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AUTONOMOUS DRIVING: PART 1

Dingyou Ma, Nir Shlezinger, Tianyao Huang,  
Yimin Liu, and Yonina C. Eldar

Self-driving cars constantly assess their environment to 
choose routes, comply with traffic regulations, and avoid 
hazards. To that aim, such vehicles are equipped with 

wireless communications transceivers as well as multiple sen-
sors, including automotive radars. The fact that autonomous 
vehicles implement both radar and communications motivates 
designing these functionalities in a joint manner. Such dual-
function radar-communications (DFRC) designs are the focus 
of a large body of recent work. These approaches can lead to 
substantial gains in size, cost, power consumption, robust-
ness, and performance, especially when both radar and com-
munications operate in the same range, which is the case in 
vehicular applications. 

This article surveys the broad range of DFRC strategies and 
their relevance to autonomous vehicles. We identify the unique 
characteristics of automotive radar technologies and their com-
bination with wireless communications requirements of self-
driving cars. Then, we map the existing DFRC methods along 
with their pros and cons in the context of autonomous vehicles 
and discuss the main challenges and possible research direc-
tions for realizing their full potential.

Sensing and communication in autonomous vehicles
Autonomous vehicles are required to navigate efficiently and 
safely in a wide variety of complex uncontrolled environments. 
To meet these requirements, such self-driving cars must be 
able to reliably sense and interact with their surroundings. This 
acquired sensory information as well as data communicated 
from neighboring vehicles and roadside units are essential to 
avoid obstacles, select routes, detect hazards, and comply with 
traffic regulations, all in real time.

To reliably sense the environment, autonomous vehicles 
are equipped with multiple sensing technologies, includ-
ing computer vision acquisition, i.e., cameras, lidar, laser-
based sensors, GPS, and radar transceivers. Each of these 
 technologies has its advantages and disadvantages. To allow 
accurate sensing in a broad range of complex environments, 
self-driving cars should simultaneously utilize all of these 
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aforementioned sensors. Radar, for instance, provides the 
ability to accurately detect distant objects and is typically 
more robust to weather conditions and poor visibility com-
pared to other competing sensing technologies [1].

Radar systems, which detect the presence of distant objects 
by measuring the reflections of electromagnetic probing 
waves, have been in use for over a century. Radar has been 
most commonly used in military applications, aircraft sur-
veillance, and navigation systems. The application of radar 
for vehicles, referred to as automotive radar [2], is substan-
tially different from traditional radar systems: most notably, 
automotive radar systems, which are used by mass-produced 
vehicles, are far more limited in size, power, and cost. Fur-
thermore, while conventional radar aims to detect a relatively 
small number of distant targets, e.g., airplanes, automotive 
radar is required to sense in complex dense urban environ-
ments in which a multitude of scatterers at close ranges 
should be accurately detected. Despite these differences, 
today automotive radar is an established and common tech-
nology, and the vast majority of newly manufactured vehicles 
are equipped with radar-based autonomous driving assis-
tance systems (ADASs) [1].

In addition to their ability to sense their environment, au -
tonomous vehicles are also required to carry out various 
forms of communications, as illustrated in Figure 1: vehicle-
to-vehicle (V2V) transmissions allow self-driving cars to 
share their attributes with neighboring vehicles; vehicle-to-
infrastructure (V2I) messages facilitate intelligent road man-
agement by conveying information between cars and roadside 
units; vehicle-to-pedestrian (V2P) communications can be 
used to warn or alarm nearby pedestrians; and, finally, ser-
vice providers and cloud applications exchange possibly large 
amounts of data with self-driving cars via vehicle-to-network 
(V2N) and vehicle-to-cloud (V2C) links, respectively. The re   -
sulting broad range of different tasks, which substantially 
vary in their latency, throughput, and reliability requirements, 
can be implemented by using individual communications 
technologies for each application or by using a unified vehi-
cle-to-everything (V2X) strategy [3], possibly building upon 
the cellular infrastructure.

Automated cars, thus, implement two technologies that rely 
on the transmission and processing of electromagnetic sig-
nals: radar and wireless communications. A possible approach 
in designing self-driving cars is to use individual systems for 
radar and communications, each operating separately. An 
alternative strategy is to jointly design these functionalities 
as a DFRC system. Such schemes are the focus of extensive 
recent research attention [4]–[20]. In  particular, it was shown 
that jointly implementing radar and communications con-
tributes to reducing the number of antennas [21], system 
size, weight, and power consumption [6] as well as alleviating 
concerns for electromagnetic compatibility and spectrum con-
gestion [5]. Utilizing such joint designs in vehicular systems 
can mitigate the mutual interference among neighboring cars, 
facilitate coordination, and improve pedestrian detection [22]. 
These benefits make DFRC systems an attractive technology 
for autonomous vehicles.

While the conceptual advantages of joint radar-communica-
tions designs for autonomous vehicles are clear, the prolifera-
tion of different DFRC strategies makes it difficult to identify 
what scheme is most suitable for which scenario. For exam-
ple, some DFRC methods use existing V2X communications 
waveforms as radar probing signals, thus allowing high com-
munication throughput with relatively limited sensing capa-
bilities [17], [18]. Alternative schemes embed digital messages 
in the radar probing signals [15], [16], thus supporting low 
data rates, which may be more suitable to serve as an addi-
tional channel to the standard communications functionalities 
of autonomous vehicles.

The goal of this article is to review DFRC technologies in 
light of the unique requirements and constraints of self-driv-
ing cars, facilitating the identification of the proper technol-
ogy for different scenarios. We begin by reviewing the basics 
of automotive radar, identifying its main challenges, recent 
advances, and fundamental differences from convention-
al radar systems. We then survey DFRC methods, dividing 
previously proposed approaches into four main categories: 
coordinated signals transmission methods utilizing indi-
vidual signals for each functionality; communications wave-
form-based schemes, which use the communications signal 

Cloud
Server

V2C
V2N

V2P

V2VV2I

FIGURE 1. The autonomous vehicle communications links.
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as a radar probing waveform; radar waveform-based tech-
niques, which embed the digital message into the parameters 
of the radar signal; and the design of dedicated dual-function 
waveforms. We detail a representative set of DFRC methods 
for each category and provide a map of the existing strate-
gies in terms of their radar capabilities, information rates, 
and complexity.

Basics of automotive radar
Past decades have witnessed growing interest in automotive 
radar to improve the safety and comfort of drivers. A typical 
ADAS implements various radar subsystems that enable func-
tions including adaptive cruise control, blind-spot detection, 
and parking assistance [1]. To understand the benefits of com-
bining automotive radar with digital communications, we first 
review the basics of automotive radar.

Automotive radars operate under different requirements 
and constraints compared to conventional radars, such as 
those utilized in military applications and air traffic con-
trol. First, conventional radar systems are required to detect 
a relatively small number of targets in ranges on the order 
of tens or hundreds of kilometers, while automotive radars 
must detect a multitude of objects in short ranges on the order 
of a few tens of meters. Furthermore, automotive radars are 
incorporated into mass-produced vehicles and, hence, have 
more strict constraints on cost, size, power consumption, and 
spectral efficiency compared to conventional radar. Finally, 
automotive radars are densely deployed in urban environments; 

thus, they must be robust to interference while inducing mini-
mal interference with neighboring radar systems.

Various techniques have been proposed to overcome the 
aforementioned challenges. In Table 1, we summarize the 
main challenges along with the leading methods to tackle 
them. It is noted that no single radar scheme is suitable to 
handle the complete set of requirements. For example, the 
popular  frequency-modulated continuous-wave (FMCW) 
waveform (see “Frequency- Modulated Continuous-Wave 
Radar”), which can be operated using simplified hardware 
components, suffers from high sensitivity to interference; 

Frequency-modulated continuous-wave (FMCW) radar is a 
continuous constant modulus radar waveform with a linearly 
modulated frequency, which can be generated and detect-
ed using simplified hardware. To present FMCW, we con-
sider a radar system equipped with a single transmit 
antenna and a uniform linear array with LR  elements for 
receiving. In each radar coherent processing interval, M 
FMCW pulses of duration Tp  are periodically transmitted 
with a pulse repetition interval (PRI) denoted by ,TPRI  where 
TPRI  is slightly larger than .Tp  The mth pulse is given by 

( ) ,s t em
j f t j t2 c

2
= r rc+  [ , ],t mT mT TpPRI PRI! +  where ,fc  is the car-

rier frequency, and c is the frequency modulation rate.
To formulate the received signal, assume P targets are 

located in the far field. The distance, velocity, and angle of 
the pth target are denoted as ,rp  ,vp  and ,pi  respectively. 
For the pth target, with the far-field assumption, the round 
time delay between the transmit antenna and the lth re -
ceiver is ( ) ,( )/sinr v t ld c2,l p p p px i= + -  where d is the dis-
tance between adjacent elements in the receiving array, 
and c is the speed of light. The radar echo received in the 
lth receiving antenna during the mth transmit pulse is 
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pa  is the complex reflective factor of the pth target, and 
( )w tl  is additive white Gaussian noise.

To process the received signal, ( )r t,m l  is mixed with the 
transmit signal. This procedure, referred to as dechirp, yields 
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After dechirp, the waveform frequency is typically much 
smaller compared to the bandwidth of the transmitted 
waveform, and it can be sampled with low-speed analog-
to-digital converters. It follows from (S1) that the targets’ 
range, velocity, and direction can then be recovered 
from the 3D discrete Fourier transform of the sampled 
y ,m l  in the fast time domain (within a pulse), slow time 
domain (between pulses), and spatial domain (over anten-
nas), respectively.

Frequency-Modulated Continuous-Wave Radar

Table 1. Automotive radar requirements.

Requirements Possible Solutions
Operating in short 
ranges 

Utilize separate transmit and receive antennas to 
process short-range echoes.

Limited antenna size Operate at mm-wave bands using patch antennas. 
Increase virtual aperture (see “Multiple-Input, 
 Multiple-Output Radar”). 

Simplified hardware Constant envelope signaling. 
Low-complexity dechirp recovery, e.g., FMCW (see 
“Frequency-Modulated Continuous-Wave Radar”). 

Low-power 
 amplifiers 

Continuous or high duty cycle waveform, e.g., 
FMCW. 

Interference 
 robustness 

Divide spectrum using OFDM (see “Orthogonal 
 Frequency-Division Multiplexing Waveform Radar”).
Introduce agility (see “Frequency Agile Radar”) to 
increase survivability. 

mm-wave: millimeter-wave.

Authorized licensed use limited to: Weizmann Institute of Science. Downloaded on January 09,2022 at 12:38:54 UTC from IEEE Xplore.  Restrictions apply. 



88 IEEE SIGNAL PROCESSING MAGAZINE   |   July 2020   |

orthogonal  frequency-division multiplexing (OFDM) radar 
(described in “Orthogonal Frequency-Division Multiplexing 
Waveform Radar”), which is suitable for multiuser scenarios, 
tends to require relatively costly hardware compared to alterna-
tive radars. An additional aspect that should be considered in 
selecting an automotive radar scheme is its capability to be com-
bined with wireless communications. The fact that self-driving 
cars utilize both radar and digital communications motivates 
their joint design as a DFRC system, as discussed in the follow-
ing section.

Overview of dual-function systems
Since DFRC systems implement both radar and communica-
tions using a single device, these functionalities inherently 
share some of the system resources, such as spectrum, anten-
nas, and power. Broadly speaking, existing DFRC methods can 
be divided into four main categories as illustrated in Figure 2: 
coordinated separated signals transmission, communications 
waveform-based approaches, radar waveform-based schemes, 
and joint dual-function waveform designs. In the following, 
we review each of these categories and discuss their pros and 
cons in the context of autonomous vehicles. Throughout this 
section, we consider a DFRC system jointly implementing a 
radar transceiver as well as the transmission of digital mes-
sages using LT  transmit antennas (for both radar and commu-
nications) and LR  receive antennas (for radar). For simplicity, 

we assume a single communications receiver equipped with a 
single antenna.

Separate coordinated signals
A common DFRC approach is to utilize different signals for 
radar and communications, designing the functionalities to 
mitigate their cross interference, as illustrated in Figure 2(a). 
Here, the L 1T #  transmitted signal can be written as

 ( ) ( ) ( ),s s st t t( ) ( )r c= +  (1)

where ( )s t( )r  is the radar probing waveform, and ( )s t( )c  is the 
continuous-time communications signal. The ability to jointly 
transmit two dedicated signals with limited cross interference 
is typically achieved using either orthogonality boosting by di-
vision in time and/or frequency or via spatial beamforming.

Time–frequency division
Arguably, the most simple method to mitigate cross interfer-
ence is to allocate a different frequency band to each wave-
form, commonly dictated by regulated spectrum allocation, 
or, alternatively, a different time slot. In such cases, the sig-
nals ( )s t( )r  and ( )s t( )c  in (1) either reside in different bands 
(for frequency division) or satisfy ( ) ( )s st t 0( ) ( )r c T

=^ h  at each 
time instance (for time division). Since system resources 
are allocated between both  subsystems, these strategies 
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FIGURE 2. An illustration of DFRC strategies for autonomous vehicles: (a) coordinated signals, (b) communications waveform based, (c) dual-function 
waveform, and (d) radar waveform based. The blue, green, and red waveforms represent communications signals, radar beams, and dedicated dual-
function waveforms, respectively.
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inevitably result in a tradeoff between radar and communica-
tions performance [19].

A straightforward approach is to allocate the resources in a 
fixed or arbitrary manner. For instance, in [21], a DFRC system 
is achieved by using fixed nonoverlapping bands and antennas. 
A random antenna allocation scheme is proposed in [14], jointly 
enhancing the radar angular resolution and the communication 
rates. The work [20] proposed a media access protocol for automo-
tive DFRC systems with time and frequency division to mitigate 
interference with neighboring radars. These approaches assume 
that each functionality has its own frequency band. Using OFDM 
signaling, i.e., letting the entries of ( )s t( )r  and ( )s t( )c  represent 
OFDM radar and communications waveforms (see “Orthogonal 
Frequency-Division Multiplexing Waveform Radar”), respective-
ly, allows the division of the spectrum in an optimized manner, as 
we detail next.

Consider a frequency band divided into N subbands. The 
discrete-time transmitted signal from the lth transmit antenna 
can be written as the N 1#  vector .sl  Since the spectrum is 
divided into radar and communications, sl  is given by

 ,s F U s I U s( ) ( )
l

H
l l

r
l l

c
= + -^ h6 @  (2)

where FH  is the inverse discrete Fourier transform (DFT) ma-
trix; the N 1#  vectors s( )

l
r  and s( )

l
c  denote the OFDM radar and 

communications symbols, respectively, in the frequency domain; 
and Ul  is a diagonal matrix of size N N#  with elements zero or 
one, representing the subcarrier selection at the lth element.

Setting the matrix Ul  in (2) determines how the bandwidth 
is divided. The work [23] showed that when Ul  represents 
spectral interleaving, i.e., the support of its diagonal consists 
of multiple bulks of zeros and ones, radar resolution is com-
parable to that using the complete spectrum. When the DFRC 
system has a priori knowledge of the statistical model of the 
radar target response and the communications channel, the 
subcarrier selection matrix Ul  can be set to optimize a linear 
combination of the radar target-echo mutual information and 
the communications input–output mutual information, as pro-
posed in [13].

Spatial beamforming
The utilization of multiple antennas enables the mitigation 
of mutual interference through spatial beamforming, for ex-
ample, by projecting the radar waveform into the null space 
of its channel to the communications receiver [24], resulting 
in a zero forcing beamformer. While such beamforming was 
originally proposed for separate systems, it can also be utilized 
for a DFRC system.

In this model, the communications and radar signals are 
beamformed using the matrices U ( )c  and ,U ( )r  respectively, to 
mitigate the mutual interference while satisfying the perfor-
mance constraints. The signals received at the communica-
tions receiver and the radar target with direction i  are, thus,
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where h is the channel response from the DFRC transmit-
ter to the communications receiver, and a ( )i  is the steering 
vector of the DFRC transmitter to the radar target in direc-
tion .i  Using (3), the beamforming matrices U( )c  and U( )r  are 
jointly designed to mitigate cross interference while satisfying 
the performance requirements, e.g., maximizing the signal-to-
interference-plus-noise ratio (SINR) at the communications 
receiver while meeting a given radar beampattern [25].

A clear advantage of the separated signals transmission 
strategy is that it can provide a wide variety of possible perfor-
mance combinations. For time–frequency division schemes, 
the performance is determined by how the system resources, 
such as spectrum and time slots, are allocated to each function-
ality. The performance tradeoffs may be potentially improved 
using spatial beamforming, allowing each functionality to uti-
lize the full bandwidth and operate simultaneously at all time 
slots. However, the spatial beamformer is designed based on a 
priori channel knowledge, which may be unavailable for fast-
moving vehicles. According to the previously given discussion, 
time–frequency division-based schemes are likely to be more 
attractive in automotive applications. Since properly optimiz-
ing the resource allocation to achieve a desired performance 
tradeoff requires considerable computation, fixed suboptimal 
allocations, such as spectral interleaving, may be preferable.

Communications waveform-based schemes
Another common DFRC strategy is to utilize standard com-
munications signals for probing, as illustrated in Figure 2(b). 
The majority of communications waveform-based designs in 
the literature utilize OFDM signaling, especially for automo-
tive applications. In the sequel, we first briefly review spread 
spectrum-based DFRC systems, followed by a more detailed 
presentation of shared OFDM waveforms and a description 
of how structured vehicular communications protocols can be 
used for sensing.

Spread spectrum waveforms
Spread spectrum techniques transmit a communications signal 
with a given bandwidth over a much larger spectral band, typi-
cally using spread coding or frequency hopping. The usage of 
spread spectrum signals for radar probing was studied in [9]. 
The main drawback of spread spectrum DFRC design is that 
the radar dynamic range is limited, which is a by-product of the 
imperfect autocorrelation properties of the spreading sequences 
[9]. In addition, accurately recovering the target velocity from 
spread spectrum echoes is typically computationally com-
plex, limiting the applicability of such DFRC systems. Finally, 
high-speed analog-to-digital converters (ADCs) are required 
for wideband spectrum spread waveforms, as dechirp used in 
FMCW is not applicable, increasing cost and complexity.

OFDM waveforms
The most common communications waveform-based approach 
is to utilize OFDM signaling. OFDM is a popular digital com-
munications scheme due to its spectral efficiency, inherent 
ability to handle intersymbol interference, and the fact that it 
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can be implemented using relatively simple hardware compo-
nents. Since first proposed in [29], OFDM has received exten-
sive attention as a radar waveform, especially for automotive 
radar, due to its high flexibility and adaptability in transmis-
sion and since, unlike FMCW, it does not suffer from range–
Doppler coupling [30]. The fact that OFDM is commonly uti-
lized in both radar and communications indicates its potential 
for DFRC systems.

Compared with the case where the coefficients { }a ,m n  in 
the OFDM waveform are specifically designed for radar 
(see “Orthogonal Frequency-Division Multiplexing Waveform 
Radar”), the complex weights of the dual-function OFDM 
waveform are the communications symbols. The setting of 
the waveform parameters can have a notable effect on each 
functionality. The work [31] designed the subcarrier spacing 
according to the maximum unambiguous range and the maxi-
mum velocity. In [6], channel knowledge was used to allocate 
power between the subcarriers to maximize the sum of the data 
rate and the mutual information between the received echoes 
and the target impulse response. Radar processing of OFDM 
waveforms utilizes matched filtering, which depends on the 
transmitted data, causing high-level sidelobes. This data depen-
dency can be eliminated by dividing each subcarrier by its cor-
responding symbol [9]. The range and velocity of each target 
are then estimated using a 2D DFT in the carrier domain and 
slow time domain (between different symbols), respectively.

OFDM can be naturally combined with multiple-input, 
multiple-output (MIMO) radar, which transmits orthogonal 
waveforms from each antenna (see “Multiple-Input, Multiple-
Output Radar”) by assigning different subcarriers to different 
transmit elements. Several works have studied how to divide 
the subcarriers among the elements. The proposed meth-
ods include division by equidistant subcarrier interleaving 
[23], nonequidistant subcarrier interleaving [32], and random 
assignments [33].

A drawback of using shared OFDM waveforms in vehicular 
systems stems from the fact that, when utilized from moving 
vehicles, OFDM exhibits subcarrier misalignment, degrading 
the maximal radar unambiguous range [30]. Additional draw-
backs are related to hardware constraints: wideband OFDM 
waveforms require high-rate ADCs, affecting the system cost and 
power consumption. Another hardware limitation of OFDM 
compared to monotone waveforms is its high peak-to-average-
power ratio, inducing distortion in the presence of practical 
nonlinear amplifiers. A weighted OFDM method was pro-
posed to control the maximum peak-to-average power ratio 
[26], [27]. To utilize OFDM with narrowband transmissions, 
one can apply stepped frequency methods, as proposed in [33].

Protocol-oriented DFRC methods
An alternative strategy is to exploit the existing communica-
tions protocols, utilizing them as an automotive radar wave-
form. Here, there is no compromise in the communications 
part, and the radar functionality is a byproduct of the protocol, 
which is typically IEEE 802.11p or IEEE 802.11ad [17], [18], 
[35], [36]. The IEEE 802.11p standard focuses on vehicular 
communications and supports short-range device-to-device 
transmissions for safety applications. This protocol operates in 
the 5.9-GHz band and uses OFDM signaling. Consequently, its 
transmissions realize a DFRC system with an OFDM shared 
waveform, as proposed in [17].

IEEE 802.11ad is a generic standard for short-range millimeter-
wave (mm-wave) communications operating at 60 GHz. Its 
large bandwidth enables higher data rates for communications 
and better accuracy/resolution for radar operation. To avoid 
the usage of data-dependent waveforms, it has been proposed 
that the a priori known IEEE 802.11ad preamble be used for 
radar probing [18]. As the preamble now affects radar per-
formance, the work [36] studied the design of radar-suitable 
preamble sequences. In such mm-wave communications, highly 

For an orthogonal frequency-division multiplexing (OFDM) 
waveform radar with N subcarriers, the transmit signal at 
the mth pulse is
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OFDM radar processing is based on matched filtering [S1]. 
Its performance is determined by the complex weights, 
which can be optimally designed according to some 
requirements, e.g., the maximum peak-to-average ratio of 
the transmit signal [26] or the Cramér–Rao bound [27].
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directional beams are used. Once the communications data 
link is established, radar can only reliably detect targets 
located in the assigned beam direction. Several approaches 
have been proposed to extend the scanning area at the cost of 
power reduction in [36].

The main benefit of protocol-based DFRC designs is that 
they implement radar with minimal effect on the communica-
tions functionality. As such, their radar capabilities are quite 
limited. The radar coverage area is restricted by the direction-
ally beamformed mm-wave transmission. In addition to its 
restricted coverage area, the scheme has a relatively low radar 
duty cycle as only the preamble is utilized for probing, limiting 
its detection range in vehicular systems operating under peak 
power constraints.

To conclude, communications waveform-based DFRC 
approaches, and particularly those using shared OFDM sig-
naling, enable the transmission of high data rates by utiliz-
ing conventional digital communications schemes. The fact 
that OFDM is widely studied for both radar and communica-
tions makes it an attractive DFRC design. In the context of 
 autonomous vehicles, several drawbacks must be accounted 
for: first, to radiate enough power on the target, radar wave-
forms are typically beamformed to be directional. The com-
munications receivers should, thus, be located in the radar 
beam to observe high signal-to-noise ratios. Such transmis-
sions may, thus, be more suitable to serve as a secondary com-
munications channel in addition to a possible cellular-based 
V2X technology, which can communicate with the receivers 
in the omnidirection. Similarly, protocol-oriented schemes, 
which utilize standard communications transmission while 
exploiting its structure for probing, are more likely to pro-
vide additional sensing capabilities to a dedicated automo-

tive radar. Finally, relatively costly hardware components are 
required for generating wideband waveforms and sampling 
their reflections. Despite these drawbacks, sensing using 
communications waveforms is considered to be a promising 
DFRC approach for autonomous vehicles [1].

Radar waveform-based techniques
DFRC systems can also be designed by embedding the com-
munication message in conventional radar waveforms, as il-
lustrated in Figure 2(d). These techniques are divided into two 
categories: the first approach modifies the radar waveform to 
incorporate digital modulations; the second method utilizes 
index modulation (IM), conveying data bits via the indices of 
certain radar parameters.

Modified radar waveforms
A possible approach to embed digital communications into an 
existing radar system is to modify the waveform to include mod-
ulated symbols. For example, the traditional FMCW (see “Fre-
quency-Modulated Continuous-Wave Radar”) can be  modified 
to include phase-modulated symbols by replacing the mth pulse 

( ),s tm  defined in “Frequency-Modulated Continuous-Wave 
Radar,” with ( ) ,s t em

j mz  where mz  encapsulates the informa-
tion message in the form of, e.g., continuous phase modulation 
as proposed in [37]. Alternatively, the linear frequency of the 
pulse can convey information via frequency modulation [39], 
for example, by using a positive frequency modulation rate c  to 
transmit the bit one and a negative value for zero. While these 
schemes are typically power efficient [9] and have low complex-
ity, their communication rate is very limited.

Higher communication rates can be obtained by utilizing 
multiple orthogonal waveforms and beamforming. Assume J 

Multiple-input, multiple-output (MIMO) radar uses multiple trans-
mit and receive antennas. By transmitting orthogonal wave-
forms from each antenna, one can generate a virtual array 
with larger aperture, increasing the angular resolution with-
out requiring additional hardware elements. While MIMO 
radar can also be combined with nonorthogonal waveforms, 
we focus on such systems transmitting orthogonal wave-
forms, which is the common practice in MIMO radar [34].

To formulate MIMO radar transmission, let LT and LR be 
the numbers of transmit and receive antenna elements, 
respectively. The adjacent distances of the transmit  
antenna and the receive antenna are dT and dR, respec-
tively. A common practice is to set .d L dT R R=  We use 

, , ,s t s t s t s tL
T

1 2 Tg=^ ^ ^ ^h h h h6 @  for the transmit waveforms, 
which are orthogonal, namely, ( ) ,( ) ( )ts s dt l lty l l d= -) ll  
where ·d^ h is the Kronecker delta. For simplicity, we con-
sider a single pulse and targets associated with a particu-
lar range and Doppler bin. The received signal is

 ( ) ( ) ( ) ( ) ( ),y a s b wt t tp
p

P
T

p p
1
a i i= +

=

/  (S4)

where ( ) : [ , , , ]a e e1 / ( ) /sin sinj f d c j f L d c T2 2 1c T c T Tfi = r i r i-  is the trans-
mit steering vector, ( ) : [ , , , ]b e e1 / /sin sinj f d c j f L d c T2 2 1c R c R Rfi = r i r i-^ h   
is the receive steering vector in direction ,i  and w t^ h is 
white Gaussian noise. Applying matched filtering and 
vectorization yields

 ( ) ( ) ( ) ( ) ,y y s a b wt t dtvec H
p

p

P

p p
1

7a i i= = +
=

u u` j /#  (S5)

where vec ·^ h  is the vectorization operator, :w =u  
( ) ( )),w sy t tvec( H  and 7  is the Kronecker product. Since 

( ) ( ) [ , , , ]a b e e1 / /sin sin
p p

j f d c j f L L d c T2 2 1c R p c T R R p7 fi i = r i r i-^ h  it 
holds that MIMO radar achieves an equivalent angle res-
olution of a phased array radar with L LT R  receive anten-
nas in this configuration, effectively enhancing the 
angular resolution by a factor of .LT

Multiple-Input, Multiple-Output Radar
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orthogonal waveforms ( )s tj j
J

1=" ,  are simultaneously transmit-
ted from an antenna array, and let u j j

J
1=" ,  be the correspond-

ing beamforming vectors. The transmit signal is expressed 
as /( ) ( ) .s ut tsJ

j j j1= =  In the communications receiver, the 
received signal is ( ) ( ) ( ),g st t ty w( ) ( )c

c
T c= +  where gc  and 

( )tw( )c  are the channel response and additive noise, respective-
ly. By applying matched filtering with the orthogonal wave-
forms, the receiver obtains the vector , , , ,y y y y( ) ( ) ( ) ( )c c c

J
c T

1 2 f= 6 @  
where ( ) .g uy w t( ) ( )

j
c

c
T

j j
c

= +  The communication data bits can 
be conveyed by modulating the amplitude [7] or phase [8] of 

.g uc
T

j  Although the communication rates are improved by 
transmitting multiple waveforms, the system complexity is also 
increased, and the transmitter must have a priori knowledge of 
the communications channel .gc  Furthermore, it is difficult to 
guarantee that the envelope of the transmit signal is constant 
modulus, which may reduce power efficiency in transmission.

IM-based techniques
IM is a promising communications technique, gaining grow-
ing interest due to its high energy and spectral efficiency [40]. 
Instead of using conventional modulations, IM embeds data 
bits into the indices of certain transmission building blocks 
[40]. These building blocks, including spatial allocation and 
frequency division, are also important waveform parameters 
for radar. IM-based DFRC techniques, thus, embed the digi-
tal message into the combination of radar waveform param-
eters. The term index represents the radar parameters, such as 
carrier frequency, time slot, antenna allocation, or orthogonal 
waveforms in MIMO radar with orthogonal waveforms. Con-
sequently, such DFRC systems use unmodified conventional 
radar schemes, and the ability to communicate is encapsu-
lated in the parameters of the transmission. While IM-based 

DFRC schemes are the focus of ongoing research, existing 
methods typically build upon either MIMO radar or frequen-
cy agile radar (FAR) schemes. While MIMO radar can, in 
general, utilize orthogonal or nonorthogonal waveforms, we 
henceforth use the term MIMO radar for such schemes utiliz-
ing orthogonal waveforms, which is the typical approach in 
MIMO radar [35].

IM for MIMO radar
The work [40] proposed to combine MIMO radar with IM by 
embedding the bits in the assignment of the orthogonal wave-
forms across the transmit antennas. For a MIMO radar with 
LT  transmitting antennas, there are !LT  possible arrange-
ments in each pulse repetition interval (PRI), supporting a 
maximal rate of !log LT  bits per PRI. In [41], this approach was 
extended to sparse array MIMO radar configurations, where 
only K out of LT  transmit elements are active in each PRI. As 
a consequence, it requires only K transmit orthogonal wave-
forms, represented (with a slight notation abuse) by the vector 

( ), ( ), , ( )( ) .s t t ts s st K
T

1 2 f= 6 @  The transmitted L 1T #  vector 
,( )s m tu  in the mth PRI is a permutation of ( ),s t  i.e., it is given 

by ( , ) ( ) ( ),s sm t m tT T
MX K=u  where ( )mK  is a K K#  permuta-

tion matrix, and ( ) ,m 0 1 K L
M

T!X #" ,  is the antenna selection 
matrix, which has a single nonzero entry in each row. When 
the channel is memoryless, the signal received at the commu-
nications receiver is

 ,( , ) ( ) ( , ) ( , )g sy wm t m m t m t( )( )
c
T cc = +u  (4)

where gc  is the L 1T #  channel vector, and ( , ),w m t( )c  is the ad-
ditive noise. After matched filtering with the orthogonal wave-
forms, the obtained vector can be written as

A promising approach to tackle mutual interference between 
radars is to utilize frequency agile radar (FAR) [S2]. Here, a 
subband waveform (of a much narrower bandwidth com-
pared to the available band) is transmitted in each cycle, 
and its central frequency varies randomly from cycle to 
cycle. These random variations reduce the spectral collision 
probability from neighboring radars.

To formulate the signal model, we use ( ) uf n f n1F c T= + - ="  
, , ,N1 2 f , to denote the carrier frequency set, where fT  

is the carrier spacing. During the mth transmit pulse, the 
transmitted signal is ( ) ,ts em

j f t2 m= r where fm  is randomly 
chosen from .F  After demodulation, the signal observed at 
the l th receive antenna can be expressed using the nota-
tions of (S1) as

( ) ( ).t ty e w,
sin

m l p
p

P
j f c

r
j f c

v m T
j f c

ld
l

1

2
2

2
2 1

2m
p

m
p

m
pPRI

a= +r r r
i

=

- -
-

+
^ h

/
 (S6)

Using matched filtering, FAR can synthesize a large 
bandwidth and enables the generation of high range 
 resolution profiles. However, the random changing of 
carrier frequency leads to a high sidelobe level, which 
affects the detection of weak targets. To mitigate the 
sidelobe problem, compressed sensing methods can 
be applied for range–Doppler processing [S3], while 
recovery guarantees for such methods are provid-
ed in  [S4] under sparse and block-sparse target 
scenes, respectively.
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 ( ) ( , ) ( ) ( ) ( ) ( ) .y s g wm y t m t m m mdt( ) ( )c c
cMK X= = +#  (5)

The communication message can be embedded in ( )m #K  
( )mMX  in (5), i.e., the product of the permutation matrix 

and selection matrix. As there are K
LT` j kinds of antenna 

selection patterns and !K  kinds of waveform permuta-
tions, up to !log log K

K
LT

2 2+` j  bits can be encapsulated in 
each PRI.

IM via FAR
FAR (see “Frequency Agile Radar”) is a radar scheme design -
ed for congested environments. The carrier frequencies of 
FAR change randomly from pulse to pulse, allowing the 
achievement of an ergodic wideband coverage, while utiliz-
ing narrowband waveforms and enabling the mitigation of 
interference from neighboring radars. The work [42] pro-
posed a DFRC system that embeds a digital message into the 
permutation of the agile carrier frequencies. For a carrier set 
with N different carrier frequencies, there are !N  different 
carrier frequency permutations that can be utilized for infor-
mation embedding.

In [15] and [16], a DFRC system is proposed based on mul-
ticarrier agile waveforms and IM. Unlike traditional FAR, 
here, multiple carriers are simultaneously sent from several 
subarrays of transmit antennas. For a DFRC system with LT  
transmit antenna elements and a possible carrier frequency set 
F  of cardinality N, the corresponding information embed-
ding consists of two stages: in the mth pulse, K N1  carriers, 
denoted by the set , , ,f f, ,m m K1 f" ,  are first selected from .F  
Then, the antenna array is divided into K subarrays, where each 
subarray has /L L KK T=  elements. The transmitted  signal of 
the multicarrier frequency agile DFRC system in the mth PRI 
is expressed as

, ,( , )( , ) (us f
T

t mT
em km t rect),

( )

k

K

m k
p

p j f t mT

1

2
F

,m k piX=
- r

=

-u c m/
 (6)

where i  is the beamsteered direction; ,( )u f ,m ki  is the radar 
beamforming vector for the kth carrier with frequency ;f ,m k  
and ( , )m kFX  is the selection matrix, which determines the 
transmit antennas of carrier with frequency .f ,m k  The commu-
nication message is embedded into the antenna allocation pat-
tern as well as the selection of carrier frequencies. The num-
ber of antenna allocation patterns is /( ) ,! !L LT

K
K  and there 

are 
K
N` j possible combinations of carrier selections. Hence, 

the total number of transmission patterns that can be used for 
information embedding is /( )! ! .

K
N L LT K

K$` j  An illustration 
of this scheme as well as a hardware prototype designed in 
[14] to demonstrate its feasibility are shown in Figure 3.

Since IM-based DFRC systems utilize conventional radar 
waveforms, radar detection is carried out using standard 
methods. For example, FAR detection is based on matched fil-
tering followed by compressed sensing recovery [43]. Symbol 
detection at the communications receiver can be realized using 
the maximum likelihood rule or, alternatively, via a reduced 
complexity IM detector; see, e.g., [15].

The main advantage of radar waveforms-based DFRC 
methods is that they provide the ability to communicate with 
minimal degradation to the performance of the radar scheme 
from which the technique originates. For example, the radar 
performance of MIMO radar as well as FAR combined with 
IM are roughly equivalent to their radar-only counterparts 
[16], respectively. In particular, FAR is attractive for automo-
tive radar due to its inherent applicability in congested setups 
and compliance with simplified hardware. Nonetheless, the 
communications functionality of radar waveform-based DFRC 
systems is relatively limited in throughput and typically results 
in increased decoding complexity, making it more suitable 
to serve as an alternative channel in addition to existing, e.g., 
cellular-based, vehicular communications, rather than replac-
ing the latter.

Joint waveform design
The approaches detailed so far are all based on traditional 
radar and/or communications signaling. A DFRC system is 
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FIGURE 3. (a) An illustration of IM-FAR [16]. The array consists of L 2T =  elements, divided into K 2=  subarrays of L 2K =  elements. The carrier set is 
, , , .f f f fF 1 2 3 4= " ,  The mapping rule represents the codebook. (b) A hardware prototype implementing IM-FAR [14] equipped with 16 antenna elements. 

Rx: receiver; Tx: transmitter.
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then obtained by either designing the conventional waveforms 
to coexist, as detailed in the “Separate Coordinated Signals” 
section, or alternatively, by using only one standard waveform 
while extending it to be dual functional. Using traditional sig-
naling techniques has clear advantages due to their established 
performance and applicability with existing hardware devices. 
Nonetheless, the fact that these waveforms were not originally 
designed for DFRC scenarios implies that one can achieve im-
provement by deriving dedicated dual-function waveforms, as 
illustrated in Figure 2(c).

Dedicated joint waveforms, which do not originate from 
conventional radar/communications signaling, are designed 
according to a dual-function objective, which accounts for the 
performance of both radar and communications [10]–[12]. 
Here, the transmitted joint signal is denoted by the L JT #  
matrix X, where J is the block length. We focus on a multiuser 
scenario with LU  single antenna receivers. The signal received 
at the receivers and at the radar target with direction i  can be 
expressed as

 , ,( )Y HUX W y a UXand( ) ( )( ) Tc rc i= + =i  (7)

where H is an L LU T#  channel matrix, U is the joint beam-
former, and W ( )c  is the additive noise term.

Using (8), one can design the joint waveform X to approach 
some desired observations at the communications receivers 
as well as the radar target, as proposed in [10]. A possible 
 drawback is that the signals received in other directions are 
not constrained, and, thus, the radar transmit beampattern may 
have a high sidelobe level outside the main lobe. This can be 
overcome by restricting the radar beampattern [11], [12], which 
is, in turn, achieved by constraining the signal covariance. In 
particular, [11] considered X to be a communications signal and 
optimized the joint precoding to approach a predefined beam-
pattern while meeting a minimal SINR level at each receiver. 
The work [12] designed the joint waveform X to minimize the 
multiuser interference under specific radar constraints, such as 

omnidirectional or directional beampatterns, constant modu-
lus designs, and waveform similarity.

Dual-function waveforms specifically designed for DFRC 
offer the ability to balance radar and communications in a con-
trollable manner. Furthermore, using joint optimization, with-
out being restricted to conventional waveforms, can potentially 
yield any achievable performance tradeoff between radar and 
communications. Despite these clear theoretical benefits, their 
application in an automotive DFRC system is currently still 
limited due to practical considerations. For example, current 
joint waveform designs involve solving a relatively complex 
optimization problem, which depends on prior channel knowl-
edge. In fast-moving vehicles, accurate instantaneous channel 
knowledge is difficult to obtain, and even when it is available, 
the optimization process must be frequently repeated, inducing 
increased computational burden.

Discussion
The DFRC methods surveyed here vary significantly in their 
characteristics, such as radar performance, communication 
throughput, complexity, and hardware requirements. Although 
several efforts have been made in the literature to characterize 
the achievable radar-communications tradeoff in DFRC sys-
tems [4, Ch. 6], to date, there is no unified joint measure that 
allows the rigorous evaluation of different schemes.

To demonstrate the challenge in comparing DFRC methods, 
we numerically evaluate two promising schemes: OFDM wave-
forms, which utilize communications signaling for radar prob-
ing, and the radar-based IM via the FAR method. In particular, 
we consider a single-antenna automotive radar in the 24-GHz 
band divided into 1,024 bins, using the same configuration 
as in [9]. OFDM utilizes the complete frequency band, while 
IM-FAR uses a single subcarrier at each instance, embed-
ding the message in its selected index, i.e., a total of log2 1,024 = 
10 bits/symbol. To guarantee that both methods operate with 
the same data rate, we group the OFDM subcarriers into 10 
distinct blocks and assign a binary phase shift keying symbol 
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to each block. Both schemes use the same pulsewidth, PRI, and 
power, attempting to recover a point target with range 10 m and 
relative velocity 5 m/s, while communicating over a Rayleigh 
flat fading channel.

The resulting normalized mean-square error (MSE) in 
target range recovery as well as the communications bit error 
rate are depicted in Figure 4. Observing Figure 4, we note that 
OFDM achieves improved communications performance over 
IM-FAR, while their radar performance is relatively similar. 
The results in Figure 4, which are in favor of OFDM-based 
DFRC systems, are relevant for interference-free scenarios, 
where a single DFRC system probes the environment. In dense 
scenarios with multiple interfering devices, which model auto-
motive systems in urban settings, FAR is expected to be more 
capable of mitigating the mutual interference due to its random 
spectral sparsity [16].

Due to the difficulty in comparing DFRC schemes, we sche-
matically evaluate their radar versus communications perfor-
mance tradeoff in Figure 5. Separate coordinated transmission 
methods, which utilize individual signals for each functional-
ity, support a broad range of possible performance combina-
tions, determined by how the system resources are allocated 
between the functionalities. In particular, beamforming tech-
niques, which require a priori channel knowledge, allow the 
signals to utilize the full bandwidth and operation time and, 
thus, have the potential to achieve improved performance com-
pared to time–frequency division strategies. Nonetheless, in 
the presence of multiple scatterers and communications receiv-
ers, which is the case in vehicular applications, obtaining accu-
rate channel knowledge and mitigating mutual interference by 
beamforming may be infeasible, while spectral division can be 
applied with controllable complexity, regardless of the number 
of receivers and their physical location.

Communications waveform-based approaches, particular-
ly when using OFDM transmission, support high data rates by 
utilizing conventional digital commu-
nications signals. Specifical  ly, OFDM 
is a digital communications scheme 
that has some of the characteristics of 
good radar waveforms. In the context 
of autonomous vehicles, a major limita-
tion of this approach is that, since a sin-
gle directed beam is used, the receiver 
should be located in the radar search 
area. Furthermore, OFDM transmission 
requires relatively costly hardware, and 
its radar capabilities are degraded when 
utilized by a moving vehicle.

Protocol-oriented approaches, which 
represent an extreme case of using a 
communications waveform for radar 
probing, offer the ability to utilize exist-
ing vehicular communications proto-
cols for sensing. They provide minimal 
communications degradation with lim-
ited radar capabilities. As such, these 

methods can be considered as an additional sensing technol-
ogy, which should not replace dedicated automotive radar.

Radar waveform-based schemes, especially IM-based DFRC 
systems, can be naturally integrated into automotive radar sys-
tems with minimal effect on their performance. While MIMO 
radar implementing instantaneous wideband waveforms offers 
improved radar performance over frequency agile waveforms, 
the latter may be preferable for vehicular applications due to 
their robustness to congested environments and reduced com-
plexity. Nonetheless, the limited bit rates of IM and its asso-
ciated decoding complexity make such DFRC schemes more 
suitable to provide an additional communications channel, 
independent of the cellular network. The usage of such chan-
nels for safety and emergency messages can be valuable in 
autonomous vehicles, increasing the probability of their suc-
cessful transmission.

Joint waveform design techniques optimize a dual-function 
waveform in light of a combined constraint on each func-
tionality. This joint approach has the potential of achieving 
any given tradeoff between radar and communications per-
formances. Nonetheless, being a relatively new field of study, 
current dual-function designs may not be suitable for automo-
tive applications. In particular, current designs require instan-
taneous channel knowledge, limiting their application for 
self-driving vehicles.

To conclude, there is no single DFRC method that is suit-
able for all scenarios and requirements encountered in auton-
omous vehicle applications. Understanding the advantages 
and disadvantages of each approach will allow engineers to 
properly select the technologies incorporated into future self-
driving cars.

Conclusions and future challenges
Autonomous vehicles implement wireless communications as 
well as automotive radar, which both require the transmission 
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and reception of electromagnetic signals. Jointly designing 
these functionalities as a DFRC system provides potential gains 
in performance, size, cost, power consumption, and robustness, 
making it an attractive approach for autonomous vehicles. In 
this survey, we reviewed state-of-the-art DFRC designs, focus-
ing on their application for autonomous vehicles. To that aim, 
we first reviewed the basics of automotive radars. Then, we 
mapped existing DFRC strategies, proposing their division into 
four main categories: coexistence schemes, which utilize in-
dependent waveforms for each functionality; communications 
waveform-based approaches, where conventional communica-
tions signals are used for radar probing; radar waveform-based 
schemes, which embed the digital message into standard radar 
technologies; and joint waveform design approaches, which 
achieve the DFRC system by deriving dedicated dual-function 
waveforms. The pros and cons of each category were analyzed 
according to the radar and communications requirements in 
vehicular scenarios. While we conclude that no single DFRC 
scheme is suitable for all of the scenarios in self-driving, our 
analysis can significantly facilitate the design of sensing and 
communications technologies for future autonomous vehicles.

While joint radar-communications designs have been stud  ied 
for over a decade, they still give rise to a  multitude of unexplored 
research directions, particularly in the context of autonomous 
vehicles. On the theoretical side, the lack of a unified perfor-
mance measure makes it difficult to compare approaches, and 
one must resort to heuristic arguments, as was done in this 
article. Such an analysis will also uncover the fundamental 
limits of DFRC designs, characterizing their optimal gain over 
well-studied separate systems. From an algorithmic perspective, 
the utilization of joint nonstandard radar and communications 
waveforms, utilized in some of the aforementioned strategies, 
can be facilitated by the development of dedicated recovery and 
decoding algorithms.

For conventional waveforms, such as OFDM signals, effi-
cient allocation of resources to optimize both functionalities 
is a relatively fresh area of study. Additionally, the presence of 
multiple sensing vehicular technologies, such as vision-based 
sensing and lidar, along with the ability to communicate with 
neighboring devices that also sense their environment, give 
rise to potential improved understanding of the surroundings 
by properly combining these technologies. Finally, on the prac-
tical side, future investigations are required to implement these 
strategies in vehicular platforms and test their performance in 
real road environments. Such combined studies should allow 
us to characterize the benefits and limitations of DFRC sys-
tems for self-driving cars, allowing their theoretical potential 
to be translated into performance gains in this emerging and 
exciting technology.
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