0MHz ~ 4GHz o 4GHz 4GHz 4GHz
100 MHz
Cost cost-efficient ~ expensive cost-efficient ~ expensive expensive expensive
mature in started in . . . .
Status : . academia academia academia academia
industry industry

5. Future Research Directions

More research is needed to gradually advance towards L-4 and L-5 automation. Key challenges
include enhancing angular resolution in azimuth and elevation (see Section 4.1) and mitigating inter-
ference (see Section 4.2). Current approaches to improving angular resolution involve increasing the
number of antennas per system, deploying sparse arrays [57,58], leveraging high-resolution subspace
techniques [29,59], or employing CS [120]. However, more antennas demand stronger orthogonality,
favoring modulation schemes beyond FMCW. Another strategy is to adopt coherent radar systems
for a larger virtual aperture [60,61], although synchronization and interference management present
significant hurdles in automotive environments.

Although radar interference has been extensively studied, the increase in radar sensors intensifies
the issue. The proposed solutions range from specialized interference mitigation strategies to synchro-
nized scheduling among radars. In this context, JRC allows vehicles to share information about their
waveforms, although its practicality and impact on sensing must still be verified in real-world settings.
The increasing role of Al in signal processing, classification, and cognitive radar [62] offers novel
opportunities, but also introduces uncertainties that require further investigation. Such Al-driven
methods require vast and varied datasets, which might be partially generated through ray tracing
simulators; however, the extent to which synthetic data can replace scarce real-world measurements
requires a closer examination.
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Sensor fusion with other technologies (e.g., LIDAR, cameras) remains critical. These modalities
must be reliably integrated under all conditions, such as weather and lighting, to provide a compre-
hensive environmental view [1]. Finally, advanced modulation schemes like OCDM and OTFS may
gain prominence with ongoing hardware and signal processing improvements. However, practicality
should always be the benchmark, as academic assumptions often diverge from real-world automotive
conditions.

6. Conclusion

Modern FMCW automotive radar systems face challenges such as interference, MIMO scalability,
and the reliance on a linear frequency synthesizer; however, they remain cost-effective, which is crucial
for their widespread commercial use. This study examined five alternative modulation schemes to
address the limitations of FMCW: PC-FMCW, PMCW, OFDM, OCDM, and OTFS. Each has distinct
strengths and weaknesses. PC-FMCW combines FMCW's benefits with enhanced MIMO scalability via
digital phase coding, although at the cost of a slightly more complex architecture. Digital modulation
schemes such as PMCW, OFDM, OCDM, and OTEFS enable large MIMO deployments in various
domains, but often require sampling the entire RF bandwidth, increasing costs. Although approaches
to reduce these sampling requirements exist, more experimental validation is needed. Among digital
techniques, OCDM and OTFS show particularly strong performance under high mobility and multipath
conditions. Overall, PC-FMCW holds promise for future radar systems, yet FMCW itself will likely
remain a viable contender in next-generation automotive radar.
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