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Abstract

Joint communication and sensing (JCAS) has emerged as an important piece of tech-
nology that will radically change ordinary wireless communication and radar sys-
tems. This research area, which has significantly grown over the last decade, aims to
develop integrated systems that can provide both communication and sensing/radar
functionalities simultaneously. The convergence of both systems into the same joint
platform facilitates a more efficient use of the hardware and spectrum resources, en-
abling new civilian and professional applications.

This thesis focuses on the integration of JCAS functionalities into mobile cellu-
lar networks, such as fifth-generation new radio (5G NR) and sixth generation (6G)
communication systems, which are developing toward higher frequency ranges at
millimeter-wave (mm-wave) bands, coming with wider bandwidths, and have mas-
sive antenna arrays, providing a great framework to develop sensing functionalities.
By implementing JCAS, the different nodes of the cellular network, such as the base
station and user equipment, can sense and reconstruct their surroundings. However,
the JCAS operation yields multiple design challenges that need to be addressed. To
this end, this thesis aims to develop novel algorithms in two relevant research ar-
eas that comprise self-interference (SI) cancellation and beamforming optimization
techniques for JCAS systems.

This work analyzes the potential sensing performance of mobile cellular net-
works, proposing a joint framework and identifying the main radar processing tech-
niques to support JCAS. The fundamental SI challenge stemming from the simulta-
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neous operation of the transmitter and receiver is investigated, and different JCAS
cancellation techniques are proposed. The performance and feasibility of the pro-
posed JCAS system is evaluated through simulation and measurement experiments
at different frequency bands and scenarios, identifying mm-wave frequencies as the
key enabler for future JCAS systems.

Alternative antenna architectures and beamforming methods for mm-wave JCAS
platforms are proposed by considering both communication and sensing require-
ments. Specifically, this thesis proposes novel beamforming methods that provide
multiple beams, supporting efficient beamformed communications while an addi-
tional beam senses the environment simultaneously. In addition, the proposed beam-
forming algorithms address the SI challenge by implementing an efficient spatial sup-
pression scheme to suppress the direct transmitter–receiver coupling.
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1
Introduction

1.1 Background and Motivation

Many emerging wireless communication technologies require higher and higher ca-
pacity and bandwidth; in addition, the importance of various radio-based sensing
schemes is also continuously increasing in commercial, industrial, and military fields
[23, 62, 81]. Radio-based sensing technologies, such as radar, facilitate the detec-
tion and recognition of the environment by using electromagnetic waves. Although
classically radio communications and radio-based sensing systems are designed, de-
veloped, and deployed completely independently of each other, the congestion of
the available radio spectrum has started to raise interest in merging these function-
alities into joint communication and sensing (JCAS) systems that share the same
frequency bands and, potentially, the same hardware platforms. The integration of
these radio systems is commonly referred to as radio frequency (RF) convergence
[81]. Researchers have been increasing interested in JCAS technology for its diverse
types of applications such as autonomous vehicles, digital health monitoring, and
building analytics, among others [18, 42, 74, 78, 114].

The current thesis mainly focuses on the integration of JCAS functionalities into
mobile cellular networks, more concretely on the fifth-generation new radio (5G
NR) and the sixth generation (6G) communication systems, which are developing
toward higher frequency ranges at millimeter-wave (mm-wave) bands, wider band-
widths, and massive antenna arrays. Specifically, the present thesis considers a JCAS
design strategy allowing wireless cellular networks to continue operating with min-
imal changes to the communication framework.
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1.2. Objectives and Scope of the Thesis

From the communications and sensing perspectives, the transition to the mm-
wave frequency bands exhibits great opportunities and benefits [23, 78]. The wider
bandwidths used at mm-waves provide high data rates for communications, while
allowing for accurately resolving the delays of the different multipath components,
hence improving the sensing range estimation. In addition, these higher frequency
ranges allow the implementation of highly directive antenna arrays, which improves
the angular observation capabilities and compensating for the large propagation losses.
Finally, the propagation characteristics at mm-waves, with their limited diffraction
and scattering, facilitate the sensing operation [38]. However, incorporating sens-
ing capabilities into wireless communication networks also involves fundamental
operation challenges. In particular, in JCAS systems, the transmitter and receiver
operate simultaneously, producing a harmful self-interference (SI) signal that needs
to be suppressed for a correct system operation.

1.2 Objectives and Scope of the Thesis

The ultimate objective of the present thesis is to investigate the integration of sens-
ing capabilities into mobile communication networks, addressing the main design
challenges stemming from JCAS operation. To this end, the current thesis aims to
develop novel algorithms in two relevant research areas: SI cancellation and beam-
forming optimization techniques for JCAS systems. Efficient SI cancellation tech-
niques are required to enable simultaneous transmit-and-receive (STAR) capabilities,
which allow for sensing the environment while simultaneously implementing com-
munication links. In addition, the emergence of massive antenna arrays demands
novel beamforming strategies that efficiently support both communication and sens-
ing functionalities. Consequently, the main scope of the thesis is divided into the
following four research questions, which identify the fundamental contributions of
the presented publications:

• Which fundamental changes are required to incorporate sensing capabilities into
mobile communication networks? Enabling STAR operation and designing
novel beamforming algorithms are the main challenging modifications for im-
plementing JCAS functionalities into mobile communication networks. The
current thesis specifically investigates SI cancellation techniques for single an-
tenna configurations and for antenna array architectures at both sub-6 GHz
and mm-wave frequencies.
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1.3. Thesis Contributions and Structure

• What is the potential sensing performance of JCAS mobile communication net-
works? One of the main objectives is to analyze the potential sensing per-
formance of current mobile communication networks, here with a particular
focus on 5G NR systems, through extensive computer simulations and actual
RF measurements.

• What kind of antenna architecture and beamforming solutions are required to
support more efficient JCAS operation? In line with the first research ques-
tion, analog and hybrid array architectures are analyzed, proposing alterna-
tive beamforming solutions depending on their requirements. Moreover, the
thesis focuses on developing efficient beamforming solutions that simultane-
ously implement spatial SI cancellation techniques to enable STAR operation
at mm-wave frequencies.

• What kind of new applications will JCAS mobile communication networks en-
able? The proposed JCAS framework is tested in realistic sensing scenarios, in
both indoor and outdoor environments. Specifically, indoor mapping using
the uplink signals of the 5G NR network is identified as one of the main new
applications.

1.3 Thesis Contributions and Structure

The current thesis is organized in two main blocks, each of them compiling the main
contributions of the publications of this thesis, as conceptually shown in Fig. 1.1. In
short, the main contributions and structure of the thesis are the following:

Chapter 2 summarizes the essential principles and concepts on JCAS technology
that are the basis of the following contributing chapters. In addition, the system
models and OFDM-based radar processing used in the following chapters are intro-
duced. The technical contributions of the thesis are then presented in Chapters 3-4,
and the thesis concludes with Chapter 5.

Chapter 3 supports the studies presented in publications [P1], [P2], [P3], and
[P4]. The main emphasis of these publications was on analyzing the potential sens-
ing performance of long-term evolution (LTE) and 5G NR networks by considering
standard radar metrics. Specifically, [P1] and [P2] focus on sub-6 GHz systems,
providing a comprehensive numerical study that is followed by RF measurement

3
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1.4. Author’s Contributions to the Publications

experiments that demonstrate the actual performance of the proposed framework.
The SI challenge in JCAS systems is addressed in [P2], which describes cancellation
solutions in both the RF analog and digital domains. In addition, a similar analysis at
mm-wave frequencies is presented in [P3]. Moreover, [P4] focuses on environment
sensing and mapping for JCAS systems. Specifically, this publication investigates the
indoor mapping capabilities of the user equipment on 5G NR networks. In [P4], the
performance of the proposed mapping algorithms is demonstrated with actual RF
measurements at mm-wave frequencies. Note that these measurements are available
at a permanent open repository in [8, 9].

Chapter 4 summarizes the main contributions of publications [P5], [P6], [P7],
and [P8] on beamforming design and optimization for mm-wave JCAS systems. In
[P5], [P6], and [P8], novel beamforming techniques for analog array architectures
are proposed. In particular, [P5] investigates a beamforming design and optimiza-
tion approach that provides multiple simultaneous beams to support communica-
tions while an additional beam senses the environment. The same beamforming
concept for analog array architectures is extended in [P6] and [P8] to implement
an effective SI cancellation scheme that suppresses the SI, enabling STAR operation.
Similar beamforming and SI cancellation schemes are investigated for hybrid analog–
digital architectures in [P7] and [P8].

Similar to [P9], Chapter 5 provides a summary of the different contributions of
the thesis and concludes the document, identifying challenges for future work and
research.

1.4 Author’s Contributions to the Publications

The thesis comprises a total of two journals [P2], [P8], one magazine article [P9],
and six conference papers [P1], [P3], [P4], [P5], [P6], and [P7]. The author of
the current thesis (later: the Author) is the main contributor to the majority of the
publications. However, in most of these publications, the Author collaborated with
different researchers, so the most relevant contributions of the Author and coauthors
in each publication are presented bellow.

In general, Prof. Mikko Valkama and D.Sc. Taneli Riihonen, supervisor and co-
supervisor of the Author, have contributed to all the publications [P1]–[P9] by shar-
ing their ideas and knowledge during the research and writing phases. The Author
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1.4. Author’s Contributions to the Publications

focused on the signal processing implementation, simulation analysis, and measure-
ment campaigns of the proposed OFDM radar for 5G NR waveforms in [P1], [P2],
[P3], and [P4]. M.Sc. Matias Turunen focused on the measurement setup imple-
mentation of [P2], [P3], and [P4]. In [P3], D.Sc. Lauri Anttila contributed to the
numerical analysis of the SI challenge.

In [P5], [P6], [P7], and [P8], the Author proposed alternative beamforming
optimization methods for JCAS systems, performing the corresponding research,
simulations, analysis, and writing. D.Sc. Taneli Riihonen inspired the SI cancella-
tion scheme proposed in [P6], [P7], and [P8] based on his article [88]. Publica-
tions [P6], [P7] and [P9] were written in cooperation with M.Sc. Sahan Damith
Liyanaarachchi, who is the main author in [P7]. During this collaboration, M.Sc. Sa-
han Damith Liyanaarachchi focused on the OFDM-based waveform optimization in
[P6] and [P9], formulated the system model, and proposed alternative methods to
estimate the radar parameters in [P7]. In addition, publications [P6], [P7], [P8],
and [P9] incorporate realistic antenna array simulations to demonstrate the SI can-
cellation performance which was implemented by D.Sc. Mikko Heino.

In addition, the Author has partially contributed to other publications in topics
related with the thesis [39, 68, 69, 70, 100, 101]. The Author collaborated with
M.Sc. Sahan Damith Liyanaarachchi in implementing the radar simulator and RF
measurements in [68, 69], while also providing the beamforming design considered
in [70]. The Author helped D.Sc. Mikko Heino investigate alternative antenna array
architectures in [39], and to improve the SI cancellation technique proposed in [P6].
Automotive radar measurements based on the measurement setup implemented in
[P3] were carried out to demonstrate the performance of a passive reflector scheme
for blind corner conditions in collaboration with D.Sc. Dmitrii Solomitckii [100,
101].
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2
Joint Communication and Sensing:

Basic Principles and Concepts

Joint communication and sensing, also known as JCAS, has become an important
technology that will radically change ordinary wireless communication and radar
systems. This research area, which has significantly grown in the last decade, aims
to provide more efficient integrated systems that can provide both communication
and sensing/radar functionalities simultaneously [81]. In the literature, this new
research field has been given alternative names, including joint radar and communi-
cation (JRC), integrated sensing and communication (ISAC), and dual-function radar
communication (DFRC), among others [62, 64, 74, 78]. To better understand the
operation principles of JCAS platforms, the basic concepts of separate radar and
wireless communication systems are briefly discussed.

On the one hand, radar detects the position or speed of objects (also known as
targets in the radar literature) by transmitting electromagnetic waves (EM) toward a
region of interest and receiving the reflected waves from the objects of that region
[86]. In fact, radar was traditionally used as an acronym for radio detection and
ranging. Modern radar systems, however, perform more advanced and additional
functions such as target identification, tracking, imaging, and classification.

On the other hand, wireless communications refer to the exchange of information
among two or more points, which is normally referred to as the transmitter (TX)
and receiver (RX), without an electrical conductor [22]. Generally, information is
transmitted from the TX using EM waves that propagate over a channel, for example,
the air, and are collected by the RX device. Typical wireless communication systems
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that can cover links from a few meters up to thousands of kilometers are radio fre-
quency identification, mobile cellular networks, television, satellite communication
and so forth.

From a technical perspective, radar and wireless communication systems share
many synergies that enable the emergence of JCAS technology [62, 81]. Figure 2.1
shows an illustrative example of a JCAS system based on a mobile celullar network.
In this case, a base station (BS) is utilized to provide a communication link with
different user equipment (UE), for example, mobile phones, while simultaneously
sensing its surroundings. The transmitted signals that radiate from the BS to the dif-
ferent UEs will interact with different targets of the environment (buildings, vehi-
cles, humans, etc.), producing reflections that will be collected by the BS. Therefore,
by applying the proper radar processing techniques, the JCAS system will be able
to estimate different targets’ properties, for example, their distances, directions, and
velocities.

This chapter introduces the primary principles and concepts on JCAS technol-
ogy, which form the basis of the following chapters. Section 2.1 provides and overview
of the most significant applications where JCAS systems have been extended, de-
pending on the level of integration between the communication and radar function-
alities. Then, Section 2.2 summarizes the system models and radar processing tech-
niques used in the following chapters. Finally, Section 2.3 identifies the JCAS design
challenges addressed by the publications of the current thesis.

JOINT COMMUNICATION AND SENSING SYSTEM

Transmitter

Receiver

Range

C
ro
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ad

ar
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in
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Targets’ reflections

Transmitted signals

BS

UE

UE
UE

UE

Figure 2.1 Illustration of a mobile cellular network that operates as a JCAS system.
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2.1. Overview of the Field

2.1 Overview of the Field

The integration of radio communications and radio-based sensing systems is com-
monly referred to as RF convergence [18, 23, 35, 42, 62, 74, 78, 81, 83, 105, 114]. We
can categorize different systems depending on the level of integration between the
communication and radar functionalities into four major categories: nonintegrated,
coexistence, cooperation, and codesign architectures [18, 62, 81].

Nonintegrated or isolated methods refer to traditional communication and sens-
ing systems that are designed without any attempt of integration or convergence
[81]. With this approach, different time and frequency resources are allocated for
each system by regulatory agencies. This produces a nonefficient use of the very
limited spectral resources, which has motivated the emergence of more advanced
methods.

Coexistence techniques represent the next step of integration in JCAS systems. In
this case, communication and sensing systems operate within the same framework
by treating each other as interferers [114]. Three main coexistence architectures
have been proposed in the literature which are categorized as spectral overlapping
[24], cognitive radio [58], and functional coexistence [37]. With this method, any
information required to mitigate the interference of the other system is not shared
and needs to be estimated for efficient operation.

In contrast, cooperative architectures allow some exchange of information be-
tween the communication and sensing subsystems, providing more efficient inter-
ference mitigation and, thus, better subsystem performance [81]. In this case, differ-
ent subsystems are no longer treated as interference but as the entities of the same
shared architecture [13, 87]. A good example of cooperative architectures is commu-
nication networks that operate together with passive radars [29].

The final and more advanced level of integration, which is also the general con-
text of the current thesis, is the codesign or joint design approach. With this novel
paradigm, the proposed philosophies to integrate separate communication and sens-
ing systems radically change. In this regime, systems are jointly designed and inte-
grated into more efficient JCAS architectures that can perform both functionalities
using the same hardware and network resources, leading to substantial gains in cost,
size robustness, performance, and power consumption [23, 62, 74, 81, 83]. Figure 2.2
illustrates the most significant and novel applications where JCAS systems have been
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2.1. Overview of the Field

  UAV COMM-SENSING

• mm-wave frequencies required

• Range resolution around 0.1 m 

(Bandwidth 2 GHz)

Comm. beam

Radar beam

Comm-radar beam

Self-interference

Base station 

UAV

  DOWNLINK SENSING

• Sub-6 GHz: 450 MHz to 6 GHz 

Bandwidths up to 100 MHz

• mm-wave: 24.25 GHz to 52.6 GHz 

Bandwidths up to 400 MHz

• Resolution of 1.5 m (sub-6 GHz) 

and 0.4 m (mm-wave)

  DIGITAL HEALTH MONITORING

• Frequency band 60 GHz

• Bandwidths up to 2 GHz

• Range resolution < 0.1 m

• Sub-6 GHz frequencies for 

Doppler detection

  AUTOMOTIVE RADAR

• Europe 24-26 GHz

• Frequency band 76-81 GHz

• Long Range Radar bandwidth: 1 GHz

• Short Range Radar bandwidth: 4 GHz

  INDOOR MAPPING

• Frequency band 60 GHz

• Bandwidth up to 7 GHz

• Range resolution < 0.01 m

  UPLINK SENSING

• mm-wave: 24.25 GHz to 52.6 GHz 

Bandwidths up to 400 MHz

• Resolution of 0.4 m

Figure 2.2 Potential application scenarios of JCAS systems [P9].

extended, including mobile cellular networks, indoor mapping, and vehicular net-
works as some relevant examples [P9]. The main requirements and specifications of
each application are also summarized in this figure.

A prominent application where JCAS technology has been extensively investi-
gated is the automotive industry, especially with the appearance of autonomous and
self-driving vehicles [74]. Autonomous vehicles are equipped with multiple sensing
technologies that facilitate a safe driving experience by avoiding obstacles, selecting
routes, and complying the traffic regulations. Automotive radar sensors, which pro-
vide reliable and robust information despite severe weather and poor visibility condi-
tions, have become a key enabler of this technology [19]. Furthermore, communica-
tion between the self-driving vehicles and the roadside units is also required to share
the information collected by different sensors and facilitate intelligent road manage-
ment. For example, the IEEE 802.11ad-based technology has been investigated as a
possible candidate to integrate long-range radar and vehicle-to-vehicle communica-
tions at the 77 GHz band, exploiting the preamble of a single-carrier waveform [49].
In [100, 101], an automotive radar scheme for blind corner conditions in the context
of mm-wave JCAS is proposed.

Mobile cellular networks, such 5G NR and 6G, which are developing toward
having higher frequency ranges, wider bandwidth and massive antenna arrays, also
represent a major application for JCAS technology [12, 19, 23, 27, 44, 82, 83, 99].
JCAS wireless networks will improve the spectral, cost, and size efficiency but also
exhibit additional advantages because of the harmonized and integrated operation
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2.2. OFDM-based Radar: System Model and Processing

[83]. Communication links can provide better coordination between different nodes
for sensing, while the sensing information can be also beneficial for improving the
communication performance. Different nodes of the mobile cellular network, for
example, the BS and the UE, can be used for different sensing operations by using
the corresponding downlink and uplink signals [83].

Recent studies have raised the idea of using JCAS capabilities for indoor mapping
applications [3, 31, 43]. To this end, a joint system is utilized to sense the environ-
ment as a way to improve the localization and positioning performance, which is
similar to a simultaneous localization and mapping (SLAM) platform.

Autonomous aerial vehicles (UAVs), which are commonly known as drones, are
also a good example where JCAS technology can be positive in many aspects [99].
JCAS technology provides a framework to regulate the operation of commercial and
amateur UAVs, whose number is rapidly increasing during recent years. Specially,
mm-wave frequencies have been chosen as one of the key enablers to efficiently de-
tect, track, and perform communications in UAV networks [6, 33, 59, 107]. Digital
health monitoring, residential security, and building analytics are further good ex-
amples, where JCAS can be beneficial [17, 83, 84].

2.2 OFDM-based Radar: System Model and Processing

The first step toward the integration of communication and sensing capabilities into
shared JCAS platforms is to identify which type of waveforms or signals are suitable
for both functionalities [103]. From a communication perspective, efficient wave-
form design is required to provide better link quality by improving the data and bit
error rates. Recent communication technologies, such as IEEE 802.11a/g/n WLAN
networks, IEEE 802.11p car-to-car systems, LTE, and 5G NR networks have mainly
focused on multicarrier waveforms, which offer a number of advantages compared
with traditional single-carrier techniques [91]. These multicarrier waveforms, which
are often denoted as orthogonal frequency division multiplexing (OFDM), provide
an effective scheme to incorporate multiantenna and multiple access techniques, as
well as highly efficient modulation and coding schemes with equalization structures
against channel frequency selectivity [91].

Radar systems have traditionally used numerous types of waveforms, here de-
pending on the application and required performance. These radar waveforms can
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2.2. OFDM-based Radar: System Model and Processing

be divided into two main categories: continuous wave (CW) and pulsed radars [86].
CW radars, which transmit and receive high-frequency signals continuously to sense
the environment, are normally preferred for short-range applications because of their
low hardware complexity and limited transmitted power. However, with this scheme,
both TX and RX are operating simultaneously, producing a strong and direct SI leak-
age that can potentially saturate and destroy the receiver. In contrast, pulse radars
transmit sequences of short and simple pulses that turn off the transmitter when
the receiver collects the echoes from the environment, hence protecting the receiver
from any harmful SI signal [55]. From a JCAS perspective, both CW and pulsed
radars have been investigated for numerous types of applications [62, 81]. Because of
the JCAS design strategy adopted in the current work, where sensing functionalities
are incorporated into wireless communication systems with minimal changes, CW
radars (especially OFDM-based radars) have been chosen and investigated in [P1],
[P2], [P3], [P4], and [P9]. This type of radar allows the processing of OFDM-
based communication signals for sensing purposes, as will be described shortly in
Section 2.2.1.

Therefore, an important research area has focused on the design of more efficient
waveforms for JCAS [11, 28, 51, 63, 110]. More specifically, three waveform op-
timization strategies, which are referred to as radar-centric, communication-centric
and joint design approaches, have been proposed [11, 78, 114]. In the first case,
the communication information is embedded in the transmit radar waveform; how-
ever, this approach does not support high data rates because the communication
signals must be spread to maintain radar performance [5]. Communication-centric
strategies prioritize the communication performance, providing limited radar per-
formance [95]. To overcome these challenges, a joint design technique has been pro-
posed, which aims to develop more efficient waveforms that consider both commu-
nication and radar requirements simultaneously [56, 57].

Many JCAS works proposed in the literature have identified OFDM waveforms
as the main candidate to integrate JCAS functionalities [15, 25, 45, 67, 69, 70, 77, 80,
96, 97, 98, 102, 103, 104, 106]. However, alternative waveforms, such as frequency-
modulated continuous wave (FMCW) and single carrier (SC), have been also ana-
lyzed in the JCAS context [108]. On the one hand, FMCW provides good properties
for sensing while lacks of flexibility to carry information. On the other hand, SC
waveforms are good candidates for communication purposes while providing limited
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sensing performance. In the radar community, multicarrier waveforms have recently
attracted interest because of their ability to occupy the available spectral resources
and protection potential against possible jammers. The first studies on OFDM-based
radars were introduced in [54], rapidly consolidating multicarrier signals as the main
type of waveform for JCAS as they are excellent to carry communication data and ex-
tract radar information [108]. Therefore, the current work considers OFDM as the
fundamental waveform to integrate sensing into wireless communication networks
as 5G NR and 6G.

2.2.1 Frequency-domain Radar System Model

The considered JCAS system transmits a single OFDM waveform for both commu-
nication and sensing functionalities, here consisting of the parallel stream of single-
carrier signals with orthogonal carrier waveforms, each modulated with different
transmit data [91]. The operation of this JCAS system is conceptually shown in
Fig. 2.1. The transmitted time-domain waveform can be expressed as

x(t ) =
M−1
∑︂

m=0
p(t − mTs)

N−1
∑︂

n=0
xn,m e j 2π fn (t−mTs), (2.1)

where n and m denote the individual subcarrier and OFDM symbol indices within
the total amount of N active subcarriers and M OFDM symbols, respectively. The
complex modulation symbols of the nth subcarrier and mth transmit symbol are
represented by xn,m . A window p(t ) is normally applied to each OFDM symbol.
For the individual subcarriers to be orthogonal, the individual subcarrier frequency
fn of two consecutive subcarriers must keep a fixed spacing, which is denoted as
∆ f . Furthermore, the total OFDM symbol duration Ts = 1/∆ f +Tcp is composed
of the elementary symbol duration 1/∆ f and the cyclic prefix (CP) duration Tcp,
which mantains the subcarrier orthogonality under a multipath presence [14, 91].
Moreover, the transmission bandwidth allocated for the N active subcarriers with a
spacing of∆ f is given by BW =N∆ f .

The joint transmit waveform (2.1) is propagated over the air and interacts with
multiple targets, producing reflections that will be collected by the JCAS receiver, as
illustrated in Fig. 2.1. Assuming Kt point targets with different distances and relative
velocities, the received time-domain signal containing the target interactions can be
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2.2. OFDM-based Radar: System Model and Processing

expressed as

y(t ) =
Kt
∑︂

k=1

bt,k x(t −τt,k )e
j 2π fD,t,k t + v(t ), (2.2)

where bt,k , τt,k , and fD,t,k model the complex attenuation factor, the delay, and
Doppler shift of the k th point target, respectively. The receiver noise v(t ) is assumed
to be additive, white, and Gaussian. The attenuation factor of each reflection can be
modeled by the radar range equation as in [86]

|︁

|︁

|︁bt,k

|︁

|︁

|︁=

⌜

⃓

⃓

⎷

GTGR(λc)2σt,k

(4π)3 (dt,k )4
, (2.3)

where GT, GR, λc, σt,k , and dt,k denote the TX gain, RX gain, wavelength of the
transmit center frequency, the k th target’s radar cross section (RCS), and distance,
respectively. Specifically, λc = c0/ fc, where c0 is the speed of light and fc is the carrier
center’s frequency.

Based on the two-way propagation of the radar signals and assuming a monostatic
configuration [86] (TX and RX are colocated), the k th target’s delay can be described
based on its distance as [14, 86]

τt,k =
2dt,k

c0
. (2.4)

For simplicity, the presented system model assumes only first-order target interac-
tions, neglecting possible high-order interactions. Similarly, the relative velocity of
the k th target vt,k produces a Doppler shift described as [86]

fD,t,k =
2vt,k

c0
fc. (2.5)

Note that this Doppler shift can assume positive or negative values depending on
the target’s direction with respect to the JCAS system. In the publications of the
current thesis, we assume that positive relative velocities represent moving targets
that are moving toward the JCAS system, while negative velocities are associated
with targets that are receding from the JCAS system. It is important to highlight
that the considered OFDM waveform needs to be carefully designed to avoid possible
interference in multipath scenarios, as discussed in more detail in Section 3.2.

14
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Most of the OFDM-based radar literature normally considers a frequency-domain
processing approach, which allows for a much compact and intuitive description
based on the transmitted and received modulation symbols [15, 25, 67, 69, 70, 77,
80, 98, 102, 103] [P1], [P2], [P3]. Therefore, the frequency-domain received signal
is obtained based on (2.2) by applying the discrete Fourier transform (DFT) as

yn,m =
Kt
∑︂

k=1

bt,k xn,m e− j 2πn∆ f τt,k
⏞ ⏟⏟ ⏞

Delay phase shift

Doppler phase shift
⏟ ⏞⏞ ⏟

e j 2πmTs fD,t,k +vn,m , (2.6)

where vn,m corresponds to the receiver noise sample of the nth subcarrier and mth

OFDM symbol. In general, the propagation delay (2.4) of each target produces dif-
ferent phase shifts for different subcarriers, which can be used to estimate the range
of each target. Similarly, the Doppler shift (2.5) produces different phase shifts for
the different OFDM symbols utilized to estimate the relative velocities of the targets.
Note that the frequency-domain model described in (2.6) assumes constant targets’
delay and Doppler shift during the transmission of the OFDM signal of N active
subcarriers and M OFDM symbols. In general, this is a sensible assumption when
considering typical transmission allocations in the order of milliseconds at typical
indoor and urban scenarios with relative low velocity profiles. In addition, it can be
also noted that complete target tracking systems typically incorporate some type of
sequential filtering to track possible distance or velocity changes.

2.2.2 OFDM-based Radar Processing

The actual radar processing that builds on the frequency-domain transmitted xn,m

and received yn,m modulation symbols can be implemented with two main approaches
[P2]. The classical matched filtering-based approach can be pursued in the frequency-
domain by element-wise multiplication of each received symbol and the complex
conjugate of the corresponding nth and mth transmitted symbol as [67, 69, 86], [P7]

hMF
n,m = yn,m(xn,m)

∗ =
Kt
∑︂

k=1

bt,n,k

|︁

|︁

|︁xn,m

|︁

|︁

|︁

2
e− j 2πn∆ f τt,k e j 2πmTs fD,t,k + vMF

n,m , (2.7)
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where vMF
n,m corresponds to the noise sample of the estimated matched filter chan-

nel hMF
n,m . This approach optimizes the signal-to-noise ratio (SNR); however, the

channel estimates stemming from (2.7) are clearly data dependent and present some
drawbacks related to the range profile sidelobes because of inherent properties of the
OFDM signal [103].

To overcome these challenges, OFDM-based radar processing techniques nor-
mally incorporate an alternative channel estimation-like method to estimate the radar
channel [15, 77, 102, 103], [P1],[P2], [P3], and [P4]. This method estimates the
corresponding channel by removing the effect of the transmit symbol from (2.6) by
element-wise division:

hCH
n,m =

yn,m

xn,m
=

Kt
∑︂

k=1

bt,n,k e− j 2πn∆ f τt,k e j 2πmTs fD,t,k + vCH
n,m , (2.8)

where vCH
n,m denotes the noise sample of the channel estimation-like method. A more

detailed derivation of this OFDM-based radar approach is explained in [14]. How-
ever, this method presents some challenges when dealing with real 5G NR transmit
grids, which normally contain unused subcarriers within the transmit signal pass-
band. To address this problem, an interpolation method to deal with the missing
samples prior to the actual range–velocity estimation is explained in more detail in
Section 3.3.

The range and velocity of the targets can be obtained using a maximum likelihood
estimator (MLE) similar to what is found in [14, 67, 69, 103], [P1],[P2], [P3], and
[P4]. Given a channel estimator hCH

n,m (2.8) of N active subcarriers and M OFDM
symbols, the log-likelihood function can be simplified based on [14] as

L (hCH
n,m , n, m) =R

�M−1
∑︂

m=0

N−1
∑︂

n=0
hCH

n,m e j 2πnτn∆ f e− j 2πmTs fD,m

�

. (2.9)

Based on (2.9), the range–velocity profile can be obtained by implementing the peri-
odrogram [14, 103]. Then, the two-dimensional profile can be described as

rn′,m′ =

|︁

|︁

|︁

|︁

|︁

M ′−1
∑︂

m=0

 

N ′−1
∑︂

n=0
hCH

n,mϖn,m e j 2π nn′
N ′

!

e− j 2π mm′
M ′

|︁

|︁

|︁

|︁

|︁

2

, (2.10)

where the inner inverse fast Fourier transform (IFFT) with N ′ ≥ N yields OFDM
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symbol-wise range profiles, while the outer fast Fourier transform (FFT) with M ′ ≥
M corresponds to the velocity profiles of each subcarrier. The parameters n′ and m′

define the delay/range and Doppler/velocity indices of the obtained range–velocity
profile. In addition, windowing can be applied by including ϖn,m to improve the
sidelobe response of the obtained profiles, as discussed in [14].

The presented periodogram-based approach implements a range–velocity profile
whose delays and Doppler shifts are quantized according to

τn′ =
n′

N ′∆ f
, (2.11)

fD,m′ =
m′∆ f

M ′ , (2.12)

with n′ = 0, . . . ,N ′−1 and m′ = 0, . . . , M ′−1. Note that if N ′ >N or M ′ >M , zero
padding is used to increase the number of supported points of the two-dimensional
periodogram and hence the accuracy at which the delays and velocity of the targets
can be estimated.

The obtained range–velocity profiles are subject to a threshold test to establish
the presence of a target in each quantized delay and Doppler bin accordingly, which
is expressed as

rn′,m′

H0
≶
H1

rth, (2.13)

where H1, H0, and rth denote the alternative hypothesis (presence of a target), the
null hypothesis (absence of a target), and the corresponding detection threshold, re-
spectively. Normally, the detector can be designed based on different requirements,
with the most common one being the constant false-alarm rate (CFAR) detector
[86]. If rn′,m′ > rth, the detector declares the presence of a target (H1 hypothesis),
while if rn′,m′ < rth, no target is detected in that specific bin (H0 hypothesis).

The considered OFDM-based radar processing approach facilitates a separate es-
timation of the targets’ distance and velocity, because these are two orthogonal prob-
lems that can be treated separately. Specifically, a single range profile can be obtained
by coherently combining different range profiles from different OFDM symbols:

rn′ =
1
M

|︁

|︁

|︁

|︁

|︁

M−1
∑︂

m=0

 

N ′−1
∑︂

n=0
hCH

n,mϖn,m e j 2π nn′
N ′

!
|︁

|︁

|︁

|︁

|︁

2

. (2.14)
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2.2.3 Spatial Processing in Radar Systems

The presented radar processing estimates the main targets’ parameters, for example,
the distance and velocity, but a JCAS system can additionally sense the angular or
spatial domain to estimate the direction of the reflected signals. Traditionally, radar
systems concentrated the radiated and received energy or beam into a narrow angular
region by using very directive antennas, such as horns and reflector antennas [86].
Consequently, the different directions of interest can be scanned by mechanically
rotating the TX and RX antennas. Moreover, alternative multiantenna systems to
electrically steer and sense the spatial domain more efficiently are used, which are
known as phased arrays and multiple-input multiple-output (MIMO) radars [38, 52].

Phased arrays have become one of the most commonly used antennas in modern
radar systems because of their performance and flexibility [11, 71, 72, 112]. This ar-
chitecture transmits phased-shifted copies of the same signal from different antenna
elements using a single RF chain providing high reliability, bandwidth, and sidelobe
control. In contrast, MIMO radars transmit independent waveforms from each an-
tenna element, facilitating more degrees of freedom to improve the angular sensing
performance [16, 36, 61, 66, 75]. In the context of JCAS, Chapter 4 investigates the
considered phased array and MIMO solutions, proposing more efficient schemes
that simultaneously consider both the communication and sensing performance.

 

  

 

TX

RX

Target 

channel

Communication 

channel

    

    

     

  

  

    

Figure 2.3 Block diagram of a JCAS multiantenna system, here illustrating the SI channel between TX
and RX antenna ports.
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Consequently, the basic radar system model presented in Section 2.2.1 is extended
to take into account the multiantenna architecture, as described in more detailed in
Chapter 4 according to [P5], [P6], [P7], and [P8]. The proposed multiantenna
JCAS system, as illustrated in Fig 2.3, consists of two uniform linear arrays (ULAs)
of LT and LR antenna elements for TX and RX, respectively. In general, we consider
a MIMO architecture that allows us to transmit and receive U different streams for
communication and sensing purposes simultaneously. Specifically, multiple beams
are provided for communication and sensing by optimization of the effective TX and
RX beamforming matrices WT,n ∈CLT×U and WR,n ∈CLR×U , as will be addressed
in Chapter 4. Assuming a set of U transmit streams, which are denoted as xn ∈CU×1

in vector notation, the radiated signal at the TX antenna elements is given by

x̃n =WT,nxn . (2.15)

Similar to (2.6), the radiated spatial frequency-domain signal (2.15) propagates
over the air and interacts with multiple targets, producing reflections that will be
collected by the radar RX. Assuming Kt point targets, the received spatial frequency-
domain signal at the RX antenna elements is given by

ỹn =
�

AR,n(θt)Ht,n(AT,n(θt))
H +HSI,n

�

⏞ ⏟⏟ ⏞

Hr,n

x̃n + ṽn , (2.16)

where θt = [θt,1, . . . ,θt,Kt
]T denotes the considered targets’ directions. The matrices

AR,n(θt) ∈ CLR×Kt and AT,n(θt) ∈ CLT×Kt are the TX and RX steering matrices at
the target directions θt. The noise vector ṽn ∈ CLR×1 is assumed to be additive,
white, and Gaussian. The effective radar channel (between the TX and RX antenna
elements) is represented by the channel matrix Hr,n ∈ CLR×LT , which models both
the target interactions and SI leakage between TX and RX antennas. Specifically,
the SI coupling challenge for the JCAS system is extensively explained in Chapter 3,
which proposes a novel solution for multiantenna systems in Chapter 4.

The TX–RX coupling is represented by the SI channel matrix HSI,n ∈CLR×LT . In
particular, the elements of {HSI,n}lR,lT

with lR = 1, . . . , LR and lT = 1, . . . , LT model
the coupling channel between the l th

T TX and l th
R RX antenna elements. The target
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interactions are modeled by the frequency-domain channel matrix

Ht,n = diag(ht,n,1, . . . , ht,n,Kt
), with

ht,n,k = bt,n,k e− j 2πn∆ f τt,k , (2.17)

where diag(·) stands for the diagonal matrix and the attenuation factor for each sub-
carrier, bt,n,k , is obtained similar to (2.3).

Assuming that the targets are in the far field [86] and considering a monostatic
operation, the angle of departure (AoD) and angle of arrival (AoA) for each target
are approximately the same, θt,k , as shown in (2.16). For a TX ULA with LT anten-
nas with a separation of dant between elements, the TX array steering vector can be
described as

aT,n(θt,k ) =
�

1, e jΦn (θt,k ), . . . , e j (LT−1)Φn (θt,k )
�T

, (2.18)

where Φn(θt,k ) = 2π dant
λn

sin (θt,k ) is the electrical AoD for the k th reflection and λn

refers to the wavelength of the nth subcarrier. Similarly, the RX array steering vector
and electrical AoA are obtained. Then, the TX and RX steering matrices introduced
in (2.16) are defined as

AT,n(θt) = [aT,n(θt,1), . . . ,aT,n(θt,Kt
)], (2.19)

AR,n(θt) = [aR,n(θt,1), . . . ,aR,n(θt,Kt
)]. (2.20)

Finally, the spatial frequency-domain signal at the RX antenna elements (2.16) is
combined at the RX side as

yn = (WR,n)
H ỹn . (2.21)

The obtained signals at different RX ports can be used for advanced DOA estimation
techniques as multiple signal classification (MUSIC) [70] and estimation of signal
parameters via rotational invariance techniques (ESPRIT) [14].
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2.3 Selected Challenges – Beamforming and

Self-interference

The current thesis identifies two main design challenges when it comes to incor-
porating sensing functionalities into conventional mobile cellular networks, which
comprise novel beamforming and SIC algorithms for JCAS systems. As will be ex-
plained in the following chapters, these two challenges are closely related and can be
addressed simultaneously.

At mm-waves, it is crucial to implement directive antenna patterns to compen-
sate for the severe free-space path losses [112]. From a communication perspective,
directive beams with large gains are required to ensure enough SNR at the com-
munication RX and subsequently implement links with high data rates. On the
sensing/radar side, highly directive beams are even more important to counter the
two-way propagation losses and distinguish the direction of arrival of the incoming
target interactions [86]. Assuming the system model presented in Section 2.2.3, the
frequency-domain received signal can be rewritten as

yn = (WR,n)
H (Hr,nWT,nxn + ṽn). (2.22)

As seen above, this received signal and, subsequently, the JCAS system performance,
directly depend on the selected TX and RX weights WT,n and WR,n , which need to
be optimized to provide the required directive patterns. Traditional JCAS research
has mainly focused on single-beam systems, limiting the sensing and communication
directions to be the same. To overcome this problem, the current thesis investigates
alternative beamforming schemes that allow for providing multiple simultaneous
transmit beams to support efficient communication while an additional beam senses
the environment in different directions.

Because of the sensing requirements, the JCAS RX and TX need to operate simul-
taneously to collect the target interactions once the communication link is already
established. This leads to a leakage between the TX and RX that can potentially
destroy the RX and prevent any sensing capability. Therefore, sufficient TX–RX
isolation must be facilitated to prevent RX saturation and enable enough dynamic
range to receive the reflections from the sensed targets, here by effectively suppress-
ing the SI signal. Based on (2.16) and (2.21), the SI signal at the RX ports can be
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described as

ySI,n = (WR,n)
H HSI,nWT,nxn . (2.23)

It is important to highlight how the SI signal is related with the TX and RX weights,
this facilitates the development of spatial suppression schemes to cancel SI leakage.
With these spatial suppression schemes, the effective SI signal ySI,n is canceled by
optimizing the TX and RX weights, while the beamforming requirements are also
fulfilled [20, 88]. In addition, it is also important to note that mm-wave JCAS sys-
tems are characterized by implementing large frequency bandwidths. Therefore, the
considered spatial suppression schemes need to be able to implement efficient algo-
rithms to cancel such large frequency bandwidths. Moreover, the residual direct SI
leakage can be further suppressed towards the receiver noise floor by using a digital
cancellation stage.

As explained above, both beamforming and SI cancellation challenges are closely
related and can be addressed together during the design phase of JCAS systems.
However, the dual-purpose beamforming optimization also implies a trade-off be-
tween the multibeam and SI cancellation performance. Consequently, the publica-
tions of this thesis analyze this trade-off, demonstrating the feasibility and perfor-
mance of this spatial suppression scheme. Specifically, Chapter 3 addresses this SI
challenge in JCAS systems, with a special focus on single antenna architectures at
sub-6 GHz frequencies, while Chapter 4 investigates JCAS multiantenna architec-
tures at mm-wave frequencies.
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3
Full-duplex OFDM Radar with

5G NR Waveform

This chapter summarizes the main contributions of the publications [P1], [P2],
[P3], and [P4] on full-duplex (FD) OFDM radar with 5G NR systems. First, Sec-
tion 3.1 provides an overview of the state of the art of this research area. Then,
Section 3.2 numerically analyzes the sensing performance of the 5G NR waveform
by considering standard radar metrics. Section 3.3 addresses the SI challenge in JCAS
systems, describing the proposed cancellation solutions to incorporate sensing func-
tionalities into 5G NR networks, here with special focus on sub-6 GHz frequencies.
Finally, Section 3.4 demonstrates the sensing performance of the proposed JCAS
system with actual RF measurements at sub-6 GHz and mm-wave frequency bands.

3.1 State of the Art

New wireless communication technologies are converging toward the same frequency
ranges, bandwidths, and antenna requirements as traditional isolated radar systems,
providing a great opportunity to develop novel JCAS applications, as discussed in
Section 2.1 [23, 83]. Specifically, 5G NR networks are expanding their operating
frequency bands to mm-waves [1], allowing wider transmission bandwidths and
providing a significant data rate improvement when compared with previous com-
munication networks such as LTE. Regarding 6G networks, it is expected that car-
rier frequencies above 52.6 GHz will be utilized, achieving contiguous bandwidths
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around 10 GHz at carrier frequencies above 100 GHz [53]. The JCAS operation at
mm-wave bands also exhibits great opportunities from a sensing perspective. The
large bandwidths used for enhanced communications also improve the radar perfor-
mance by providing more accurate range/delay measurements [23, 44]. In addition,
high frequencies and the subsequently small wavelengths imply more compact an-
tennas, allowing the implementation of directive arrays in small form-factor devices
for communication and sensing purposes [52, 78]. Signals with smaller wavelenghts
also interact differently with the environment, providing less diffraction and higher
scattering due to the reduced Fresnel zone and the increased effective roughness of
the materials, respectively [38]. Because of the propagation characteristics at these
frequency bands, either line-of-sight (LoS) propagation or non-line-of-sight (NLoS)
with a predominant reflection path is typically observed, reducing the multipath
components and facilitating sensing operation [78, 85].

In general, JCAS research investigates three main operation modes to incorporate
sensing functionalities into different nodes of wireless communication networks,
for example, the BS and UE. These operation modes are conceptually illustrated in
Fig. 3.1. The first JCAS mode is known as downlink active sensing and refers to
the case where a BS collects the reflections stemming from its own downlink signal
[82, 83]. In this case, the BS operates as a monostatic radar where the sensing TX
and RX are colocated. In particular, this operation mode is investigated in [P1]–
[P3] and [P5]–[P8]. Alternatively, the BS can be used for downlink passive sensing
by collecting the reflections from downlink signals of different BSs as a passive radar,
hence operating in a coordinated and synchronized cloud radio access network [17,
41, 83]. Finally, the UE can be utilized for uplink sensing, here operating as a mobile

BS BS

UE

Downlink passive sensing

Downlink active sensing
Uplink sensing

Figure 3.1 Different operation modes of JCAS wireless communication networks including downlink ac-
tive, downlink passive, and uplink sensing.
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JCAS system by collecting the reflections of its own transmit signal as a monostatic
device, as investigated in [30, 31, 32] and [P4].

Compared with the UE, the BS presents some advantages when compared with
JCAS performance, in terms of connectivity, flexible operation, fixed location, larger
antenna arrays, and computation capability [83]. However, numerous works have
focused on the integration of efficient algorithms for uplink sensing applications,
exploring the moving capabilities of the UEs [31, 43, 76, 109]. To this end, in [31], a
personal mobile radar concept operating at mm-waves and consisting of massive ar-
rays for environmental mapping is proposed. In [109], a simultaneous localization
and mapping (SLAM) method using mm-wave technology without a-priori knowl-
edge of the environment map is investigated, here exploiting the concept of virtual
anchor nodes and the extended Kalman filter to improve the mapping accuracy. In
[76], a message passing-based estimator for mm-wave MIMO 5G NR systems, which
jointly estimates the position and orientation of the UE while sensing the environ-
ment’s reflectors, is presented. Similarly, a map-free indoor localization approach
using large-scale antenna arrays is proposed in [43].

In the three JCAS modes presented in Fig 3.1, the same downlink and uplink
signals are utilized for both communication and sensing functionalities; thus, JCAS
waveform design has become an important research area. Especially, OFDM wave-
forms, which are commonly used in mobile networks [1], have been investigated as
one of the main candidates to perform JCAS in LTE and 5G NR systems, as discussed
in Section 2.2. Different studies have investigated the sensing potential of OFDM
waveforms by analyzing the radar ambiguity function [27, 103], which measures the
waveform performance in both the delay and Doppler domains. Furthermore, re-
cent works also investigate how to jointly optimize the radar and communication
performance by filling the empty OFDM subcarriers of the transmit frequency-
domain grid [67, 69, 70]. In particular, these works optimize the OFDM-based
JCAS waveform to jointly minimize the lower bounds of the delay and Doppler
estimators while controlling the waveform’s peak-to-average power ratio.

In the downlink active sensing and uplink sensing modes, the BS and UE nodes
normally operate as a type of monostatic radar with the TX and RX colocated on
the same platform. This provides some advantages; for example, the TX and RX can
easily synchronized at the clock level, enabling sensing without any external assis-
tant. However, this monostatic architecture requires that the TX and RX operate
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simultaneously, with FD or STAR capability to process the radar reflections. The
fact that the RX must be operating simultaneously while transmitting and at the
same carrier frequency leads to large implementation challenges, particularly in fa-
cilitating sufficient TX–RX isolation by suppressing the SI [4, 47, 48]. In [47], the
FD challenge is addressed by combining antenna design and different cancellation
stages at the RF and digital domain. Furthermore, the transceiver’s nonlinear dis-
tortion is identified and suppressed to provide enough TX–RX isolation. The FD
and STAR challenge has been studied actively in recent years under the inband full-
duplex (IBFD) radio terminology with primarily communications applications in
mind [46, 93, 113]. In typical IBFD communication systems, the SI signal comprises
all the possible coupling paths, which usually include direct TX–RX coupling and
multipath reflections from different targets in the environment. For instance, differ-
ent spatial suppression schemes to enable IBFD, comprising antenna subset selection,
null-space projection and joint transmit and receive beam selection, are investigated
in [88]. Alternative schemes, such as [26], rely on digital transmit beamforming to
suppress the SI and prevent RX saturation. From a JCAS perspective, however, only
the direct coupling should be canceled, while the reflections from the true targets
must be preserved. Therefore, new SI cancellation methods are required to enable
STAR operation in JCAS systems. For example, in [34], an IBFD method to enable
Doppler radar functionalities for opportunistic remote-sensing applications based
on existing IBFD communication blocks is proposed.

3.2 Sensing Performance with 5G NR Waveform

When it comes to 5G NR and beyond networks, such as 6G, the trend is to expand
the operating bandwidths at higher frequencies to support the demanding data rate
requirements and new emerging applications such as sensing [23]. The 5G NR spec-
ifications consider the network operation in two main frequency ranges [1]. Fre-
quency range 1 (FR1) includes all existing and new bands between 450 MHz and
6 GHz, supporting channel bandwidths up to 100 MHz. Frequency range 2 (FR2)
considers the operation at mm-wave frequencies, including operating bands within
the range between 24.25 GHz and 52.6 GHz, supporting wider channel bandwidths
up to 400 MHz. When it comes to 6G, it is expected that next-generation radios
will consider even higher frequency bands above 52.6 GHz. A new frequency range
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has been recently introduced, which is normally referred to as frequency range 4
(FR4), that regularizes bands between 52.6 GHz and 100 GHz with bandwidths
up to 10 GHz [10, 92]. The considered radar processing building on the 5G NR
frequency-domain symbols and the periodogram described in Section 2.2 allows for
resolving targets in both the range and velocity domains; thus, the corresponding
performance aspects are analyzed next, here based on the radar metrics described in
[14, 86, 102, 103, 104]. The basic range resolution, that is the minimum distance
to distinguish between two targets with the same Doppler shift, is inversely propor-
tional to the total transmit bandwidth and can be calculated as

∆d =
c0

2BW
. (3.1)

For this reason, mm-wave frequency bands that support wider transmission band-
widths, such as FR2 and FR4, are one of the key enablers for integrating JCAS
functionalities in wireless communication networks. However, the OFDM-based
waveform and FFT processing presented in Section 2.2 have some limitations. To
preserve orthogonality and avoid intersymbol interference (ISI), the cyclic prefix du-
ration Tcp must be larger than the two-way propagation delay of the furthest target,
implying a distance limit of the form [14, 102, 103, 104]

dISI =
c0Tcp

2
. (3.2)

Next, Fig. 3.2 investigates the potential sensing performance for both FR1 and
FR2 bands based on the radar metrics shown in (3.1) and (3.2). In addition, this fig-
ure includes the emerging FR4 bands, hence analyzing the trend of future wireless
communication networks. Fig. 3.2(a) illustrates the distance resolutions for differ-
ent channel bandwidths of the two considered frequency ranges. These evaluations
always assume the maximum active passband or transmission bandwidth for each
specified channel bandwidth [1]. As shown, the larger available bandwidths at mm-
waves facilitate finer range resolutions compared with the sub-6 GHz frequencies.
Considering the maximum transmission bandwidth for each frequency range, range
resolutions of around 1.5 m, 0.4 m, and 0.01 m are achieved at FR1, FR2, and FR4, re-
spectively. Therefore, we can observe that the application of higher frequency bands
will facilitate the integration of superior JCAS systems, providing high-resolution
radar sensing while accommodating high data rates.
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Figure 3.2 Sensing metrics in terms of (a) distance resolution and (b) maximum ISI free sensing range
for different channel bandwidths at FR1, FR2, and FR4 [P3]. Subfigure (c) illustrates the
received SNR for the considered frequency ranges based on the radar range equation [86].
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Moreover, the maximum distance to avoid ISI is evaluated in Fig. 3.2(b), here by
taking into account a cyclic prefix length of 7% of the useful OFDM symbol dura-
tion [1, 91]. Consequently, based on (3.2), the maximum allowed target’s distance
is inversely proportional to the subcarrier spacing. The results clearly show that
the optimum waveform configuration for distance resolution, that is FR4 channel
bandwidth of 10 GHz with subcarrier spacing of 960 kHz, also presents the most
restricted performance in terms of the maximum range for ISI free processing. On
the other hand, at mm-waves, the propagation losses are considerably higher than at
sub-6 GHz, so the potential ISI because of longer echoes is most likely negligible, as
shown in Fig. 3.2(c). This figure illustrates the received SNR with respect to the tar-
get’s distance based on the radar range equation [86] for typical system parameters
and different frequency ranges, here assuming a constant antenna gain. Specifically,
the maximum available bandwidth for each frequency range is considered, as shown
in the legend. As shown, mm-wave bands, for example, FR2 and FR4, suffer from
severe propagation path losses. For this reason, these bands will be preferred for
short-range JCAS operation [23]. Overall, [P3] shows a trade-off between the ana-
lyzed metrics and 5G NR waveform configurations. Therefore, different waveform
configurations can be considered, depending on the JCAS application. In addition,
this publication investigates similar radar metrics for the velocity/Doppler domain.

3.3 Full-duplex OFDM Radar with 5G NR Waveforms

In this section, we assume that the 5G NR network BS unit operates as a down-
link active sensing system, as illustrated in Fig. 3.3(a). The radar processing seeks
to detect those targets surrounding the BS by using the known samples within the
5G NR frequency-domain resource grid over multiple OFDM symbols, as denoted
by xn,m and as described in Section 2.2. In the TX processing, the time-domain
waveform is generated through block-wise IFFT operating on xn,m , together with
CP addition [2, 22]. The radiated transmit waveform will then interact with the
environment, producing reflections captured by the RX. The received signal con-
taining the target interactions is demodulated and processed through FFT to obtain
the corresponding receive grid, which is denoted by yn,m and explained in (2.6) [2,
22]. Then, the OFDM-based radar processing method presented in Section 2.2.2 is
applied to the corresponding TX and RX frequency-domain grids. Note that the FD
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Figure 3.3 (a) System concept of full-duplex 5G NR base station that operates as a JCAS system [P2].
Subfigures (b) and (c) illustrate the challenge of the empty subcarriers on the radar process-
ing and performance of the proposed linear interpolator, respectively.

radio transceiver includes both analog RF and digital cancelers to suppress the SI and
enable STAR. The rest of this section focuses on the main contributions of [P1] and
[P2], including the interpolator and SI cancelers shown in Fig. 3.3(a).

3.3.1 Frequency-domain Grid Interpolation

The 5G NR transmit grids normally contain unused subcarriers within the transmit
signal passband, whose locations also vary from one OFDM symbol to another, as
conceptually illustrated in Fig. 3.3(b) [67, 69]. Therefore, the direct calculation of
the radar channel hCH

n,m (2.8) is not feasible in those empty subcarriers. To deal with
the missing samples prior to the actual range–velocity estimation, the considered
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radar processing needs to include appropriate frequency-domain interpolation.
Specifically, a linear interpolation across the OFDM symbol-domain is adopted

in [P1] and [P2]. Figure 3.3(c) includes a visual illustration of the impact of the
null subcarriers, as well as the corresponding interpolation impact, in terms of the
range profile, here in a simple example case of having a single target at a distance
of 260 m. In this case, an OFDM waveform with 200 randomly distributed unused
or empty subcarriers among the whole band of 1200 subcarriers is considered. As
shown, empty subcarriers increase the effective noise floor and, thus, would reduce
the dynamic range in the radar processing. Moreover, the interpolation is clearly
reducing the effect, thus helping in recovering the dynamic range. In addition, the
ideal range profile, which refers to an OFDM waveform without empty subcarriers,
is shown in the figure for reference.

3.3.2 Self-interference Challenge: RF and Digital Canceler Solutions

In ordinary time-division duplexing (TDD) communication networks, the transmit
and receive functionalities are divided in time so a BS’s TX and RX do not need to
operate simultaneously. However, in 5G NR networks, the minimum downlink al-
location within a radio frame contains seven OFDM symbols, or one slot, which
corresponds to 0.5 ms with 15 kHz subcarrier spacing. Hence, from the point of
view of the considered OFDM radar concept, the RX must be operating simultane-
ously, unlike in a pulsed radar; otherwise, no targets within tens of kilometers could
be detected. Because the BS transmit power can be even more than 140 dB larger than
the RX thermal noise floor [93], facilitating sufficient TX–RX isolation as a whole
is technically very challenging, particularly in monostatic shared-antenna OFDM
radar. In addition, the powerful SI component can largely mask the true echoes and
targets, particularly those that are static, but also other slowly moving targets.

Facilitating sufficient TX–RX isolation is a key technical ingredient in JCAS sys-
tems. Compared with traditional communication IBFD research, a specific radar-
related requirement is that only the direct SI should be canceled or suppressed, along
with possible reflections from very nearby surfaces, while the echoes from true tar-
gets must be preserved. This is one clear difference when compared with all earlier
communication FD radio works, which do not separate between the direct and re-
flected SI components [26, 46, 88, 93, 113]. Therefore, this chapter and the work
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Figure 3.4 (a) Measured TX–RX isolation performance with 40 MHz NR waveform at 2.44 GHz to show
the effect of the RF and digital cancelers [P2]. In addition, two range–velocity profiles of a
radar scenario with a static target at 40 m are shown at (b) the input of the RF canceler and
(c) the output of the digital canceler.

presented in [P2] focus on RF cancellation and digital cancellation methods for JCAS
platforms, as illustrated in Fig. 3.3(a).

First, a multitap RF cancellation method is adopted to suppress the frequency se-
lective SI signal and protect the RX chain. A similar architecture as in [47] is adopted
such that the RF canceler uses the power amplifier (PA) output as a reference, taking
it through multiple parallel RF delays and vector modulators to obtain an accurate
estimate of the direct SI. In the RF canceler design, a maximum delay of 10 ns is con-
sidered, which corresponds to a 3 m equivalent distance [P2]. This allows modeling
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the frequency selectivity in the direct SI coupling channel while essentially avoid-
ing the cancellation of any echoes from the true targets that are located more than
1.5 m away. More technical details of the RF canceler settings and configuration are
described in [47] and [P2].

In addition, the residual direct SI after the RF canceler is further suppressed to-
ward the receiver noise floor by using a digital cancellation stage. Inspired by [4,
47], a nonlinear digital canceler is adopted to also suppress the potential TX/RX
RF nonlinearities. For parameter estimation, least squares (LS) or adaptive filter-
ing methods such as least mean square (LMS) or recursive least squares (RLS) can
in general be adopted [47]. Similar to the RF canceler, the memory length of the
digital cancellation processing must be carefully chosen to avoid suppressing the re-
flections from true targets. In the hardware implementation presented in [P2], the
digital canceler runs at a sample rate of 240 MHz and contains five precursor and five
postcursor taps. These correspond to a minimum detectable distance of 3 m for true
targets, which is well in line with the RF canceler parameterization.

The achievable total TX–RX isolation of the developed JCAS system incorporat-
ing the RF and digital cancellation solutions is measured and illustrated in detail in
[P2]. An example of the power spectral densities at different stages of the transceiver
system is shown in Fig. 3.4(a). Here, we can observe that the RF canceler provides
more than 50 dB of the direct SI suppression, while being then further complemented
by the digital canceler, which provides a total isolation of 100 dB. We also note that
the total isolation provided by the circulator and active RF canceler is some 75 dB,
which prevents the RX saturation.

In addition, different range–velocity profiles are analyzed at different stages of
the JCAS transceiver, as shown in Fig. 3.4(a), to illustrate the effect of the SI in the
final radar performance. In this experiment, a single static target with a distance of
40 m is sensed with a 40 MHz NR waveform at a carrier frequency of 2.44 GHz.
Specifically, Fig. 3.4(b) and (c) show the range–velocity profiles at the input of the
RF canceler and at the output of the digital cancelers, respectively. Therefore, in
Fig. 3.4(b), only the passive circulator isolation is utilized. Here, the SI corresponds
to a very strong static target located essentially at zero distance and zero velocity.
Furthermore, and importantly, the sidelobes of the SI produce a substantial mask-
ing effect that complicates the detection of true weaker targets moving with lower
velocities along a wide range of distances. Finally, Fig. 3.4(c) shows how the range–
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velocity profile is improved by removing the harmful SI masking effect when the
presented RF and digital cancelers are applied.

3.4 Full-duplex 5G Radar Measurements

This section analyzes the performance of the considered JCAS OFDM-based system
with RF measurements. First, Section 3.4.1 evaluates the radar measurements at sub-
6 GHz frequencies in a vehicular sensing scenario [P2]. Then, Section 3.4.2 inves-
tigates the potential performance of JCAS mm-wave systems in sensing humans in
indoor and outdoor environments according to [P3]. Finally, Section 3.4.3 assesses
the potential uplink sensing performance with indoor mapping applications [P4].

3.4.1 Sub-6 GHz Radar Measurements

The basic elements of the measurement setup used for the sub-6 GHz measurements
are illustrated in Fig. 3.5. The basic TX and RX functionalities are built on a vector
signal transceiver (VST) with a carrier frequency of 2.4 GHz, as shown in Fig. 3.5(a).
An external PA is used to achieved the desired TX power of around 15 dBm and is
taken as the input reference for the RF canceler presented in Section 3.3.2. A direc-
tive horn antenna, as illustrated in Fig. 3.5(b), is adopted and shared between the TX
and RX through a circulator, which together provide some 25 dB of passive TX–RX
isolation. During these measurements, a 5G NR waveform with a subcarrier spacing
of 30 kHz and 40 MHz channel bandwidth is adopted according to Section 3.2. An

(a) Main measurement equipment (b) TX and RX horn antenna

Figure 3.5 Main equipment used in sub-6 GHz sensing measurements presented in [P2]. Subfigure (a)
shows the VST, the PA, and RF canceler, while (b) illustrates the horn antenna shared for
both TX and RX functionalities through a circulator.
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Figure 3.6 Automotive radar measurements at 2.4 GHz band using a 5G NR signal with channel band-
width of 40 MHz, as described in [P2] and [P9]. This figure shows the (a) distance and (b)
relative velocity tracking results of an urban scenario with four moving vehicles. In addition,
the range–velocity profiles ((c) and (d)) and pictures of the scenario ((e) and (f)) at two time
instances, t1 and t2, are included for reference. The error bars illustrate the 3 dB variance in
distance and velocity estimation from the range–velocity profiles.
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additional Hamming window is used in the periodogram calculations to improve the
sidelobe response of the range–velocity profiles, as in (2.10). More detailed descrip-
tions and specifications of the measurement equipment can be found in [P2].

The overall OFDM radar system concept is demonstrated and evaluated in a typ-
ical vehicular traffic scenario with multiple moving vehicles, which are denoted as
A, B, C, and D in Fig. 3.6. Specifically, A, B, and C correspond to medium-size cars,
while vehicle D is a public bus. The considered urban scenario consists of a road
with a speed limit of 50 km/h, where the JCAS system senses vehicles with distances
between 50 and 150 m.

Figures 3.6(a)–(b) describe the time evolution of the vehicles’ estimated range and
velocity, respectively. We can observe that the four vehicles show trajectories with
similar relative velocities of around± 10 m/s. Note that the sign of the estimated rel-
ative velocity is based on the convention described in (2.5), in which positive relative
velocities refer to the targets that move toward the JCAS system, while negative ve-
locities are associated with targets that are receding the measuring device. Moreover,
two concrete times instances, t1 and t2, have been selected in Figs. 3.6(a)–(b), which
analyze in more detail the obtained sensing results. Accordingly, the range–velocity
profiles at those specific times are shown in Figs. 3.6(c)–(d). We can observe how the
JCAS system is clearly able to sense the moving vehicles, despite the strong SI leakage
and reflections coming from the surrounding buildings, as well as the static clutter.
In addition, Figs. 3.6(e)–(f) illustrate the real scenario at t1 and t2, respectively, to
provide a better understanding of the measurements.

3.4.2 Mm-wave Radar Measurements: Human Sensing

The equipment used for the mm-wave measurements is illustrated in Figs. 3.7(a)–
(b) and described in more detail in [P3]. In this case, the same VST considered in
Section 3.4.1 implements the RF TX and RX functionalities at an intermediate fre-
quency (IF) of 3.5 GHz. Two signal generators are used as local oscillators that,
together with external mixers, up-convert and down-convert the IF signal to/from
the final carrier frequency of 28 GHz. Here, we consider a two-antenna setup to im-
prove the passive isolation between TX and RX further, here byusing a horn antenna
for the RX side and 64-element phased-array for the TX side.

In these measurements, we explore the 5G NR capability of detecting potential
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(a) Mm-wave indoor scenario (b) Mm-wave outdoor scenario

(c) Indoor range waterfall (d) Outdoor range waterfall

Figure 3.7 Mm-wave radar measurements of moving humans for indoor and outdoor scenarios [P3].
Subfigures (a) and (b) illustrate the considered indoor and outdoor scenarios, while (c) and
(d) show the corresponding range waterfall results.

moving objects, particularly humans. The highest channel bandwidth supported by
FR2 of 400 MHz with subcarrier spacing of 120 kHz is adopted according to Sec-
tion 3.2. We consider a transmit signal with 28 OFDM symbols of length 0.25 ms.
In the radar processing, the range profiles computed over each symbol are coherently
integrated to obtain an additional processing gain against the noise floor and use a
Hamming window, as shown in (2.14). Specifically, we compare the different scenar-
ios using range waterfall radar measurements [86], where the evolution of the range
profiles is analyzed over time, specifically every half a second.
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The first study scenario is an indoor hallway, as illustrated in Fig. 3.7(a). During
these experiments, both TX and RX antennas are located at a height of 5 m above
the floor level, emulating the operation of a local area indoor BS [22]. Figure 3.7(c),
shows the obtained range waterfall measurement of this scenario, where multiple
people with different trajectories are detected within ranges between 10 and 50 m.
It is important to highlight that a clutter mapping technique, which is described in
more detail in [P3], has been applied here by comparing each measurement with a
reference case without moving targets. This technique allows us to remove nonde-
sired static targets from the range waterfall measurement, emphasizing the moving
targets.

The overall 5G NR radar concept is also evaluated in a typical medium range BS
context, where the BSs are normally installed outdoors below the rooftop, provid-
ing both outdoor hotspot coverage and outdoor-to-indoor coverage through walls.
Figure 3.7(a) illustrates the considered measurement scenario composed of an open
urban area. Similar to the indoor case, a clutter mapping technique is applied to re-
move the nondesired static target interactions stemming from the nearby buildings.
Therefore, Fig. 3.7(d) presents the final range waterfall results, showing the trajecto-
ries of six detected people at larger distances up to 120 m.

3.4.3 Mm-wave Radar Measurements: Indoor Mapping

This section demonstrates the performance of the uplink sensing mode for the JCAS
wireless communication networks discussed in Section 3.1. Specifically, this work
focuses on indoor mapping applications, as presented in [P4]. In the proposed sys-
tem, the UE device senses its surroundings, creating a 2D map of the environment by
steering its beam pattern in different directions and collecting the target interactions
utilizing the 5G NR uplink transmit signal. The UE estimates the range and angle
information of its surrounding environment, here based on the OFDM-based radar
processing techniques presented in Section 2.2, by steering its beam-pattern through
different azimuth angles at multiple measurement locations. For each measurement
location, the UE provides a range–angle profile, which provides the basis for the sub-
sequent mapping processing. Publication [P4] proposes a grid-based static mapping
method whose performance is illustrated in Fig. 3.8(c). Note that the indoor map-
ping measurement data presented in this section are available at two different open
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Figure 3.8 Indoor mapping measurements using an uplink sensing-based JCAS setup at mm-waves
[P4]. Subfigure (a) and (b) illustrate the indoor mapping scenario and setup used during the
measurement campaign, respectively. Subfigures (c) shows the final grid-based mapping
results, highlighting the main detected targets and measurement locations for a comparison
with (a).

access repositories [8, 9]. The repository [8] contains the measurement data after
radar processing, while [9] includes the raw data before processing.

This measurement campaign considers an office scenario consisting of a corridor
of 60 m long and 2 m wide with different office rooms at both sides, as shown in
Fig. 3.8(a). From a radar perspective, the three walls that are perpendicular to the
system trajectory and three metal lockers noted in Fig. 3.8(a) are expected to be the
main reflective targets of this scenario because of their large RCS. The equipment
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used for these indoor mapping measurements at mm-wave frequencies is illustrated
in Fig. 3.8(b). In this case, the UE’s array operation is emulated by using directive
horn antennas, which are mounted on mechanical steering systems that enable steer-
ing and directing the horns in the whole azimuth plane. The antennas are placed at
one meter above the floor level, with a separation of 60 cm to avoid larger mutual
coupling between TX and RX chains. In the measurements, OFDM-based NR up-
link waveform with the widest available mm-wave channel bandwidth of 400 MHz
and subcarrier spacing of 120 kHz, here according to Section 3.2, are used. The mm-
wave setup measures the corridor in one direction—from left to right according to
Fig. 3.8(c)—through three parallel lines at 93 different locations. In each of the loca-
tions, radar measurements are performed for 51 steering angles between -50◦ to 50◦

with a step of 2◦.
Finally, Fig 3.8(c) shows the grid-based static mapping results when the methods

presented in [P4] are implemented. In this case, a 2D map of square cells with a
size of 0.2 × 0.2 m2 is considered. This figure presents the final mapping results,
including the averaging, smoothing, and thresholding phases described in [P4]. It
can be observed how the proposed system can reconstruct the sensed environment.
As expected, the main targets—the corridor walls (A, B, and C) and the metallic
lockers (D, E, and F )—of this scenario are clearly visible in the final grid-based map.
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4
Beamforming Design and Optimization for

JCAS Systems

This chapter presents the main contributions of the publications [P5], [P6], [P7],
and [P8]on beamforming design and optimization for JCAS systems. Specifically,
two JCAS architectures are considered. Section 4.2 investigates the beamforming
methods for analog array JCAS architectures, while Section 4.3 analyzes the hybrid
MU-MIMO JCAS architecture.

4.1 State of the Art

Mm-wave JCAS systems are characterized by the implementation of massive antenna
arrays with directive patterns to compensate for the large free-space path losses at
these high frequencies [52, 90, 94]. These antenna arrays can adopt different archi-
tectures that can be categorized into analog, digital, and hybrid analog–digital. In
analog JCAS, a single stream is subject to a set of analog weights and transmitted
from a single RF chain for both communication and sensing purposes [72, 112]. In
contrast, with digital beamforming, the JCAS platform can perform MIMO com-
munication and sensing by transmitting multiple streams from several RF chains.
However, digital beamforming where each antenna element is connected to a sin-
gle RF chain is not practical at mm-waves because of the high hardware complexity
and cost [38]. For these reasons, hybrid architectures where the MIMO beamform-
ing design is divided into the analog and digital domains are normally preferred at
mm-waves [60].
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Although beamforming has been extensively studied from communication and
sensing perspectives separately, recent studies have proposed different beamforming
methods to satisfy the new requirements stemming from the joint operation [40].
Most conventional works on JCAS have focused on single beam systems [14, 15, 102,
103, 104]; however, this approach essentially limits the sensing direction to be the
same as that of the communication node, as shown in Fig. 4.1(a). To overcome this
challenge, recent studies have raised the idea of using separate simultaneous beams
for communications and sensing functionalities while still using the same antenna
array architecture [65, 66, 71, 72, 112]. With this new approach, multibeam JCAS
systems generate one or more subbeams to support communication at fixed direc-
tions, while other direction-varying sub-beam senses the environment, as illustrated
in Fig. 4.1(b).

Some selected works have investigated the design and integration of communi-
cations and sensing functionalities using analog antenna arrays [11, 50, 71, 72, 73,
79, 111, 112]. In [112], a multibeam JCAS framework to provide multiple com-
munication and sensing beams with different requirements for analog antenna ar-
rays is investigated. Similarly, closed-form solutions for the same multibeam JCAS
framework are proposed in [72], using the beamforming waveforms and received
communication powers as objective and constraint functions. The optimization and
quantization of the analog multibeam weights is addressed in [71], proposing new
methods to represent each beamforming vector by the combination of two phase
shifters. Additional works also investigate the integration of communication and
sensing into common phased arrays, discussing some security challenges [89], the
combined beam synthesis [73, 79], and different system protocols [111, 112]. In
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Figure 4.1 Comparison between (a) single beam and (b) multibeam JCAS systems.
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[50], a sparsity-aware beamforming design using a IEEE 802.11ad-based JCAS system
with analog arrays is investigated. In contrast to the previous analog JCAS systems,
this work proposes using a directive beam for communications while perturbing the
sidelobes of the beam pattern to use them for short-range radar purposes.

Alternatively, beamforming techniques have been also been proposed for MIMO
JCAS systems [16, 36, 61, 66, 75]. In [61], two operational options are considered for
MU MIMO JCAS systems, here by analyzing alternative beamforming optimization
approaches. The first option divides the antenna arrays into different subarrays that
perform different functionalities, designing the beamforming weights to reduce the
interference between the communication and radar beams, while with the second
option, all the antennas share the same transmit JCAS waveform. Joint transmit
beamforming for MIMO JCAS is also investigated in [66], providing different design
methods to improve the MIMO radar performance while guaranteeing the signal-to-
interference-plus noise ratio of each communication user. Different adaptive and
non-adaptive radar RX beamforming techniques are explored in [36] to separate the
target interactions from the received communication signals in half-duplex systems.
The mutual interference of the JCAS MIMO system is analyzed in [16], showing
how the joint system can coexist with a manageable level of interference. An efficient
beamforming design that considers the peak-to-average power ratio (PAPR) and bit
error rate for the radar and communication metrics, respectively, is proposed in [75].

The joint operation of communication and sensing systems that support multi-
ple beams requires a new SI cancellation (SIC) techniques that consider multiple TX
and RX antennas. A STAR digital phased-array architecture for communication and
radar applications demonstrates that adaptive beamforming is important for future
JCAS multiantenna systems [20, 21]. In particular, the considered TX beamformer
creates a null in the TX pattern, and the RX beamformer rejects the remaining SI
while providing a high beamforming gain in the direction of interest. The mitiga-
tion of the SI in FD MIMO relays is investigated in [88], offering potential STAR
approaches that can be implemented in MIMO JCAS applications.

4.2 Analog Array JCAS Architecture

This section summarizes alternative beamformer solutions for the analog array JCAS
architecture that is described in more detail in [P5], [P6], and [P8]. The presented
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beamformer methods simultaneously provide multiple communication links to dif-
ferent users while a directive beam senses the environment, as illustrated in Fig. 4.2.
The considered JCAS system consists of two analog arrays used as TX and RX, re-
spectively. The TX array is used for both communication and sensing functionalities
by sharing the same TX waveform, which provides multiple beams, similar to [11,
71, 72, 112]. In contrast, the colocated RX array is used only for sensing purposes as
a monostatic radar, providing a single beam in the radar direction. Because of the re-
quired STAR operation, the considered system needs to implement an efficient SIC
technique to cancel the SI channel represented by HSI,n in Section 2.2.3. Therefore,
this JCAS architecture incorporates an analog SIC scheme that effectively cancels the
wideband SI signal by designing the RF weights at the RX. In addition, the design
of the RX weights is extended to simultaneously cancel the communication beam
directions at the RX pattern, suppressing possible clutter reflections stemming from
the TX communication beams.
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Figure 4.2 Analog array JCAS architecture with U communication beams and additional sensing beam
[P5], [P6], and [P8]. The SI channel between TX and RX antenna arrays is also illustrated.

The basic system model for the analog array JCAS architecture can be derived
from Section 2.2.3. For this particular case, a single RF chain in TX and RX sides
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with LRF
T = LRF

R = 1 is assumed. Therefore, the beamforming design focuses on the
TX and RX analog RF weights wRF

T ∈CLT×1 and wRF
R ∈CLR×1. Based on (2.22), the

received frequency-domain signal at the n subcarrier can be rewritten for the analog
array JCAS architecture as

yn = (w
RF
R )

H (Hr,n x̃n + ṽn) = (w
RF
R )

H Hr,nwRF
T xn + vn . (4.1)

It is important to highlight that with this architecture, only a single stream, xn ,
is transmitted for all the users that implement a frequency-division multiple access
scheme to separate the desired OFDM subcarriers.

Based on (4.1) and assuming far-field operation, the TX and RX beam patterns
can be expressed as

GRF
T,n(θ) = |(aT,n(θ))

H wRF
T |2 and (4.2)

GRF
R,n(θ) = |(wRF

R )
H aR,n(θ)|

2,

respectively. Note that by designing the TX and RX analog RF weights wRF
T and

wRF
R , the corresponding patterns can be optimized to jointly satisfy the desired com-

munication and sensing requirements.
Furthermore, as explained in detail in Section 4.2.3 for the analog array JCAS

architecture, the overall multibeam radar performance is evaluated by introducing
a new concept referred to as the combined radar pattern (CRP), which refers to the
equivalent gain pattern for the radar system. The CRP can be expressed by the mul-
tiplication of both the TX and RX gain patterns:

GRF
CRP,n(θ) =GRF

T,n(θ)G
RF
R,n(θ). (4.3)

From a radar perspective, the system performance is directly related to the TX and
RX patterns [86]. In contrast to traditional radar systems that normally implement
the same pattern for both the TX and RX sides, JCAS systems require more advanced
beamforming techniques with different requirements for the TX and RX patterns.
Therefore, the CRP allows for easily analyzing the overall sensing performance using
a unified metric.

Next, alternative beamforming methods for the analog array JCAS architecture
are formulated and proposed such that the selected beamformed communications
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requirements are met while still maximizing the ability to simultaneously sense tar-
gets in another direction. Concretely, the TX RF weights need to provide multiple
beams for U communication users with directions θc = [θc,1, . . . ,θc,U ]

T , while an
additional radar beam at θr senses the environment, as shown in Fig. 4.2. On the
RX side, the RX RF weights need to maximize the RX sensing gain at the corre-
sponding radar direction. Moreover, the RX weights are designed to also cancel the
possible clutter reflections emerging from the TX communication beams. Specif-
ically, a novel approach to minimize the reflections from nondesired directions is
described in Section 4.2.3. Furthermore, the RX RF weights are also optimized to
effectively cancel the strong SI stemming from the STAR operation by applying a
SIC technique, which is described next.

4.2.1 Self-interference Cancellation

The radar RX must provide enough TX–RX isolation to prevent the RX satura-
tion and provide enough dynamic range for the received target interactions. There-
fore, the proposed JCAS system develops a spatial suppression scheme similar to
[20, 88], which cancels the SI leakage by optimization of the RX RF beamform-
ing weights. Specifically, the proposed JCAS architecture implements a null-space
projection (NSP) approach to suppress the SI described in [P6], [P7], and [P8]. The
considered SIC scheme needs to obtain the respective estimate ĤSI,n ∈CLR×LT of the
true TX–RX coupling channel HSI,n . The nonideal estimation process is modeled
by defining the estimation error matrix H̃SI,n ∈CLR×LT as

ĤSI,n =HSI,n + H̃SI,n . (4.4)

All the elements of H̃SI,n are assumed to be independent and identically distributed
complex Gaussian random variables. The relative estimation error is controlled by
the parameter

ε2 =
E{|{H̃SI,n}lR,lT

|2}
1

LTLR

∑︁LR
lR=1

∑︁LT
lT=1

|{HSI,n}lR,lT
|2

, (4.5)

for all lR and lT. Note that for an ideal estimation process of the SI response, the
relative estimation error is ε= 0.
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From the SIC perspective, the proposed schemes aims to suppress the effective SI
channel between the TX and RX RF chains that are presented in (2.16) and that can
be described as

cSI,n = (w
RF
R )

H HSI,nwRF
T . (4.6)

The considered mm-wave JCAS system is characterized by implementing high-
performance communication and sensing functionalities using large frequency band-
widths, as analyzed in Section 3.2. The proposed JCAS system takes advantage of
the correlation of the SI channel response at different frequencies. Therefore, a SIC
scheme that simultaneously suppresses multiple Nfreq frequencies and subsequently
cancels more efficiently the wideband SI signal can be described as

(wRF
R )

H
�

ĤSI,n1
wRF

T , . . . ,ĤSI,nNfreq
wRF

T

�

⏞ ⏟⏟ ⏞

=F

= 0T , (4.7)

where n1, . . . , nNfreq
and ĤSI,n1

, . . . ,ĤSI,nNfreq
are the frequency indices and the esti-

mated SI channels where the NSP method is implemented, respectively. As shown
in Fig. 4.3, a few frequency nulls is enough to suppress the SI channel among the
whole transmission band because of the high channel correlation for consecutive
subcarriers. It is important to highlight that the considered SIC technique directly
impacts the beamforming performance; therefore, a limited number of frequency
nulls can be used in practice, as discussed in more detail in Section 4.4.

Similar to [20, 88], the NSP matrix is derived from (4.7) based on the Moore-
Penrose pseudoinverse definition

NRF = (I−F(F)†), (4.8)

where the (·)† operator denotes the pseudoinverse. Note that the NSP matrix di-
rectly depends on the SI channel estimates and the TX RF weights as described in
(4.7). Therefore, the RX RF weights can be rewritten as

wRF
R = (NRF)

H w̃RF
R , (4.9)

where NRF and w̃RF
R denote the NSP matrix containing the Nfreq frequency nulls

and the RX RF auxiliary vector used for the beamforming optimization.
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Figure 4.3 illustrates the performance of the presented SIC approach, showing the
frequency-domain SI channel for the analog array JCAS architecture when the design
simulation parameters U = 2, θr = 10◦, θc,1 = −40◦, θc,2 = 40◦, and LT = LR = 32
are used. The effect of the number of frequency nulls to the overall cancellation in
the considered band of 500 MHz is analyzed. In this example, a realistic linear patch
array simulated with CST Studio Suite is adopted, as in [P6], [P7], and [P8], includ-
ing the coupling effects between TX and RX elements. Here, increasing the number
of frequency nulls improves the SI cancellation over the whole band. For example,
considering Nfreq = 1 provides an average SIC within the considered frequency band
of around −80 dB, while if the number of nulls is increased to Nfreq = 4, a SIC of
around −180 dB is achieved. Note that the SI channel presents an inherent cancella-
tion of around −50 dB, even when SIC is not applied (Nfreq = 0); this corresponds to
the basic isolation because of the TX–RX antenna arrays’ separation. More detailed
analyses of the presented SIC approach and effect of the SI channel estimation error
is presented in [P6] and [P8].
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Figure 4.3 Illustration of SIC performance by varying the number of frequency nulls Nfreq for the analog
array JCAS architecture [P8] and [P6].

4.2.2 Closed-form Beamformer Optimization

Assuming the presented analog array JCAS design requirements, a generalized closed-
form (CF) beamforming method to define the corresponding wRF

T and wRF
R weights

is first proposed, as described in more detail in [P6] and [P8]. Specifically, the beam-
former optimization is next formulated for the subcarrier located at the center of the
channel which is denoted with nc.
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4.2. Analog Array JCAS Architecture

On the TX side, separate weights for the corresponding communication and
sensing beams are generated individually by using the below optimization problem,
which optimizes the TX RF weights to maximize the TX analog gain GRF

T,nc
(θ) spec-

ified in (4.2) at some desired direction θ as

max
wRF

T (θ)
|(aT,nc

(θ))H wRF
T (θ)|

2 (4.10a)

s.t.
∥︁

∥︁

∥︁wRF
T (θ)

∥︁

∥︁

∥︁= 1, (4.10b)

subject to (4.10b), which constrains the norm of the optimized weights and conse-
quently the effective transmit power. The ∥·∥ operator denotes the Euclidian norm.
Solving (4.10), we obtain the following normalized weights:

wRF
T (θ) =

aT,nc
(θ)

∥︁

∥︁

∥︁aT,nc
(θ)
∥︁

∥︁

∥︁

. (4.11)

Similar to [112], the communication and sensing weights are then combined coher-
ently. Considering U communication beams and a single beam for sensing, the TX
RF beamforming vector can be generalized as

wRF
T =

⎷
ρrw

RF
T (θr)+

U
∑︂

u=1

p

ρc,uwRF
T (θc,u ), (4.12)

where wRF
T (θr) and wRF

T (θc,u ) are the optimized TX RF weights for sensing and com-
munication, respectively. The parameter ρ controls the energy distribution between
the beamforming weights and, subsequently, the overall communication and radar
performance. In particular, ρr and ρc,u , with ρr +

∑︁U
u=1ρc,u = 1, control the en-

ergy of the sensing and u th communication beams, respectively. The obtained TX
weights wRF

T are further normalized.
Based on the beamforming and SIC requirements, a generalized optimization

problem for designing the RX analog weights is formulated as

max
w̃RF

R

|(w̃RF
R )

H NRFaR,nc
(θr)|

2 (4.13a)

s.t.
∥︁

∥︁

∥︁wRF
R

∥︁

∥︁

∥︁= 1, (4.13b)

where wRF
R = (NRF)

H w̃RF
R and NRF is specified in (4.8), implemented the SIC algo-
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rithm presented in Section 4.2.1.
Furthermore, the considered NSP approach is extended to simultaneously can-

cel the communication beam direction at the RX pattern and cancel the possible
clutter reflections arising from the TX communication beams. Based on (4.7), the
NSP matrix can be generalized by incorporating Nang angular nulls to cancel the
corresponding communication directions as

F= [ĤSI,n1
wRF

T , . . . ,ĤSI,nNfreq
wRF

T
⏞ ⏟⏟ ⏞

Nfreq frequency nulls

,aR,nc
(θ1), . . . ,aR,nc

(θNang
)

⏞ ⏟⏟ ⏞

Nang angular nulls

]. (4.14)

As derived in [P8] and based on (4.8), the RX RF weights for the analog array
JCAS architecture are obtained as

wRF
R =

NRFaR,nc
(θr)

∥︁

∥︁

∥︁NRFaR,nc
(θr)

∥︁

∥︁

∥︁

. (4.15)

For clarity, the different beamforming modifications of the presented RX closed-
form solutions are summarized in Table 4.1. A reference scheme, which is denoted
as CF-A, is implemented without SIC and communication beam suppression. In this
case, the RX weights are optimized to provide a radar beam by NRF = I. A second
configuration, which is denoted as CF-B, incorporates Nfreq frequency nulls in the
definition of the NSP matrix to effectively suppress the SI signal. Finally, a third
configuration, CF-C, is analyzed, which includes Nfreq frequency nulls and Nang

angular nulls to suppress the SI and communication beam interference, respectively.

Table 4.1 Closed-form configurations for analog array JCAS

CF-A CF-B CF-C

Self-interference cancellation - Nfreq Nfreq

Communication beam suppression - - Nang

Concrete examples of analog array JCAS beam patterns are given in Fig. 4.4, il-
lustrating the multibeam operation with U = 2 communication users located at
θc,1 =−40◦ and θc,2 = 40◦ and sensing beam at θr = 10◦, respectively. In this exam-
ple, a ULA of 64 antenna elements is equally divided into TX and RX, providing
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Figure 4.4 Illustration of analog array JCAS beamforming with a radar beam at θr = 10◦ and U = 2
communication users located at θc,1 =−40◦ and θc,2 = 40◦.
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4.2. Analog Array JCAS Architecture

two subarrays with LT = LR = 32 elements, which is similar to Fig. 4.3. The same
beamforming design is analyzed with alternative array architectures in [39].

On the TX side, the weights of the three considered beams are separately opti-
mized and combined according to (4.11), providing multiple beams with the same
amplitude by selecting ρr = ρc,1 = ρc,2 = 1/3. The obtained TX beam pattern is
illustrated in Fig. 4.4(a).

The RX side is studied for two different design configurations to provide a direc-
tive beam in the radar direction, as shown in Fig. 4.4(b). In addition, this scheme
is compared with an alternative beamforming technique that is described in Sec-
tion 4.2.3. In the first configuration, CF-B, only SIC is applied with Nfreq = 2,
which is similar to Fig. 4.3. In the second configuration, CF-C, multiple angular
nulls are considered in the RX side to suppress the possible negative effects of the
communication beams in the overall sensing performance. In this case, two angular
nulls are implemented at the corresponding communication directions. As shown in
Fig. 4.4(b), the CF-C configuration can suppress the communication beam direction
in the RX pattern; however, the substantial contribution of these beams can be ob-
served in the CRP in Fig. 4.4(c). To improve the sensing performance and overcome
this challenge, more advanced beamforming designs are proposed below.

4.2.3 Peak Sidelobe Level Beamformer Optimization

The proposed beamforming solution discussed in Section 4.2.2 efficiently addresses
some of the main challenges of the analog array JCAS architecture, that is the SI
leakage between TX–RX and multibeam generation for communications and sens-
ing. However, this approach is not able to perfectly suppress the communication
beam interference, as illustrated in Fig. 4.4(c).

To overcome this challenge, let us formulate an optimization problem to design
the RF beamforming weights that can minimize the negative effects of the TX com-
munication beams, here by optimizing the combined peak sidelobe level (CPSL)
of the CRP, as illustrated in Fig. 4.5; this leads to the harmful SI leakage being effi-
ciently suppressed. Specifically, two different beamforming methods are investigated
in [P5] and [P8]. In particular, [P8] focuses on both SIC and CRP-based beamform-
ing optimization, while the SI challenge is omitted in [P5].

In [P5], a beamforming method to optimize the CPSL of the CRP is presented.
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Figure 4.5 Illustration of a CRP with directional radar beam at θr = −30◦. The proposed RX RF
beamforming design approaches the CRP to obtain the desired gain pattern.

In this paper, the proposed beamforming approach jointly optimizes the TX and RX
beamforming weights to maximize the sensing performance and mitigate the possi-
ble interference arising from the communication beams, this is done by minimizing
the CPSL as follows:

min
wRF

T ,wRF
R

C P SL (4.16a)

s.t.
∥︁

∥︁

∥︁wRF
T

∥︁

∥︁

∥︁=
∥︁

∥︁

∥︁wRF
R

∥︁

∥︁

∥︁= 1, (4.16b)

GRF
T,nc
(θc)≥µc, (4.16c)

GRF
CRP,nc

(θr)≥µr. (4.16d)

This scheme must provide a minimum TX antenna gain for the communication link
direction imposed by (4.16c). Similarly, a minimum CRP gain at the radar direction
is also set with the constraint (4.16d). In addition, different hardware architectures
and their impacts on the beamforming performance are also analyzed in [P5], here
by including additional constraints for the amplitude and phase of the TX and RX
weights.

In [P8], a constrained least-squares problem to design the RX RF beamforming
weights is formulated as follows:

min
w̃RF

R

1
S

S
∑︂

s=1
ηs

|︁

|︁

|︁GRF
CRP,nc

(θs )− G̃
RF
CRP,nc

(θs )
|︁

|︁

|︁

2
(4.17a)

s.t.
∥︁

∥︁

∥︁wRF
R

∥︁

∥︁

∥︁= 1,
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where wRF
R = (NRF)

H w̃RF
R and the NSP matrix NRF implements Nfreq frequency

nulls, as described in Section 4.2.1. The main goal of the optimization is to approxi-
mate the obtained CRP gain GRF

CRP,nc
(θs ) to a desired ideal CRP gain G̃

RF
CRP,nc

(θs ) at
some defined directions θs with s = 1, . . . , S, which is done by minimizing the sum
of the squares of the error residuals, as shown in Fig. 4.5. Note that the proposed
method optimizes the magnitude or amplitude of the CRP pattern (4.3), neglect-
ing its phase response. An additional weight ηs is included in the optimization to
control and emphasize the error in some specific directions.

In general, the CRP needs to provide a single beam in the sensing direction while
the CPSL is minimized for the other directions. The desired CRP gain is approxi-
mated as the following piecewise parabolic function:

G̃
RF
CRP,nc

(θs ) =

⎧

⎨

⎩

(θs−θr)
2C P SL

∆2/4 + G̃
RF
CRP,max if |θs −θr| ≤

∆
2

G̃
RF
CRP,max+C P SL if |θs −θr|>

∆
2

(4.18)

where G̃
RF
CRP,max, ∆, and C P SL denote the maximum gain of the CRP at the radar

direction, the mask’s width around the radar direction, and the desired CPSL of
the CRP, respectively. Figure 4.5 presents an example of the CPSL optimization
approach by showing the main design parameters.

A concrete example of the proposed CPSL beamforming optimization described
in (4.17) is analyzed, here using the same system paramaters as in Section 4.2.2. In
this case, a desired response with G̃

RF
CRP,max = 35 dBi, ∆= 14◦ and C P SL=−75 dB

is used, as shown in Fig. 4.4(c). As shown, the proposed CPSL optimization that
provides more flexibility in the beamforming design shows the best performance in
terms of the mitigation of possible interferences, with a CPSL of around −75 dB. In
contrast with the CF solution, the main advantage of this approach is the capability
to control the CPSL for the non radar directions, hence reducing the interference
because of the communication beams.

4.3 Hybrid MU-MIMO JCAS Architecture

This section analyzes and formulates the gain patterns of the considered hybrid MU-
MIMO JCAS architecture illustrated in Fig. 4.6. This configuration allows for trans-
mitting U different streams, one for each communication user, by implementing a
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spatial multiplexing scheme. The TX side of this hybrid architecture considers a total
of LRF

T RF chains connected to an ULA of LT antenna elements with U < LRF
T < LT.

In particular, a subarray configuration is adopted for both the TX and RX sides,
where each RF chain is connected to a subset of antennas. On the RX side, an ULA
of LR elements is connected with a subarray configuration to LRF

R RF chains with
LRF

R < LR.

RF 
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Figure 4.6 Hybrid MU-MIMO JCAS architecture with U communication beams and additional sensing
beam, as shown in [P7] and [P8]. The SI channel between TX and RX antenna arrays is also
illustrated.

In this case, each transmitted stream, xu,n , consists of a grid of N active subcar-
riers, where u = 1, . . . , U denotes the communication user index. Assuming hybrid
analog–digital beamforming for the hybrid MU-MIMO JCAS architecture, the radi-
ated signal at the TX antenna elements is given by

x̃n =WRF
T

U
∑︂

u=1
wBB

T,u,n xu,n , (4.19)

where WRF
T ∈ CLT×LRF

T and wBB
T,u,n ∈ CLRF

T ×1 are the TX RF weights and the fre-
quency dependent BB precoder weights for the u th user’s stream, respectively.
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Denoting

WBB
T,n =

�

wBB
T,1,n ,wBB

T,2,n , . . . ,wBB
T,U ,n

�

, (4.20)

xn =
�

x1,n , x2,n , . . . , xU ,n
�T , (4.21)

where WBB
T,n ∈CLRF

T ×U and xn ∈CU×1 refer to the BB weights and TX streams for all
the users, respectively; the radiated signal (4.19) can be rewritten in matrix notation
as

x̃n =WRF
T WBB

T,nxn . (4.22)

Thus, based on (2.22), the received frequency-domain signal can be rewritten as

yn = (W
RF
R )

H Hr,nWRF
T WBB

T,nxn + vn , (4.23)

where WRF
R ∈CLR×LRF

R refers to the radar RX RF weights. Based on (4.23), the effec-
tive TX gain for the u th stream can be described as

GT,u,n(θ) = |(aT,n(θ))
H WRF

T wBB
T,u,n |

2. (4.24)

In general, the BB weights of a particular user u are designed to provide a minimum
gain GT,u,n(θc,u )>µu in that specific user’s direction θc,u , where µu is the required
gain imposed by the communication system. At the same time, the BB weights min-
imize the inter user interference (IUI) by suppressing the effective TX gain in the
other users’ directions.

Based on (2.16) and (2.21), the RX gain for each RX RF chain is evaluated indi-
vidually as

GRF
R,l ,n(θ) = |(wRF

R,l )
H aR,l ,n(θ)|

2, (4.25)

where wRF
R,l ∈C

(LR/L
RF
R )×1 and aR,l ,n(θ) ∈C(LR/L

RF
R )×1 with l = 1, . . . , LRF

R denote the
RF weights and RX steering vector for the l th RX RF chain, respectively.

4.3.1 Self-interference and Inter User Interference Cancellation

From a SIC perspective, the proposed JCAS system aims to suppress the effective
SI channel between each TX stream and each RX RF chain. In particular, the NSP
method is implemented at each RX subarray separately by designing its RF weights.
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Therefore, the RF weights of the l th RX RF chain, wRF
R,l , are designed to effectively

cancel the effective SI channel at the desired nth frequency as

cSI,n,l = (w
RF
R,l )

H HSI,nWRF
T WBB

T,n = 0T . (4.26)

This condition can be extended to simultaneously suppress multiple Nfreq frequen-
cies, subsequently canceling the wideband SI signal, which is similar to (4.7).

A similar NSP method is applied to address the IUI challenge of the hybrid MU-
MIMO JCAS system. In this case, the BB weights of the u th user minimize the IUI
by suppressing the effective TX gain in the other users’ directions GT,u,n(θu ′) ≈ 0
with u ′ ̸= u. Based on (4.24), the NSP condition for the IUI can be expressed as

�

(aT,n(θc,1))
H WRF

T , . . . , (aT,n(θc,U ′))H WRF
T

�

⏞ ⏟⏟ ⏞

Du,n

wBB
T,u,n = 0. (4.27)

Finally, the TX BB weights are defined by including the corresponding NSP matrices
NIUI,u,n = (I− (Du,n)

†Du,n) as

WBB
T,n = [NIUI,1,nw̃BB

T,1,n , . . . ,NIUI,U ,nw̃BB
T,U ,n], (4.28)

where w̃BB
T,u,n ∈ CLRF

T ×1 with wBB
T,u,n =NIUI,u,nw̃BB

T,u,n being an auxiliary weight vec-
tor used during the beamforming optimization.

4.3.2 Beamformer Optimization

The proposed hybrid MU-MIMO JCAS beamforming design jointly optimizes the
TX RF and BB weights to maximize the TX power in the radar direction θr which
can be written as

PT,r,n =E{|(aT,n(θr))
H WRF

T WBB
T,nxn |

2}

=
U
∑︂

u=1
E{|(aT,n(θr))

H WRF
T wBB

T,n,u xu,n |
2} (4.29)

=
U
∑︂

u=1
GT,u,n(θr)Pu,n ,
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where Pu,n = E{|xu,n |2} and GT,u,n(θr) denote the u th user stream’s TX power and
the effective effective TX gain, respectively. In general, when considering the 5G NR
numerology and specifications [1], the maximum channel bandwidth at the current
mm-wave bands is 400 MHz. Therefore, if assuming a network deployment, for
example, at the 28 GHz band, the fractional bandwidth is only in the order of 1%.
This implies that the beamformer optimization is approximately independent of the
subcarrier index and, thus, is formally pursued below at the subcarrier located at the
center of the channel which is denoted with nc.

The TX BB and RF weights, WBB
T,nc

and WRF
T , are obtained by solving the follow-

ing optimization problem:

max
W̃

BB
T,nc

,WRF
T

U
∑︂

u=1
GT,u,nc

(θr) (4.30a)

s.t.
∥︁

∥︁

∥︁WRF
T wBB

T,u,nc

∥︁

∥︁

∥︁= 1, ∀u (4.30b)

GT,u,nc
(θc,u )≥µu , ∀u (4.30c)

WBB
T,nc
= [NIUI,1,nc

w̃BB
T,1,nc

, . . . ,NIUI,U ,nc
w̃BB

T,U ,nc
]. (4.30d)

The effective TX gain and power is normalized by (4.30b). In addition, the minimum
effective TX gain for the u th user in that specific user’s direction θc,u is established in
(4.30c), whereµu is the required communication gain. Moreover, [P8] analyzes how
the parameterµu affects JCAS operation; varying this parameter provides a trade-off
between the communication and sensing performances. Note that the optimization
problem optimizes the auxiliary BB weight matrix W̃

BB
T,nc
= [w̃BB

T,1,nc
, . . . , w̃BB

T,U ,nc
] ∈

CLRF
T ×U defined in (4.30d) to effectively suppress the IUI.
On the RX side, the goal is to maximize the RX RF gain at the radar direction

GRF
R,l ,nc

(θr) for each RX RF chain individually, while the SI is effectively suppressed
by implementing the NSP method described in Section 4.2.3. Then, the RF weights
of the l th RX RF chain are obtained by solving the following optimization problem:

max
w̃RF

R,l

|(w̃RF
R,l )

H NSI,l aR,l ,nc
(θr)|

2 (4.31a)

s.t.
∥︁

∥︁

∥︁wRF
R,l

∥︁

∥︁

∥︁= 1, (4.31b)
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where wRF
R,l = (NSI,l )

H w̃RF
R,l . This essentially leads to a spatial matched filter approach

that can be optimized by using a proper phase alignment, as discussed in [P8].
Figure 4.7 shows illustrative examples of the TX and RX gain patterns for the

hybrid MU-MIMO JCAS architecture when LRF
T = 8 and LRF

R = 4 RF chains are
used for the TX and RX sides, respectively. In particular, the JCAS system provides
two communication beams for the two users located at θc,1 = −30◦ and θc,2 = 30◦,
with a minimum TX gain of µ1 =µ2 = 15 dBi considered during the beamforming
optimization in (4.30). Additionally, the TX power in the radar direction θr = 10◦ is
maximized by generating a separate beam for sensing the environment. Therefore,
Fig. 4.7(a) shows the effective TX pattern for each transmitted stream. As can be
observed, each effective pattern provides two beams, one for communication and
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Figure 4.7 Illustration of hybrid MU-MIMO JCAS performance with a radar beam at θr = 10◦ and U = 2
communication users located at θc,1 =−30◦ and θc,2 = 30◦, respectively.
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another one for sensing, while the IUI is minimized by imposing a null in the other
users’ directions, as explained in Section 4.3.1. For example, the u = 1 stream pro-
vides two beams at θc,1 =−30◦ and θr = 10◦ while canceling the θc,2 = 30◦ direction.
Figure 4.7(b) shows the RX pattern for the different RX RF chains. As shown, the
subarray connected to each RX RF chain generates a directive beam at the radar di-
rection for sensing the environment. In addition, the RX weights of each subarray
are optimized to cancel the SI, as is shown in more detail in [P8].

4.4 Analysis of JCAS Beamforming Performance

This section analyzes the performance of the proposed analog and hybrid techniques
from beamforming and SIC perspectives. First, the impact of the imperfect SI chan-
nel estimation to the achievable SI suppression performance is investigated in the
context of the presented beamforming schemes for the analog array JCAS archi-
tecture. Fig. 4.8 illustrates how the level of the SI channel estimation error, here
parametrized by ε in (4.5), degrades different system metrics when deploying the
alternative beamforming configurations; this is summarized in Table 4.1. As shown
in Fig. 4.8(a), the achievable SI suppression among the entire frequency band c̄SI is
closely tied with the estimation accuracy. By design, the considered configurations
can achieve different SI suppression levels depending on the number of nulls when
accurate SI channel estimates are available. On the other hand, as expected, when the
SI channel estimation accuracy decreases, the SI suppression essentially converges to
the CF-A configuration (Nfreq = 0, only physical isolation), which is independent
of the value of Nfreq. It is also noted that the CF-C configuration, which includes
additional Nang angular nulls to suppress the impact of the communication beams,
shows a similar performance compared with the CF-B configuration in terms of SI
suppression and its sensitivity to SI channel estimation accuracy.

Furthermore, bacause the SI channel estimation error directly affects the calcula-
tion of the NSP matrix in (4.8), it also impacts the RX beamforming performance.
Fig. 4.8(b) illustrates the degradation of the CRP radar gain for different SI channel
estimation error levels. Specifically, the number of frequency nulls used for the SI
suppression produces an insignificant CRP loss of around 0.5 dB, which does not
compromise the radar’s performance of the proposed JCAS system. In addition, if
the CF-B and CF-C design approaches are compared, it can be seen how the angular
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Figure 4.8 Illustration of (a) the SI suppression performance and (b) beamforming performance as func-
tions of the relative SI channel estimation error level, ε, in the analog array JCAS case.
Different numbers of the frequency nulls (Nfreq) are also considered and shown. The main
system parameters are U = 2, θr = 10◦, θc,1 =−30◦, θc,2 = 30◦, and LT = LR = 32.

nulls included in CF-C slightly degrade the CRP gain performance. This perfor-
mance degradation, here because of the loss of beamforming flexibility when apply-
ing the presented NSP method, results in a trade-off between the desired SI suppres-
sion, CRP gain, and ability to suppress communication beams on the RX side.

Finally, the hybrid MU-MIMO JCAS architecture is investigated, analyzing how
its design parameters affect the communication and sensing performances. Figure 4.9
illustrates and analyzes the effects of the minimum required TX gain imposed by
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Figure 4.9 Illustration of the achievable beamformed radar TX gain in the hybrid MU-MIMO JCAS context
for varying communication TX gain µu and different numbers of the TX RF chains LRF

T .
This analysis assumes the parameters of U = 2, θr = 10◦, θc,1 = −30◦, θc,2 = 30◦,
µ1 = µ2 = µu , and LT = 32. The specific case of LRF

T = LT = 32 corresponds to full
digital TX beamforming.

the communication system into the achievable radar performance. In this case, the
parameters of U = 2, θr = 10◦, θc,1 =−30◦, θc,2 = 30◦, and LT = 32 are used. In ad-
dition, the required TX gain for both communication users is set toµ1 =µ2 =µu in
(4.30). Moreover, different hybrid architectures are investigated by varying the num-
ber of TX RF chains. Note that the specific case of LRF

T = LT = 32 corresponds to
full digital TX beamforming. The figure shows the behavior of the optimized radar
gain, as expressed in (4.29), for different values of µu . As can be observed, vary-
ing the parameter µu provides a trade-off between the communication and sensing
performances. For relatively low values ofµu , the JCAS system allows for more flex-
ibility for sensing, providing higher gains in the radar direction. In contrast, when
higher gains are required for communications beams (high values of µu ), the JCAS
system will decrease radar performance. In addition, the different parametrizations
of the hybrid architecture impact the final sensing performance. Regarding this, the
configurations with more TX RF chains and, subsequently, more flexibility in the
digital domain TX processing show better beamforming performance.
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5
Conclusions

The current thesis investigated the integration of radar/sensing functionalities into
mobile communication networks, hence developing advanced and efficient JCAS
systems. To this end, two main research areas comprising novel SI cancellation and
beamforming techniques for JCAS were identified as the primary objectives, as de-
scribed in [P9]. In particular, the present thesis has studied current and future cellu-
lar networks, such as 5G NR and 6G, which are evolving toward higher frequency
ranges, wider bandwidths, and massive antenna arrays, presenting great technical op-
portunities to accommodate sensing capabilities. Therefore, the main findings and
contributions of the current thesis are summarized in this chapter, concluding with
a discussion of future research steps.

5.1 Main Results

The studies were initiated by analyzing the potential sensing performance of future
cellular networks based on LTE and 5G NR specifications in [P1], [P2], [P3], and
[P4]. In [P1] and [P2], a frequency-domain radar processing technique was identi-
fied as a compact and effective approach for OFDM-based JCAS systems. In addi-
tion, the fundamental SI challenge stemming from the downlink active sensing op-
eration was addressed, implementing efficient RF and digital cancellation solutions
that are especially tailored for sub-6 GHz JCAS systems. The performance and fea-
sibility of the proposed 5G NR-based JCAS systems were evaluated through actual
RF measurements in typical vehicular scenarios, showing promising sensing results
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when the SI leakage was properly suppressed. The same design principles were ex-
tended to mm-wave JCAS systems in [P3], identifying these operating frequencies
as a key enabler for future JCAS systems. The current work was also supported by
RF measurements that illustrated the superior sensing performance of the mm-wave
bands when it comes to detecting humans in typical indoor scenarios.

In addition, the present thesis investigated novel indoor mapping applications,
especially focused on uplink sensing JCAS systems, as presented in [P4]. In particu-
lar, the sensing potential of the 5G NR user equipment at mm-wave frequencies was
analyzed. A grid-based indoor mapping algorithm was proposed, demonstrating its
performance with actual RF measurements [7, 8, 9].

The transition to mm-waves implies fundamental system design challenges that
are characterized by the implementation of massive antenna arrays with directive
patterns that compensate for the large free-space path losses. Consequently, alter-
native antenna architectures and beamforming methods for mm-wave JCAS plat-
forms were studied in [P5], [P6], [P7], and [P8]. Specifically, the current thesis
proposed novel beamforming methods that provide multiple beams, supporting ef-
ficient beamformed communications, while an additional beam senses the environ-
ment simultaneously. In particular, [P5] proposed a novel beamforming technique
for analog JCAS systems that improves the overall sensing performance by jointly
optimizing the TX and RX weights. This method maximizes the radar performance
while mitigating the possible interference arising from the communication beams,
here by considering a novel design parameter known as the combined radar pat-
tern. Alternative closed-form beamforming methods for analog JCAS systems were
proposed in [P6] and [P8]. In [P6], different closed-form beamforming solutions
for separate TX and RX weight optimization were studied, while [P8] analyzed
a more efficient method to optimize the combined radar pattern, similar to [P5].
Moreover, similar multibeam techniques were investigated for hybrid architectures
in [P7] and [P8]. In this case, separate baseband and RF weights were considered,
enabling multiple-input and multiple-output JCAS systems.

Moreover, the present thesis addressed the SI challenge for mm-wave JCAS sys-
tems by implementing an efficient spatial suppression scheme to cancel the direct
TX–RX leakage. Concretely, the SI signal is canceled by including a null-space pro-
jection constraint during the beamforming design. In this way, the main design chal-
lenges, for example, the SI cancellation and the beamforming, can be addressed si-
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multaneously, as presented in [P6], [P7], and [P8]. The proposed SI cancellation
technique also allows for suppressing wideband signals by implementing multiple
frequency nulls along the transmission band. The SI cancellation performance of
the proposed JCAS architecture was investigated and demonstrated with realistic ar-
ray simulations implemented in CST Studio Suite.

As summarized above, the current thesis has contributed with numerous publica-
tions to a very recent and novel research area that will radically change the concept of
traditional cellular networks in the future. By implementing the different technolo-
gies and methods described here, traditional radar and communication platforms
that were operating separately in the past will converge into a new era of joint com-
munication and sensing systems.

5.2 Future Development

The current thesis focused on a very novel and emerging research topic that will ex-
perience important developments in the near future. In this work, several design
challenges were addressed, for example, new SI cancellation and beamforming tech-
niques for JCAS systems; however, there are still many open research questions that
need to be investigated. Wireless communications networks tend to expand their
operation to higher and higher frequencies, which means terahertz bands are a key
element for future networks. This opens new research opportunities for studying
the feasibility and design challenges of JCAS at these emerging frequency bands.
Therefore, the logical next step to extend the studies on 5G NR-based JCAS sys-
tems presented in the current thesis is to integrate sensing functionalities into 6G
and beyond networks.

In the present thesis, the performance of the proposed 5G NR JCAS system has
been demonstrated with actual RF measurements within different scenarios. Down-
link active sensing measurements were conducted with vehicular and human sensing
experiments, showcasing the sensing superiority of mm-wave frequency bands with
respect to sub-6 GHz frequencies because of their larger transmission bandwidth. In
addition, the uplink sensing mode was analyzed, proposing a novel indoor mapping
application that uses the UE as a JCAS platform. Further development of this aspect
is expected to extend and repeat these measurement campaigns in different scenarios
to generalize and better understand the potential sensing performance and limita-
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tions. For example, new sensing applications such as UAV detection and gesture
recognition are receiving increasingly research interest from a JCAS point of view,
especially at mm-wave and terahertz frequencies. In addition, the different JCAS
applications investigated in the current thesis are themselves relevant research topics
that will require more advanced and high-level processing techniques to process the
obtained sensing results. For instance, new algorithms to track mobile communi-
cation users or alternative indoor mapping techniques based on the presented JCAS
measurements will be required in the future.

Regarding the novel beamforming and SI cancellation algorithms proposed for
mm-wave JCAS systems, the immediate development phase will require manufac-
turing a prototype to empirically measure the performance of these algorithms. It is
expected that this prototype will present a performance degradation compared with
the simulated array considered in the present thesis because of different hardware
impairments. Therefore, the presented algorithms will need to be extended to deal
with these hardware implementation challenges. The estimation accuracy of the SI
channel between the transmitter and receiver antenna elements has been identified as
an important element of the proposed SI cancellation algorithm. Therefore, the fu-
ture prototype will need to incorporate efficient multichannel observation receivers
to estimate this coupling channel. In addition, the antenna array design plays an im-
portant role in the final JCAS performance, opening a new and interesting research
area.
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Abstract— This paper addresses the processing principles
and performance of OFDM based radar, with particular
focus on the LTE mobile network base-stations and the use
of the LTE downlink transmit waveform for radar/sensing
purposes. We specifically address the problem stemming from
the unused subcarriers, within the transmit signal passband,
and their impact on the frequency domain radar processing.
We also formulate and adopt a computationally efficient
interpolation approach to mitigate the effects of such empty
subcarriers in the radar processing. We evaluate the target
range and velocity estimation performance through computer
simulations, and show that high-quality target detection can
be achieved, with LTE waveform, when combined with the
interpolation approach. Impacts of the different LTE carrier
bandwidths and number of transmitted LTE sub-frames are
also evaluated, together with aggregating up to 5 individual
20 MHz LTE carriers.

Index Terms— OFDM, LTE, radar, RF convergence, joint
communications and sensing.

I. INTRODUCTION

Many new technologies and applications demand higher
and higher communications capacities and bandwidth while
the importance of various radio-based sensing schemes is
also continuously increasing, covering commercial, indus-
trial and military fields [1]. Good examples where both radio
communications and sensing are of high importance are,
e.g., autonomous cars and automotive sector overall, flight
control systems as well as medical sensors and monitoring
[1], [2], [3]. While classically radio communications and
radio-based sensing systems are designed, developed and
deployed completely independently of each other, the con-
gestion of the available radio spectrum has started to raise
interest in merging these functionalities and systems to same
frequency bands and potentially even to same hardware
platforms. This is commonly referred to as RF convergence
in the literature, with comprehensive state-of-the-art survey
being available in [1].

The merger or joint operation of communications and
radar systems implies that the same waveform is utilized
for both tasks. It is generally well known that orthogonal
frequency division multiplexing (OFDM) based waveforms
are very well suited for radio communications, providing
robustness against multi-path fading, facilitating adaptive
modulation and coding across subcarriers, as well as of-
fering high flexibility in radio system design and radio re-
source management. Additionally, the use of OFDM-based

waveforms for sensing/radar purposes is raising increasing
interest as described, e.g., in [1], [4], [5].

Relatively recently, in [5], a certain level of convergence
of mobile communication networks and radar systems was
addressed, with a specific focus on the use of the LTE
network downlink reference and synchronization signals for
passive radar purposes. In this paper, we also focus on LTE
mobile network and the use of the corresponding downlink
transmit signals for radar/sensing purposes. However, we as-
sume that there is sufficient isolation between the transmitter
and the receiver of the eNodeB such that when viewed from
the sensing point of view, it can essentially act as a monos-
tatic radar and thus utilize the complete downlink waveform
for radar processing. We then deploy frequency domain
radar processing, similar to [2], while putting specific em-
phasis on the exact frequency domain structure of LTE
downlink signals over multiple sub-frames, potentially up to
a complete radio frame of 10 ms [6]. We also specifically
address the impact of null/unused subcarriers, within the
transmit signal passband, of various OFDM symbols in the
LTE radio frame and develop a time-frequency interpolation
type of an approach to reduce their effects in the radar
processing.

The rest of the paper is organized as follows: In Section
II, the considered OFDM radar system model is described,
incorporating the frequency-domain radar processing based
on 3GPP LTE specifications compliant transmit waveform.
Then, in Section III, simulation results are provided and
analyzed to assess the target range and velocity estimation
performance. Finally, Section IV concludes the work.

II. OFDM RADAR SYSTEM MODEL

The radar functionality is pursued in an LTE network
base-station unit (eNodeB) by utilizing the known transmit
waveform together with frequency-domain radar processing
as shown in Fig. 1. The radar processing will detect tar-
gets surrounding the eNodeB by using the known samples
within the LTE frequency domain resource grid over mul-
tiple OFDM symbols, denoted by GTx. This grid contains
frequency-domain samples corresponding to the overall
composite transmit waveform, thus comprising all the down-
link physical and logical channels as described in [6]. The
size of the grid or matrix GTx is S×R where S denotes the
number of active sub-carriers while R indicates the number
of OFDM symbols considered in the radar processing.
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Fig. 1: Block diagram of considered OFDM radar building on conventional LTE downlink waveform and frequency-domain radar processing.

In the transmitter processing, the time domain waveform
is generated through block-wise IFFT operating on GTx,
together with cyclic prefix addition, as described in the LTE
specifications [6]. The radiated transmit waveform will then
interact with one or multiple targets, producing reflections
that will be captured by the receiving system. For simplicity,
perfect isolation between the transmit and receive systems
is assumed in this work, which can in practice be pursued,
e.g., through the adoption of separate TX and RX antennas,
electrical balance duplexer, active self-interference cancel-
lation, or proper combination thereof. The received signal
containing the target reflections is demodulated and pro-
cessed through FFT to obtain the corresponding receive grid,
denoted by GRx. The distance and the relative speed of a
single target correspond to a propagation delay τk and a
Doppler shift fD,k, respectively, relative to the transmit grid
GTx. With K targets or reflected signals, the receive grid
sample on pth row and qth column can be expressed as [2]

(GRx)p,q =
K−1∑

k=0

bk(GTx)p,qe
2πj(qTsfD,k−pτk∆f) + (N)p,q

(1)
where the samples of the matrix N correspond to receiver
thermal noise, while bk models the effective attenuation
factor of the kth reflection. Furthermore, the sub-carrier
spacing and the OFDM symbol duration are denoted by
∆f and Ts, respectively. In general, the propagation delay
causes a different phase shift for every sub-carrier which can
be used to estimate the range of each target. Similarly, the
Doppler shift produces a phase shift for the different OFDM
symbols that can be utilized to compute the relative speed of
the targets.

The actual radar processing is based on the comparison
between the transmit and receive grid samples, in order to
estimate the range and relative speed of each target. To facil-
itate this, a new matrix G is defined with the corresponding
samples being calculated as

(G)p,q =
(GRx)p,q
(GTx)p,q

=
K−1∑

k=0

bke
2πj(qTsfD,k−pτk∆f)+(N’)p,q

(2)
For fixed p and varying q, the above samples correspond

to a sum of complex exponentials with oscillating frequen-
cies being defined by the Doppler shifts, thus forming the
basis for velocity estimation. Similarly, if q is fixed while
p varies, we again obtain a sum of complex exponentials
but now the frequencies are defined by the propagation
delays which thus facilitates range estimation. However, the
LTE transmit grid contains unused subcarriers within the
transmit signal passband, whose locations also vary from
OFDM symbol to another [6]. Thus, the direct calculation
of (2) is not feasible in those points. Therefore, the proposed
LTE radar processing includes an interpolation block which
deals with these missing samples, along both dimensions p
and q where applicable. For computational simplicity, linear
interpolation is adopted. After the interpolation stage, the
range and relative speed are estimated through estimating
the oscillating frequencies of the ratio series in (2), utilizing
the interpolated grid which is denoted by G̃, interpreted as a
function of p and q.

As described in [7], the maximum likelihood estimator
(MLE) for τ and fD is the one that maximizes the expression

A(s, r) =

∣∣∣∣∣∣

S′−1∑

p=0




R′−1∑

q=0

(G̃)p,q(W)p,qe
−j2π qr

R′


 ej2π

ps
S′

∣∣∣∣∣∣
(3)

Notice that in (3), the samples of the interpolated grid G̃ are
first subject to an FFT of size R′ on every column, while the
result is then subject to an additional FFT of size S′ on every
row. Both operations should have a size higher than the basic
grid dimensions, i.e., R′ ≥ R and S′ ≥ S. Equation (3)
includes also an additional matrix W which corresponds to
windowing of the interpolated grid G̃. In radar applications,
the main advantage of applying window functions is the
ability to control the side-lobe levels [7]. Finally, an actual
target detector is used in order to find the maximum or
maxima of the expression (3) and compare it or them to
the chosen detection threshold. The range and relative speed
of each detected target are thereon obtained. We note that
the periodogram based approach in (3) is only one feasible
approach to create test statistics for target detection, while
alternative methods can also be pursued.
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Fig. 2: Examples of periodogram-based radar images with LTE waveform (20 MHz carrier bandwidth, SNR = 10 dB) and three targets for (a) free
space model scenario, and (b) more realistic scenario with multipath propagation.

III. RESULTS AND ANALYSIS

Simulations are carried out to evaluate the performance
of the LTE waveform based OFDM radar described in
Section II. In the evaluations, LTE carrier bandwidths of
3, 10 and 20 MHz are considered, corresponding to LTE
resource grids with 15, 50 and 100 resource blocks (RBs),
respectively. The assumed LTE network center-frequency
is 2.6 GHz, and all the main downlink physical channels
and signals (PSS, SSS, CRS, PDSCH, PDCCH, PCFICH,
PHICH, PBCH) are modelled. For simplicity, R′ and S′ are
set toR and S, respectively. Basic Hamming window is used
as the window function in (3). Additionally, we also study
the performance when aggregating 5 individual 20 MHz
LTE channels through carrier aggregation (CA).

First, Fig. 2 presents a representative example of the
obtained radar images in a scenario with 3 different targets
subject to different propagation conditions, while assuming
20 MHz carrier bandwidth. Fig. 2a) illustrates a radar image
with a propagation environment building on the basic free
space path loss. In this ideal scenario, the peaks presented
in the radar image are determined by the oscillating fre-
quencies of the ratio series in (2), which in turn are de-
fined by the Doppler shifts and propagation delays of the
different targets. However, in most of the cases in reality,
the propagation environment contains multipath effects [8].
When multipath occurs in radar systems, the RX antenna
collects the direct reflection of the targets combined with
other indirect reflected and/or scattered waves which cause
virtual targets as illustrated in Fig. 2b). Accordingly, we
assume this more realistic multipath environment case in the
following evaluations.

To evaluate the performance of the considered system
more extensively, we first analyze the specific scenario in
terms of the target distances and velocities presented in
Fig. 2b). Considering a complete LTE radio frame of 10 ms
and 20 MHz carrier bandwidth, the TX grid consist of S
= 1200 active sub-carriers and R = 140 OFDM symbols
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Fig. 3: Target distance and velocity estimation error results for varying
received SNR in a scenario with three true targets together with multipath
propagation as shown in Fig. 2b).

[6]. Consequently, Fig. 3) shows the achievable distance and
velocity estimation errors as functions of the receiver SNR.
Clearly, very accurate estimation can be obtained down to
−20 dB SNR.

Next, we pursue further performance evaluations by vary-
ing the key parameters S and R, which directly depend
on the LTE carrier bandwidth and the amount of LTE sub-
frames used for radar processing, respectively. We also now
vary randomly the distances (uniformly distributed, within
400 to 800 m) and relative speeds (uniformly distributed,
within−200 and 200 m/s) of the involved targets, while also
study the impacts of the receiver SNR. Fig. 4a) presents the
obtained estimation error behavior for varying SNR when
the target distances and velocities are randomly varied, as
described above, for three different carrier bandwidths of
3 MHz, 10 MHz and 20 MHz, when a complete radio
frame of 10 subframes is used. As can be observed, the
averaged results show a significant improvement in the dis-
tance estimation when the number of RBs used in the radar
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Fig. 4: Target distance and velocity estimation error results for randomized
target scenario with different numbers of (a) LTE carrier bandwidths, (b)
LTE subframes used for radar processing. In (a), 10 sub-frames are used
while in (b) the carrier bandwidth is 20 MHz.

processing is increased. Similarly, we analyze the effect of
the parameter R on the velocity estimation accuracy by
varying the amount of the processed LTE subframes, from
2 to 10, for a fixed bandwidth of 100 RBs. As illustrated
in Fig. 4b), the velocity estimation error is decreased when
number of LTE subframes is increased. Therefore, the best
radar performance is achieved when a complete radio frame
of 10 LTE subframes with 100 RBs is used.

Finally, we push the bandwidth further and assume that
5 LTE carriers each with 20 MHz carrier bandwidth, can
be aggregated and processed. While LTE specifications
basically allow for versatile non-contiguous intraband and
interband CA schemes, we assume contiguous aggregation
of neighboring carriers for simplicity. The corresponding
results in terms of the distance and velocity estimation
accuracy, shown in Fig. 5, present a significant improvement
over the basic 20 MHz carrier case.
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Fig. 5: Target distance and velocity estimation error results in randomized
target scenario when aggregating five 20 MHz LTE carriers.

IV. CONCLUSION

In this paper, the use of LTE downlink waveform
for radar/sensing purposes was addressed and studied.
Frequency-domain radar processing building on the LTE
time-frequency resource grid, complemented with interpo-
lation to account for missing samples due to the null subcar-
riers within the transmit waveform passband, was described.
The target range and velocity estimation performance of the
considered method were evaluated numerically, demonstrat-
ing that high-quality target detection can be achieved.
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Abstract—This paper studies the processing principles, imple-
mentation challenges, and performance of OFDM-based radars,
with particular focus on the fourth-generation Long-Term Evo-
lution (LTE) and fifth-generation (5G) New Radio (NR) mobile
networks’ base stations and their utilization for radar/sensing
purposes. First, we address the problem stemming from the
unused subcarriers within the LTE and NR transmit signal
passbands, and their impact on frequency-domain radar pro-
cessing. Particularly, we formulate and adopt a computationally
efficient interpolation approach to mitigate the effects of such
empty subcarriers in the radar processing. We evaluate the target
detection and the corresponding range and velocity estimation
performance through computer simulations, and show that high-
quality target detection as well as high-precision range and
velocity estimation can be achieved. Especially 5G NR waveforms,
through their impressive channel bandwidths and configurable
subcarrier spacing, are shown to provide very good radar/sensing
performance. Then, a fundamental implementation challenge
of transmitter–receiver (TX–RX) isolation in OFDM radars is
addressed, with specific emphasis on shared-antenna cases, where
the TX–RX isolation challenges are the largest. It is confirmed
that from the OFDM radar processing perspective, limited TX–
RX isolation is primarily a concern in detection of static targets
while moving targets are inherently more robust to transmitter
self-interference. Properly tailored analog/RF and digital self-
interference cancellation solutions for OFDM radars are also
described and implemented, and shown through RF measure-
ments to be key technical ingredients for practical deployments,
particularly from static and slowly moving targets’ point of view.

Index Terms—5G New Radio (NR), analog cancellation, digital
cancellation, inband full-duplex, joint communications and sens-
ing, Long-Term Evolution (LTE), orthogonal frequency-division
multiplexing, radar, RF convergence, self-interference, OFDM.

I. INTRODUCTION

M ANY EMERGING technologies and applications de-
mand higher and higher communications capacity and

bandwidth while the importance of various radio-based sensing
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schemes is also continuously increasing in commercial, indus-
trial and military fields [1], [2]. Good examples, where both
radio communications and sensing are of high importance, are
autonomous cars, or the automotive sector overall, flight control
systems, as well as medical sensors and monitoring [3]–[5],
to name but a few. While classically radio communications
and radio-based sensing systems are designed, developed
and deployed completely independently of each other, the
congestion of the available radio spectrum has started to
raise interest in merging these functionalities and systems to
shared frequency bands and potentially even to same hardware
platforms. This is commonly referred to as RF convergence
in the literature, with comprehensive state-of-the-art surveys
being available in [1], [2].

The integrated or joint operation of communications and
radar systems implies that the same waveform is utilized for
both tasks. It is generally well known that orthogonal frequency
division multiplexing (OFDM) waveforms are very well
suited for radio communications, providing robustness against
multipath fading, facilitating adaptive modulation and coding
across subcarriers, as well as offering high flexibility in radio
system design and radio resource management. Additionally,
the use of OFDM-based waveforms for sensing/radar purposes
is receiving increasing interest as described, e.g., in [1], [3], [4],
[6]–[12]. Relatively recently, in [9], [13], [14], a certain level
of convergence of mobile communication networks and radar
systems was addressed, with a specific focus on the use of the
LTE network downlink reference and synchronization signals
for passive radar purposes. Additionally, in [15], the use of 5G-
grade phased-array hardware for radar purposes is investigated,
however, in the context of a classical frequency-modulated
continuous wave (FMCW) waveform.

In this paper, building on our initial work in [10], we also
focus on mobile networks, particularly time-division duplexing
(TDD)-based LTE and 5G New Radio (NR) systems [16], and
the use of the corresponding downlink transmit signals for
radar/sensing purposes. We first assume that there is sufficient
TX–RX isolation in LTE and NR base stations, referred to as
eNB and gNB, respectively, such that when viewed from the
sensing point of view, they can essentially act as monostatic
radars and thus utilize the complete downlink waveforms for
radar processing. We then deploy frequency-domain radar
processing, similar to [4], while putting specific emphasis on the
exact frequency-domain structure of the LTE and NR downlink
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Fig. 1. Block diagram of the considered OFDM radar building on regular LTE or NR downlink transmission and frequency-domain radar processing. All
communication-related digital waveform processing takes place inside the ‘Comms processing’ box.

signals over multiple sub-frames, potentially up to a complete
radio frame of 10 ms [17], [18]. We specifically address the
impact of null/unused subcarriers within the transmit signal
passband of various OFDM symbols in the LTE and NR radio
frames and develop a time–frequency interpolation type of an
approach to reduce their effects in the radar processing.

Then, we address a fundamental implementation challenge
stemming from the limited TX–RX isolation [11], [19]–
[22] in real base stations and the corresponding transmitter
self-interference at the radar. Our main emphasis is on the
challenging monostatic scenario where the same antenna system
of the eNB/gNB is shared between the TX and RX, building,
e.g., on a circulator [20], [23]–[25] or an electrical balance
duplexer (EBD) [12], [26], [27]. We first observe that from
the perspective of OFDM radar processing, the transmitter
self-interference is the most problematic for static target
detection while moving targets are already more robust. Then,
to enhance the limited TX–RX isolation, properly tailored
RF and digital cancellation solutions are devised to suppress
the self-interference, without suppressing the actual target
reflections. Practical RF measurement results are then also
reported, incorporating the developed cancellation solutions,
demonstrating the proper operation as well as the target
detection and range–velocity estimation capabilities of the
overall LTE/NR radar system for both static and moving targets.

Overall, compared to our initial work in [10] and other
existing literature, we have substantially extended the technical
scope and contributions by taking the fundamental TX–RX
isolation and associated self-interference (SI) issue in mono-
static OFDM radars into account. We also provide technical
solutions and corresponding RF measurement results to relax
or solve the SI challenge, while also incorporate the timely 5G
NR aspects at waveform and physical layer processing level.

For clarity, it is acknowledged that TX–RX isolation is
basically a known challenge in all continuous-wave radar
systems, and that sufficient RF isolation is always needed
to prevent receiver saturation [2], [12], [26], [28]. From the
actual radar processing point of view, however, FMCW-type
of constant-envelope radars [29]–[31] can largely suppress the
remaining SI through down-mixing with the modulated transmit
waveform in the receive path [29], [30]. In monostatic OFDM
radars, such an approach is not possible but actual cancellation
processing is required. We also note that the time-domain

digital cancellation solutions described and experimented in
this article are complementary methods, compared to radar-
domain direct-interference and clutter suppression techniques
described, e.g., in [32]–[34].

Finally, we also acknowledge that an alternative approach to
facilitate sensing/radar capabilities in base stations is to deploy
a separate radar transceiver system, e.g., FMCW-based, with
appropriate coexistence measures with the communications
transceiver. However, in this article, we do not pursue such
direction but focus on the use of the LTE/NR base station
itself for radar purposes, while sending the regular standard-
compliant downlink communications waveform, and on the
related signal processing aspects and the TX–RX isolation
challenge, with particular emphasis on the scenario where the
same antenna system is shared by the TX and RX.

The rest of the paper is organized as follows: In Section II,
the considered OFDM radar system model is described, incor-
porating the frequency-domain radar processing based on 3GPP
LTE and NR specifications-compliant transmit waveforms.
Additionally, the achievable target detection and the associated
range and velocity estimation performances are assessed in
an ideal self-interference-free reference scenario. Then, in
Section III, the limited TX–RX isolation and the associated
self-interference challenge is addressed, and proper cancellation
solutions are developed. Section IV provides the description of
the RF measurement system, obtained results and their analysis.
Finally, Section V concludes the work.

II. OFDM RADAR:
SYSTEM MODEL AND REFERENCE PERFORMANCE

A. System Model and Basic Subcarrier Processing

The radar functionality is pursued in an LTE or NR network
base-station unit by utilizing the known transmit waveform
together with frequency-domain radar processing as shown in
Fig. 1. The radar processing seeks to detect targets surrounding
the eNB/gNB by using the known samples within the LTE
or NR frequency-domain resource grid over multiple OFDM
symbols, denoted by X. This grid contains frequency-domain
samples corresponding to the overall composite transmit
waveform, thus comprising all the downlink physical and
logical channels and reference signals as specified in [17]
for LTE and in [18] for NR. The size of the grid or matrix X
is S × R where S denotes the number of active subcarriers
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while R indicates the number of OFDM symbols considered
in the radar processing.

In the transmitter processing, the time-domain waveform is
generated through block-wise IFFT operating on X, together
with cyclic prefix addition, as described in [17], [18]. The
radiated transmit waveform will then interact with one or
multiple targets, producing reflections that will be captured by
the receiving system. For simplicity, perfect isolation between
the transmit and receive systems is assumed in this section,
while the limited TX–RX isolation aspects and the associated
self-interference challenge are addressed in Section III. The
received signal containing the target reflections is demodulated
and processed through FFT to obtain the corresponding receive
grid, denoted by Y.

The distance and the relative speed of a single target
correspond to a propagation delay τk and a Doppler shift fD,k,
respectively. With K point targets or reflections, the receive
grid sample on pth row and qth column, i.e., Yp,q = (Y)p,q
can be expressed as [4], [10]

Yp,q =
K−1∑

k=0

bkXp,qe
2πj(qTsfD,k−pτk∆f) +Np,q (1)

where Xp,q = (X)p,q, Np,q corresponds to receiver thermal
noise sample, while bk models the effective attenuation factor
of the kth reflection. Furthermore, the subcarrier spacing and
the total OFDM symbol duration (including the cyclic prefix
of length Tcp) are denoted by ∆f and Ts = 1/∆f + Tcp,
respectively. In general, the propagation delay causes different
phase shifts for different subcarriers which can be used to
estimate the range of each target. Similarly, the Doppler shift
produces different phase shifts for the different OFDM symbols
that can be utilized to compute the relative speeds of the targets.

The actual radar processing building on the known transmit
waveform can be implemented in multiple ways [28], [35],
either with time-domain or subcarrier-domain processing. In
this work, similar to, e.g., [3]–[6], [11], [36], we adopt
subcarrier-domain processing utilizing directly the transmit and
receive grids of samples, i.e., X and Y, respectively. For the
classical matched filtering-based approach [28], represented
at OFDM symbol level, a new processed matrix G can be
defined as GMF = Y � X∗, where � refers to element-wise
(Hadamard) product while the superscript (·)∗ denotes complex
conjugation. Alternatively, the reflection channel estimation-like
scheme, utilized also in [3], [4], [6], [11], reads GCH = Y�X,
where � denotes element-wise division.

Based on (1), when interpreted at an individual subcarrier p
of an OFDM symbol q, we can write GMF

p,q = (GMF)p,q as

GMF
p,q = Yp,qX

∗
p,q

=
K−1∑

k=0

bk|Xp,q|2e2πj(qTsfD,k−pτk∆f) + ÑMF
p,q

(2)

while the corresponding expression for GCH
p,q = (GCH)p,q reads

GCH
p,q =

Yp,q
Xp,q

=
K−1∑

k=0

bke
2πj(qTsfD,k−pτk∆f) + ÑCH

p,q

(3)

where ÑMF
p,q and ÑCH

p,q denote processed noise samples. While
the matched filter is known [28], [35] to optimize the signal-to-
noise ratio (SNR) from an individual target or reflection point of
view, the noiseless range and velocity profiles stemming from
(2) are clearly data-dependent. Instead, the noiseless component
in (3) building on the channel estimation approach is data-
independent. Additionally, as discussed in [3], [6], correlator
or matched filter-based processing can have some drawbacks
related to range profile sidelobes and thus potentially more
limited dynamic range in scenarios with multiple targets. This
is inline with the ambiguity function [35] based analysis carried
out in [9], [14] for OFDM signals. Hence, in the rest of this
article, similar to [3], [4], [6], [11], we follow the channel
estimation-like approach and assume that the subcarrier-level
pre-processing is carried out as defined in (3).

B. Interpolation, Target Detection and Range–Velocity Estima-
tion

For fixed p and varying q, the samples of GCH
p,q correspond

to a sum of complex exponentials with oscillating frequencies
being defined by the Doppler shifts, and thus the target
velocities. Similarly, if q is fixed while p varies, we again
obtain a sum of complex exponentials but now the frequencies
are defined by the propagation delays, and thus the target
distances. These facilitate both target detection as well as
velocity and range estimation, as defined below. However, the
LTE and NR transmit grids contain unused subcarriers within
the transmit signal passband, whose locations also vary from
OFDM symbol to another [17], [18]. The direct calculation of
(3) is therefore not feasible in those points, but it is carried out
only for the active subcarriers. Then, to deal with the missing
samples prior to the actual target detection and range–velocity
estimation, the proposed LTE/NR-compliant radar processing
includes appropriate interpolation along either p or q domain.

Stemming from the more detailed structure of the LTE and
NR grids [17], [18], we adopt linear interpolation across OFDM
symbols, and thus define the interpolated grid sample ḠCH

p,q at
an unused subcarrier p of an OFDM symbol q as

ḠCH
p,q = GCH

p,q1 +

(
GCH
p,q2 −GCH

p,q1

q2 − q1

)
(q − q1) (4)

where q1 < q < q2 and the subcarrier p is assumed active
at OFDM symbols q1, q2. In the rest of this article, we use
systematically the notation of the interpolated grid, i.e., ḠCH

p,q ,
while naturally at the active subcarriers ḠCH

p,q = GCH
p,q .

In this work, the target detection and range–velocity estima-
tion build on the range–Doppler profile calculated by using the
interpolated grid. One common approach [36] is to calculate
the radar image through the periodogram, expressed as

A(s, r) =

∣∣∣∣∣∣

R′−1∑

q=0



S′−1∑

p=0

(ḠCH
p,qWp,qe

j2π p s
S′


 e−j2π

q r
R′

∣∣∣∣∣∣

2

(5)

where the inner IFFTs of size S′ ≥ S yield OFDM symbol-
wise range profiles while the outer FFTs of size R′ ≥ R
correspond to velocity profiles. Importantly, the ranges of s
and r over which the transforms are calculated can be limited
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TABLE I
BASIC FEATURES AND OFDM RADAR PARAMETERS FOR THE

CONSIDERED LTE AND NR CHANNEL BANDWIDTHS AT 3.5 GHZ

LTE 20 NR 20 NR 40 NR 100
Passband width (MHz) 18 19.08 38.16 98.28

Subcarrier spacing ∆f (kHz) 15 15 30 30
Cyclic prefix length, Tcp (µs) 4.7 4.7 2.3 2.3

Active subcarriers, S 1200 1272 1272 3276
OFDM symbols, R 140 140 280 280

Bandwidth utilization (%) 90 95.4 95.4 98.28
Distance resolution (m) 8.3 7.9 3.9 1.5
Maximum distance (m) 700 700 350 350

Velocity resolution (m/s) 4.2 4.2 4.2 4.2
Maximum velocity (m/s) ±64 ±64 ±128 ±128

to chosen feasible distances and velocities, respectively. These
are denoted in the following by SMAX and RMAX, while the
corresponding set of periodogram indices is denoted by ΩA.
The periodogram in (5) includes also sets of additional weights
Wp,q which correspond to windowing of the interpolated grid,
in order to control the sidelobe levels [36].

In the actual target detector, the periodogram is subject to a
threshold test [28], [35], expressed as

A(s, r)
H0
≶
H1

Tth (6)

where (s, r) ∈ ΩA, Tth denotes the detection threshold, H0

refers to the null hypothesis (no target, noise only), while
H1 refers to the alternative hypothesis (a target present).
Specifically, if A(s, r) > Tth, the detector declares that
the target is present, while if A(s, r) < Tth, it declares
that the target is absent. We then denote the probability
that A(s, r) > Tth, under H0 being true, by PFA. The
corresponding total false alarm probability in the whole search
space ΩA then reads PFA,tot = 1− (1−PFA)|ΩA| where |ΩA|
refers to the size of ΩA. As shown, e.g., in [4], [28], assuming
Gaussian-distributed receiver noise, the detection threshold
Tth can be straightforwardly calculated to fix the PFA,tot to
a chosen value, commonly known as the constant false-alarm
rate (CFAR) detector.

In the case of the threshold test declaring that a target is
present, the estimation of the target range and velocity can
be pursued [28], [35]. Considering, for presentation simplicity,
the single-target scenario, it is shown in [36] that the location
of the peak of the periodogram is the corresponding maximum
likelihood estimator, i.e.,

(ŝ, r̂) = arg max
(s,r)∈ΩA

A(s, r) (7)

To improve the resolution beyond the basic pixel size of
the range–Doppler map, different interpolation-type peak
refinement methods can be adopted as discussed, e.g., in [4].
For generality, we note that the periodogram-based approach
in (5) is only one feasible approach to create test statistics for
target detection, while alternative methods can also be pursued.

C. Reference Performance with LTE/NR Carriers

Simulations are next carried out to evaluate the performance
of the interpolated periodogram-based OFDM radar described
in the above subsection, and to compare the LTE and NR
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Fig. 2. Single-target radar performance at 3.5 GHz as a function of receiver
input SNR, in terms of (a) detection probability (PD), (b) target distance
estimation RMSE, and (c) target velocity estimation RMSE, for 10 ms NR
waveforms with 20 MHz, 40 MHz and 100 MHz carrier bandwidths.

waveforms and their feasibility for high-precision range and
velocity estimation. In the evaluations, LTE and NR waveforms
with carrier bandwidth of 20 MHz and subcarrier spacing of
15 kHz are considered as the baseline. Additionally, NR wave-
forms with 30 kHz subcarrier spacing and carrier bandwidths of
40 MHz and 100 MHz are also adopted. Assuming a downlink
transmit radio frame of 10 ms [17], [18], and the above radio
interface numerologies, the main OFDM radar parameters are
summarized in Table I.

The assumed network center frequency is fc = 3.5 GHz,
and all the main downlink physical channels and signals, such
as PSS, SSS, CRS, DMRS, CSI-RS, PRS, PDSCH, PDCCH,
PCFICH, PHICH, PBCH, are modelled in both LTE and NR
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Fig. 3. Example radar images in a scenario with three true targets located at 60 m, 90 m and 120 m distances and moving with relative velocities of 0 m/s,
+12 m/s and −2 m/s. The radar receiver operates under direct SI levels of (a) 70 dB, (b) 50 dB and (c) 30 dB with respect to the thermal noise floor. NR
waveform of 10 ms with channel bandwidth of 40 MHz and subcarrier spacing of 30 kHz is used.

sides when applicable. For simplicity, R′ and S′ are set to R
and S, respectively. As shown in [4], the basic distance and
velocity resolutions of the OFDM radar read ∆d = c/(2S∆f)
and ∆v = c/(2RTsfc), respectively, with c denoting the speed
of light, which correspond to the resolution in the range–
Doppler map. The resolution values for different waveform
configurations are also shown in Table I. No further peak
refinement methods are adopted in these simulations. Finally,
a basic rectangular window is used as the window function in
(5).

In these reference evaluations, only a single target is present,
and we vary the true distance and speed of the target randomly,
from realization to another, with uniform distributions within
20 to 200 m (distance) and −40 to 40 m/s (velocity). In the
radar processing, no prior information about the target distance
or speed is assumed, and thus in the periodogram calculations
and the corresponding detector, the overall feasible space ΩA
contains distances up of a one-way propagation delay of half the
cyclic prefix, and velocities up to a Doppler shift of ±10% of
the subcarrier spacing. The distance limit is directly stemming
from the subcarrier-based processing, to avoid intersymbol
interference (ISI), while the velocity/Doppler limit is a practical
engineering rule of thumb, to keep intercarrier interference
(ICI) tolerable [4], [16]. The detection threshold Tth is set such
that PFA,tot = 10%. The numerical values of these limits are
also shown in Table I.

We also consider multipath components, i.e., there are
indirect reflected and/or scattered waves entering the receiver in
addition to the direct reflection. The total power of the reflected
and scattered multipath components is −15 dB, relative to the
direct reflected component, with an RMS delay spread of
100 ns, representing a realistic example scenario.

Fig. 2 presents the obtained probability of target detection
for varying receiver input SNR, as well as the corresponding
distance and velocity estimation error behavior—calculated
only when target detection is positive—for the considered
NR channel bandwidth and subcarrier spacing cases shown
in Table I. LTE 20 MHz is eventually not shown since its
performance is essentially identical to NR 20 MHz. As can
be observed, reliable target detection can be achieved down
to input SNRs in the order of −30 dB to −40 dB, the exact
number depending on the channel bandwidth and the required
probability of detection. In general, as discussed in [3], [6],

the subcarrier-based radar processing provides a processing
gain of

ΓP = 10 log10(R× S) (8)

decibels against thermal noise, thus with given receiver input
SNR the larger processing gains obtained through larger
bandwidths improve the detection, as shown in Fig. 2(a).

Additionally, the results in Fig. 2 illustrate that at those
SNR values, where high detection probabilities are obtained,
also the distance and velocity estimation errors are well-
behaving. The results also clearly show that when the probablity
of detection is approaching 100%, the estimates’ RMSE
values are essentially directly defined by the resolution values
shown in Table I. In other words, the RMSE values are
converging towards

√
(∆d)2/12 and

√
(∆v)2/12 for distance

and velocity, respectively, reflecting uniform error distribution
within the pixel width.

Overall, we observe that the large carrier bandwidths
available in NR, even at sub-6 GHz frequencies [18], build
a basis for good target estimation accuracy and precision,
particularly when it comes to the distance estimation. In general,
5G NR networks can be deployed also at 24–40 GHz bands
[18], with continuous carrier bandwidths up to 400 MHz
available already in 3GPP Release 15, which together with
the larger center frequencies facilitate further improvements in
both distance and velocity estimation resolution.

III. SELF-INTERFERENCE PROBLEM AND
CANCELLATION SOLUTIONS

A. TX–RX Isolation and Self-interference Problem

In ordinary TDD-based communication networks, the trans-
mit and receive functionalities are divided in time and thus a
base station’s transmitter and receiver do not need to operate
simultaneously. However, in both LTE and NR networks, the
minimum downlink allocation within a radio frame contains
seven OFDM symbols, or one slot, which corresponds to 0.5 ms
with 15 kHz subcarrier spacing. Hence, from the point of view
of the considered OFDM radar concept, the receiver must be
operating simultaneously unlike in a pulsed radar, otherwise no
targets within tens of kilometers could be detected rendering
the whole concept useless.

The fact that the receiver must be operating simultaneously
while transmitting, and at the same carrier frequency, leads
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to large implementation challenges particularly in facilitating
sufficient transmitter–receiver isolation [12], [19], [23], [28],
[37]–[40]. This calls for new hardware, to replace the TDD
RF switching with more elaborate circulator [20], [23]–[25] or
EBD [12], [26], [27] type of circuitries, and has been studied
actively over the recent years, under the inband full-duplex
radio terminology, with primarily communications applications
in mind, see, e.g., [19], [23], [37]–[45]. In the radar context,
the self-interference (SI) stemming from the direct coupling
of the transmit signal to the receiver can be interpreted as a
strong static target at a very short distance [11], [12], [33],
[46]. Hence, one could argue that as long as a certain level
of TX–RX isolation can be provided, such that the low noise
amplifier (LNA) and the rest of the sensitive receiver electronics
can tolerate the remaining SI, the true echoes stemming
from true targets can be separated in the radar processing.
Recent examples of radar-domain processing solutions for
direct interference and clutter suppression can be found, e.g.,
in [32], [34], developed primarily for passive radar applications,
reporting commonly some 15–20 dB processing gain at best.

However, since the eNB/gNB transmit power can be even
more than 140 dB larger than the receiver thermal noise floor,
facilitating sufficient TX–RX isolation as a whole is technically
very challenging, particularly in the monostatic shared-antenna
OFDM radar case with limited passive isolation and high
peak-to-average power ratio (PAPR) in the transmit waveform.
An extreme example is a macro base station that commonly
utilizes a transmit power in the order of +46 dBm, while
the receiver noise floor assuming 20 MHz channel bandwidth
and 4 dB noise figure is only -97 dBm. For one, with such
transmit powers and large PAPR, preventing LNA and receiver
saturation is already a fundamental problem. Additionally, the
powerful SI component in the receiver digital signal can largely
mask the true echoes and targets—particularly those that are
static, but also other slowly moving targets—rendering thus
very tough requirements for the digital-domain suppression
algorithms.

A concrete example of the latter problem is given in Fig. 3,
showing the OFDM radar-based range–velocity profiles, i.e.,
radar images, when the reflections of three true targets are
observed and processed by the receiver, under different levels
of the direct SI. In this case, an NR signal with channel
bandwidth of 40 MHz and subcarrier spacing of 30 kHz
is used, and a complete 10 ms radio frame is transmitted
and processed. The direct SI entering the receiver is either
70 dB, 50 dB or 30 dB above the receiver thermal noise floor,
corresponding to subfigures (a), (b) and (c), respectively, and
contains only a single coupling path with nanosecond scale
delay. It can be clearly observed that the direct SI is reflected in
the radar processing as a strong static target located essentially
at zero distance. Furthermore, and importantly, the sidelobes
of the SI produce a substantial masking effect which largely
complicates the detection of true weaker targets moving with
lower velocities along a wide range of distances, despite the
true SI has negligibly small physical coupling delay and zero
Doppler.

In general, as shown in (8), the subcarrier-based radar
processing presented in Section II provides large processing

gain against noise. This thus provides a corresponding SNR
improvement for detecting weak target reflections way below
the thermal noise floor, as demonstrated already along Fig. 2.
However, similar to clutter, the direct SI component is also
subject to the same processing gain, and therefore this does
not solve the isolation challenge. Additionally, as the basic
power calculations show above, more than 100 dB of total SI
suppression is required, which calls for multiple complementary
methods as no single technique can facilitate such high
isolation. Hence, we can conclude that on top of basic passive
RF isolation and radar-domain digital suppression methods,
efficient active RF and digital SI cancellation methods are
needed, particularly from the static and slow-moving targets’
viewpoint, as well as overall to prevent receiver saturation.

B. RF and Digital Cancellation Solutions
As identified above, facilitating sufficient TX–RX isolation

is a key technical ingredient in OFDM radars. In this work,
on top of passive isolation, we primarily focus on active RF
cancellation and time-domain digital cancellation methods.
Compared to the existing inband full-duplex radio research, a
specific radar-related flavor is that only the direct SI should be
cancelled or suppressed, along with possible reflections from
very close-by surfaces, while the echoes from true targets must
be preserved. This is one clear difference to all earlier full-
duplex radio works, such as [41], [47], [48], that do not separate
between the direct and reflected SI components. Additionally,
we note that agnostic digital cancellation techniques, indepen-
dent of the specific radar processing approach are pursued,
which can then be complemented with, e.g., the CLEAN-like
methods [11], [12], [32], [33] operating in the radar domain.

In general, despite a monostatic shared-antenna OFDM
radar is pursued, the so-called direct SI can contain frequency
selectivity in its coupling response [45], [48]. Hence, a properly
devised multitap RF canceller is adopted, seeking to protect the
LNA and the following receiver chain. A similar architecture as
in our earlier work in [47] is adopted such that the RF canceller
uses the power amplifier (PA) output as a reference, tapping it
through multiple parallel RF delays and vector modulators to
obtain an accurate estimate of the direct SI.

In this work, we consider three RF taps, and formally express
the signal after the RF canceller as yRF(t) = rRF(t)− ŝRF(t)
where rRF(t) is denoting the receiver input signal while the
actual RF cancellation signal ŝRF(t) reads

ŝRF(t) =

3∑

l=1

αl
(
cos(θl)x

0
RF(t− τl)− sin(θl)x

90
RF(t− τl)

)

(9)
In above, xRF(t) denotes the PA output signal, τl is the RF
delay of the lth tap, αl and θl refer to the adjustable amplitude
and phase values of the lth vector modulator, and x0

RF(t) and
x90

RF(t) denote the 0◦ and 90◦ phase-shifted tap signals inside
a vector modulator, respectively. In the RF canceller design,
we set the maximum delay τ3 to 10 ns which corresponds to
round 3 m equivalent distance. This way, we can still facilitate
modeling frequency selectivity in the direct SI coupling channel,
while essentially avoid cancelling any echoes from true targets
that are located more than 1.5 m away.
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To accurately reduce the direct SI component power at the
RF canceller output, proper real-time control of the amplitude
and phases value, αl and θl, l = 1, 2, 3, is essential. We
have implemented a digital control system where complex
I/Q downconverted observations of the tapped PA outputs
and the RF canceller output, denoted by xIQ

RF(t) and yIQ
RF(t),

respectively, are utilized. Building on gradient-based learning
[47], implemented digitally on an FPGA, and combining the
amplitudes and phases into corresponding complex coefficients
cl = αle

jθl inside the digital control system, the RF canceller
parameter learning can be expressed as

cl ← cl + µRF

∫ [
xIQ

RF(t− τl)
]∗
yIQ

RF(t)dt (10)

where µRF is the learning step size, [·]∗ refers to complex
conjugation, and the integration is performed digitally through
the corresponding sampled I/Q signals. The digital control and
tracking of the RF canceller weights is shown by measurements,
in Section IV, to provide more than 50 dB of active RF
cancellation gain with an example instantaneous bandwidth of
40 MHz. A block-diagram illustrating the overall RF canceller
entity and its digital control system is shown in Fig. 4(a).

Additionally, the residual direct SI after the RF canceller can
and must be further suppressed towards the receiver noise floor
by using a digital cancellation stage. Inspired by our earlier
work in [41], [49], we adopt a nonlinear digital canceller such
that potential TX/RX RF nonlinearities can also be suppressed.
Assuming a memory polynomial-based nonlinear processing
approach, the corresponding digital cancellation signal can be
expressed as

ŝDSP(n) =
P∑

p=1
p odd

M2∑

k=−M1

hp,kφp(x(n− k)) (11)

where x(n) denotes the digital I/Q transmit samples,
φp(x(n)) = |x(n)|p−1

x(n), p = 1, 3, . . . , P , are the nonlinear
basis functions up to order P , and hp,k denote the adjustable
filter parameters with M1 and M2 precursor and postcursor
memory taps, respectively, per each nonlinearity order p. For
parameter estimation, block least-squares (LS) or adaptive
filtering methods such as least-mean-square (LMS) or recursive
least-squares (RLS) can in general be adopted [39], [41],
seeking to minimize the cancelled signal power.

As acknowledged already in prior literature [39], [41], the
different nonlinear basis functions φp(x(n)), p = 1, 3, . . . , P ,
are largely correlated which, in turn, complicates parameter es-
timation, particularly when gradient based methods are adopted.
Instead of explicitly orthogonalizing the basis functions, as done
in prior work [39], [41], we adopt a novel self-orthogonalizing
learning rule in this work, expressed as

h← h + µDSPC
−1u(n)yDSP(n) (12)

where h is a column-vector collecting the canceller coefficients
hp,k, ∀p, k, µDSP refers to the learning step-size, and C denotes
the correlation matrix of the basis function samples which
can be precomputed. Additionally, u(n) refers to the basis
function samples used to calculate the cancellation signal
sample ŝDSP(n) as shown in (11) while yDSP(n) denotes
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Fig. 4. In (a), the RF canceller block-diagram and self-adaptive weight control
are shown. In (b), a general illustration of the nonlinear digital canceller is
given.

the corresponding sample at the digital canceller output. This
approach greatly reduces the computational complexity of the
main digital cancellation path, as the explicit basis function
orthogonalization utilized in [39], [41] is avoided. A principal
illustration of the digital cancellation system is shown in
Fig. 4(b).

Similar to the RF canceller, the memory length of the digital
cancellation processing must be chosen with care, in order to
avoid suppressing the reflections from true targets. Particularly,
the amount of the postcursor taps M2 used in the digital
canceller is directly related to the detectable radar range. In
our implementation, the digital canceller runs at a sample
rate of 240 MHz and contains M1 = 5 precursor and M2 =
5 postcursor taps. These correspond to minimum detectable
distance of ca. 3 m for true targets which is well inline with
the RF canceller parameterization.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS

A. Measurement Setup

The basic elements of the measurement setup are illustrated
in Fig. 5, building on the National Instruments PXIe-1082
vector signal transceiver (VST) implementing the basic RF
transmitter and receiver functionalities. An external power
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(a)

(b)

Fig. 5. In (a), the main equipment used in the RF measurements are shown,
namely 1© vector signal transceiver (VST), 2© external power amplifier, 3©
the developed RF canceller and 4© its digital control board. In (b), the directive
TX/RX horn antenna and circulator 5© are shown, together with a drone (DJI
Insipire-2) carrying a retro-reflector.

amplifier (PA) with a gain of 42 dB is also utilized, and all
the measurements are carried out at the 2.4 GHz ISM band
with ca. +20 dBm transmit power. The RF canceller and its
digital control functionalities are implemented on separate
boards, properly interfaced to the VST and the external PA. A
directive LB-880 horn antenna with 10 dBi of antenna gain
is adopted and shared between the TX and RX through a
circulator (JQL JCC2300T2500S6), which together provide
some 25 dB of passive TX–RX isolation, partially due to
antenna reflection and partially due to finite isolation between
the circulator TX and RX ports. The digital SI cancellation and
radar processing are implemented in the VST host processing
environment.

In all the measurements, a 5G NR waveform with a subcarrier
spacing of 30 kHz and 40 MHz channel bandwidth is adopted
(cf. Table I), with FFT/IFFT size of 2048 implying a core I/Q
time-domain sample rate of 2048 × 30 kHz = 61.44 MHz.
Further PAPR reduction and OFDM symbol windowing are
also implemented in the transmitter chain. The digital front-end
sample rate is 240 MHz at which the digital SI canceller is
also running. The order of the digital canceller is either P = 1
(linear digital canceller) or P = 11 (nonlinear digital canceller).
After the digital cancellation, the digital received signal is
down-sampled by 125/32 to the fundamental I/Q sample rate
of 61.44 MHz. Additionally, the Hamming window [28] is
used in the periodogram calculations in all the measurements.
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Fig. 6. Overall measured TX-RX isolation performance with 40 MHz NR
waveform at 2.44 GHz for (a) 5 precursor and 5 postcursor taps and (b) varying
total number of taps in digital cancellation. The order of the nonlinear digital
canceller is P = 11, while the linear digital canceller corresponds to P = 1.

B. Measured TX–RX Isolation

Before going to the actual radar experiments, the achievable
total TX–RX isolation of the developed demonstrator system
incorporating the RF and digital cancellation solutions is
measured and illustrated. An example of the power spectral
densities in different stages of the transceiver system is shown
in Fig. 6(a), measured in an anechoic chamber with antenna
connected, while no actual targets are present. We can observe
that the RF canceller provides more than 50 dB of the direct
SI suppression, while being then further complemented by the
digital canceller such that an overall isolation of ca. 100 dB is
reached. We also note that the total isolation provided by the
circulator and the active RF canceller is some 75 dB, which
is very essential to prevent receiver saturation, especially with
larger transmit powers. Such 75 dB RF isolation is already close
to the isolation provided by high-quality base-station duplex
filters in frequency-division duplexing (FDD) based networks
[16], hence potentially facilitating simultaneous transmission
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Fig. 7. Measured radar images with a static airborne drone at a distance of 40 m, (a) without any cancellation, (b) with RF cancellation only, and (c)
with both RF and digital cancellation. In (d) and (e), distance estimation profiles of reference measurement (no target) and drone measurement are shown,
respectively, illustrating also the additional leakage suppression gain from the RF and digital cancellers.

and reception for transmit powers up to +40 dBm, or even
+46 dBm, from the receiver linearity and saturation point of
view.

The figure also clearly shows that the linear digital canceller
is limited by the RF nonlinearities, while the nonlinear digital
canceller can efficiently suppress also the nonlinear leakage.
This is one complementary ingredient that the radar domain
based direct leakage cancellers cannot most likely facilitate. To
better assess the impact of the digital canceller parameterization,
in terms of the number of pre-cursor and post-cursor taps,
Fig. 6(b) shows the integrated passband powers for varying
numbers of total taps in the digital canceller, while also
comparing the linear and nonlinear digital cancellers. We can
conclude that increasing the amount of the canceller taps, and
hence complexity, beyond the case of 5+5 taps provides only a
marginal performance improvement. Hence, in all the following
experiments, the 5+5 configuration is adopted.

C. Sensing Static Targets under SI

Next, we continue with the RF measurements through actual
outdoor experiments containing real targets. As a first example,
we utilize a commercial drone flying at around 38 m height
above the OFDM radar system holding a multi-faceted reflector
as illustrated already in Fig. 5(b). The drone is deliberately
staying at fixed coordinates, thus representing a static airborne

target at an overall distance of some 40 m. Fig. 7(a) presents
the corresponding measured radar image, yet without any RF
or digital cancellation, meaning that only the passive circulator
isolation is utilized. It can clearly be observed, similar to
the synthetic data based radar images in Fig. 3, that the SI
corresponds to a very strong static target located essentially at
zero distance and zero velocity, and also that the sidelobes are
strong up to large distances.

Then, Figs. 7(b) and (c) show how the OFDM radar-based
range–Doppler maps are improving when the presented RF
canceller, in (b), or both the RF and digital cancellers, in (c),
are also applied. Opposed to Fig. 7(a), a clear static target is
now seen, at around the distance corresponding to the drone.
It is also noted that even though the drone is remaining at a
fixed distance with zero velocity during the measurements, the
radar image shows some additional peaks at the same distance
of 40 m, but non-zero velocity. These are stemming from the
propellers’ rotation, i.e., reflect the micro-Doppler phenomenon.
Overall, the measurement-based observations are well inline
with the simulated results discussed along Fig. 3.

To further assess and visualize the impact of the cancellers,
we carry out additional reference measurements such that the
antennas are tilted towards the sky and no actual targets are
present. This way, the receiver is essentially observing and
processing only the SI and some residual reflections and clutter
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Fig. 8. Measured receiver operating characteristic (ROC) curves in the drone
scenario, with RF canceller only and with both RF and digital cancellers.

from the surroundings. The range profile of such reference
measurements is shown in Fig. 7(d) while the corresponding
range profile of the drone measurements is shown in Fig. 7(e).
By comparing the range profiles, we can clearly observe
that there is a relatively strong reflection at a distance of
ca. 10 m, caused most likely be the antenna sidelobe and close-
by building surface. Additionally, the figures clearly illustrate
the improved dynamic range offered by the RF and digital
cancellers. When both the RF and digital cancellers are adopted,
also reflections from high-rise buildings at distances of some
120 m and 180 m can be observed, reflecting the increased
dynamic range.

Next, we assess the impact of the RF and digital cancellers
on the actual drone detection, through the measured data. We
first measure 100 radar images without the drone (hypothesis
H0) and another 100 radar images with the drone (hypothesis
H1). Then, we calculate the empirical distributions of the
radar images for both data sets, covering 3× 3 pixels of the
periodograms at and around the drone location. We then vary
the detection threshold Tth and evaluate the probability of
detection and probability of false alarm through the measured
empirical distributions. These compose the measured receiver
operating characteristics (ROC) curve, shown visually in Fig. 8.
The improvement provided by the digital canceller, compared
to RF canceller only, can be clearly observed.

D. Sensing Moving Targets under SI

The overall OFDM radar system concept comprising the
canceller solutions is next demonstrated and evaluated in
a typical vehicular traffic scenario with three moving cars.
Fig. 9(a)illustrates the measurement scenario where three
vehicles labeled A, B and C are driving along a road towards
the OFDM radar system at distances of some 50–110 m. The
measurement equipment and the antenna are located in the
third floor of one of the university buildings, located next to
a road with 50 km/h speed limit, and the circulator based
shared-antenna system is again adopted.
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Fig. 9. (a) Vehicular measurement scenario with three moving cars A, B and
C located at snap-shot distances of 51.1 m, 66.8 m and 102.1 m, respectively,
driving along the road such that the velocity relative to the radar system is ca.
12 m/s, -9 m/s and -9 m/s, respectively. The corresponding measured radar
images with (b) RF canceller only and (c) both RF and digital cancellers, using
an NR waveform of 20 ms with channel bandwidth of 40 MHz and subcarrier
spacing of 30 kHz are shown. Additional multimedia material available at
http://www.tut.fi/full-duplex/radar/NR40cars2.mp4

The corresponding measured radar images shown in Fig. 9(b)
with RF cancellation only, and in Fig. 9(c) with both RF and
digital cancellers, demonstrate that the proposed system is
clearly able to sense all three moving vehicles despite the
strong reflections coming from the surrounding buildings as
well as the static clutter. The estimated snap-shot distances and
velocities of the vehicles A, B and C, building on one radar
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image calculated over two NR radio frames, i.e., 20 ms, are
51.1 m, 66.8 m and 102.1 m, with relative speeds of 12 m/s,
-9 m/s and -9 m/s, respectively. As the radar transmit–receive
system and the corresponding antenna unit are not placed in
the main road direction, the estimated velocities correspond
to the velocity projection along a line between the considered
vehicle and the radar system. Estimating that the angle between
the main vehicle trajectory and the radar system location is ca.
20◦, the absolute velocities of the three vehicles are between
30 km/h to 40 km/h, which are consistent with the speed limit
of the road.

Additional multimedia content is attached along the sub-
mission and is also available at http://www.tut.fi/full-duplex/
radar/NR40cars2.mp4. In this multimedia illustration, a video
recording of the moving cars is shown, together with displaying
a sequence of the corresponding radar images, side by side.
Each radar image is calculated over one 20 ms NR radio frame,
while the overall experiment corresponds to ca. 10 seconds of
real time. The sequence of the radar images is illustrating that
moving vehicles can be efficiently sensed, despite the static
reflections and ground clutter.

V. CONCLUSION

In this paper, the use of the LTE and 5G NR downlink
waveforms for radar/sensing purposes was addressed and
studied, together with the fundamental hardware challenges
related to transmitter–receiver (TX–RX) isolation and as-
sociated self-interference problem. First, frequency-domain
radar processing building on the LTE or NR time–frequency
resource grid, complemented with interpolation to account for
missing samples due to the null subcarriers within the transmit
waveform passband, was described. Assuming ideal TX–RX
isolation, for reference, the achievable target detection as well as
the corresponding range and velocity estimation performances
of the considered method were then evaluated numerically.
Particularly the large channel bandwidths supported by 5G NR
were shown to provide good sensing performance already at
below 6 GHz frequencies. With 100 MHz channel bandwidth,
distance estimation accuracy in the order of 1 m and target
detection probability exceeding 90% were shown to be feasible
at SNRs lower than −30 dB.

Then, the fundamental TX–RX isolation challenge was
addressed, with specific emphasis on monostatic shared-antenna
base-station deployments. To prevent receiver saturation and
to reduce the inherent masking effect of the direct leakage
sidelobes, efficient RF and digital cancellation solutions were
described, properly tailored to the OFDM radar use case
such that frequency-selective TX–RX coupling can be handled
while the actual reflections from true targets are preserved.
Comprehensive RF measurements were provided, verifying the
basic hypothesis as well as concretely show-casing successful
sensing of static and moving targets, such as drones and cars,
while evidencing measured TX–RX isolation of approximately
100 dB. Our future work will focus on extending the 5G
NR based radio sensing research towards the mmWave bands,
particularly 28 GHz and 39 GHz that are already standardized
for NR. Additionally, we study the potential and feasibility of

simultaneously receiving an inband uplink data signal while
still sensing the reflections of the downlink transmit signal, all
at the same channel.
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Abstract—The emerging 5G New Radio (NR) networks will
provide large improvements in mobile radio access in terms
of peak data rates, latency, reliability and network capacity.
One of the new technical elements compared to LTE-based
networks is the support for millimeter-wave (mmW) frequencies,
facilitating carrier bandwidths up to 400 MHz at the currently
specified operating bands between 24–40 GHz. Such large band-
widths enable highly-accurate time-based measurements and
hence ranging. Thus, in time-division duplexing (TDD) based
networks, base-stations and possibly also user equipment can
pursue high-accuracy radio sensing by observing the transmit
signal reflections, assuming that the direct transmitter-receiver
leakage or self-interference can be sufficiently suppressed. In this
article, we address, analyze and demonstrate the prospects of
OFDM-waveform based radio sensing in 5G NR base-stations
with particular emphasis on the mmW use cases. First, ba-
sic target range and velocity estimation resolution analysis is
provided for different carrier bandwidths and observation time
windows, showing that close to centimeter-level ranging accuracy
can basically be obtained. Then, specific emphasis is put on
the analysis and suppression of the direct self-interference when
executing the receiver simultaneously to transmitting. Finally,
concrete RF measurements at 28 GHz operating band are pro-
vided and analyzed comprising self-interference cancellation and
radar processing solutions. The obtained results demonstrate that
direct self-interference cancellation can be successfully carried
out, and that targets can be accurately sensed and tracked.

I. INTRODUCTION

Applications for wireless communication networks are
growing rapidly, demanding more and more spectral resources
to provide improved mobile radio access performance in
terms of peak data rates, latency, reliability and network
capacity. Simultaneously, new radio-based sensing schemes
are receiving increasing interest, which can also well capitalize
the increasing waveform and channel bandwidths. In contrast
with traditional approaches where communication and sens-
ing systems are considered and implemented as independent
systems with different operating bands, a new trend referred
to as the RF convergence is emerging, seeking to integrate
both functionalities into the same system and frequencies [1].
Thus, the RF convergence paradigm focuses on designing joint
communication and radar/sensing (JCAS) systems that can
perform both functionalities sharing the same transmit signals
and potentially the same hardware platforms [2], [3].

This work was partially supported by the Academy of Finland (grants
#288670, #301820, #310991, #315858, #319994, #323461 and #328214),
Nokia Bell Labs, the Doctoral School of Tampere University, and the Finnish
Funding Agency for Innovation under the “RF Convergence” project.
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Fig. 1. Considered OFDM-based radar system model building on regular 5G
NR downlink transmission network and frequency-domain radar processing.

One of the new technical ingredients of the emerging
5G New Radio (NR) networks compared to the previous
ones, such as Long-Term Evolution (LTE), is the support of
millimeter-wave (mmW) frequencies, which facilitates larger
bandwidths channels up to 400 MHz at the currently spec-
ified operating bands between 24-40 GHz [4]. Such large
bandwidths enable highly-accurate time-based measurements
and hence high resolution for radar operation. In general, 5G
NR exhibits great opportunities that are very attractive for
providing accurate radio-based sensing, namely high carrier
frequencies, large bandwidths, large antenna arrays and dense
deployments of network access points or base-station units.
Thus, joint communication and radar/sensing based on 5G NR
technology is becoming an increasingly important and timely
research area [2], [5]–[8], and is also the topic of this paper.

A review of the recent literature on this topic shows that
different frameworks are already considered and proposed for
5G NR based radio sensing, see, e.g., [2], [6]. Downlink-based
sensing is one approach, illustrated also in Fig. 1, meaning
that the downlink communication signals transmitted from the
NR base station, referred to as gNB, are used to sense the
environment. In this case, the gNB can process the reflections
stemming from its own transmitted signal, similar to a mono-
static radar [6], or exploit the reflected signals from different
gNBs as a passive radar. Alternatively, transmitted signals from
the user equipment (UE) can also be used to sense the environ-
ment between gNB and UE, commonly referred to as uplink-
based sensing operation. The integrated operation of either
downlink or uplink communications and radar systems implies
that the same waveform is utilized for both tasks. Similar
to LTE, also 5G NR builds on orthogonal frequency-division
multiplexing (OFDM) waveform, due to its robustness against



time dispersion and good suitability for multiantenna/MIMO
processing, its good spectral efficiency and ability of exploiting
both the time and frequency resources when defining the
structure for different channels and signals. In addition, the
use of OFDM-based waveforms in radar/sensing context has
been widely considered and developed over the past ten years
as described, e.g., in [9], [10].

In this paper, we first analyze the potential radar/sensing
performance of the 5G NR network showing that close to
centimeter level ranging accuracy can basically be obtained,
especially at mmW bands. Then, the so-called self-interference
challenge is addressed, with special emphasis on monostatic
use case of gNB meaning that the gNB receiver is operating
simultaneous to transmitter, and thus facilitating sufficient TX-
RX isolation becomes an important issue. Finally, concrete RF
measurements at 28 GHz are provided specifically focusing on
human detection in both indoor and outdoor scenarios.

II. SYSTEM MODEL

The radio sensing functionality in the NR network base-
station unit builds on the known downlink transmit waveform
and observed reflections. Similar to classical OFDM-radar
literature [9], [10], we consider a frequency-domain radar pro-
cessing which directly works on the downlink NR frequency-
domain resource grid, denoted by the matrix X which contains
the frequency-domain samples used for radar processing as
illustrated in Fig. 1. This grid is characterized by a specific
subcarrier spacing and has a size of S × R where S and R
denote the number of active subcarriers and OFDM symbols,
respectively. In the transmitter processing, the time-domain
baseband signal s(t) is generated through block-wise IFFT
operating on X, together with the cyclic prefix addition.

In this work, we also consider transmitting and receiving
antenna arrays. Specifically, we assume uniform linear array
(ULA) with M antenna elements uniformly spaced at half
wavelength. The array response vector of the gNB phased
array is thus given by

a(θ) =
[
1, ejπ sin(θ), . . . , ejπ(M−1) sin(θ)

]T
, (1)

where θ refers to either the angle of departure θtx or the angle
of arrival θrx. Let now x(t) denote the radiated array waveform
from the gNB when a transmitter beamforming vector wtx is
applied, expressed as

x(t) = wtxs(t). (2)

The radiated transmit waveform x(t), carrying time and
frequency multiplexed data for different UEs, also interacts
with one or multiple targets of the environment, producing
reflections that are collected by the gNB receiver. With K
targets, the receive array waveform can be described by

y(t) =
K∑

k=1

bke
2πjfD,kta(θrx,k)aT (θtx,k)x(t− τk) + n(t), (3)

where the relative delay and Doppler shift of the kth target,
which are directly related with the target’s distance and

velocity, are denoted by τk and fD,k, respectively. Furthermore,
the noise vector is denoted by n(t). The parameter or variable
bk models the effective attenuation of the kth reflection based
on the well-known radar range equation (RRE) as

|bk|2 =
GtxGrxλ

2σk

(4π)
3
d4
k

, (4)

where Gtx and Grx are the gains of the transmit and receive
antenna elements, and λ is the system’s carrier wavelength.
The parameters σk and dk model the mean radar cross section
(RCS) and the distance between the gNB and the kth target,
respectively. Beamforming is then applied in the receiver side,
combining all the signals from each antenna element as

y(t) = wT
rxy(t) =

K∑

k=1

bBF
k e

2πjfD,kts(t− τk) + n(t), (5)

where bBF
k = bkw

T
rxa(θrx,k)aT (θtx,k)wtx is the effective attenu-

ation of the kth reflection after beamforming.
The received signal containing the target reflections is

demodulated and processed through FFT to obtain the cor-
responding receive grid, denoted by Y. As the considered
radar processing is pursued directly on the samples within the
NR frequency-domain resource grid, it is useful to express
the receive grid samples. Based on (3) and (5), the receive
grid sample on pth subcarrier and qth OFDM symbol, i.e.,
Yp,q = (Y)p,q is given by

Yp,q =
K∑

k=1

bBF
k Xp,qe

2πj(qTsfD,k−pτk∆f) +Np,q, (6)

where Xp,q = (X)p,q and Np,q represents the beamformed
receiver thermal noise sample in the FFT domain. The sub-
carrier spacing is denoted by ∆f while Ts denotes the total
OFDM symbol duration, including the cyclic prefix Tcp and the
fundamental OFDM symbol duration 1/(∆f). From (6), we
observe that the propagation delay causes different phase shifts
for different subcarriers. Similarly, the Doppler shift produces
different phase shifts for the different OFDM symbols.

In this work, similar to, e.g., [9], [10], we adopt subcarrier-
domain processing utilizing directly the transmit and receive
grids, X and Y, respectively. The receive grid Y contains the
parameters τk and fD,k which are to be estimated, as well
as X. Therefore, the transmit grid information is removed by
element-wise division, expressed as

Dp,q =
Yp,q
Xp,q

=

K∑

k=1

bBF
k e

2πj(qTsfD,k−pτk∆f) + Ñp,q. (7)

Then, the target detection and range–velocity estimation builds
on the interpolated grid D̄, which deals with the missing
samples of D corresponding to zero subcarriers inside the
transmit signal passband in X, as described in our recent earlier
work [11]. We calculate, similar to [9], [10], the radar image
through the periodogram based approach, expressed as

A(s, r) =

∣∣∣∣∣∣

R′−1∑

q=0



S′−1∑

p=0

D̄p,qWp,qe
j2π p s

S′


 e−j2π

q r
R′

∣∣∣∣∣∣

2

, (8)



where the inner IFFTs of size S′ ≥ S correspond to range
profiles of each OFDM symbol, while the outer FFTs of size
R′ ≥ R yield subcarrier–wise velocity profiles. In addition,
windowing can be also applied by including appropriate
weights Wp,q in (8) which control the sidelobe level [9].

III. SENSING PERFORMANCE WITH 5G NR WAVEFORM

The considered radar processing building on the NR
frequency-domain resource grid and the periodogram in (8)
allows to resolve targets in both range and velocity domains,
thus corresponding resolution aspects are next addressed.
The basic range resolution, i.e., the minimum distance to
distinguish between two targets with the same Doppler shift,
is inversely proportional to the total transmit bandwidth and
can be calculated as [9]

∆d =
c0

2B
=

c0

2S∆f
, (9)

where c0 is the speed of light and B corresponds to the
bandwidth allocated for the S active subcarriers with spacing
of ∆f . Similarly, the velocity resolution is inversely propor-
tional to the total frame duration used for the radar processing,
expressed as

∆v =
c0

2RTsfc
=

c0

2R(1/∆f + Tcp)fc
. (10)

Another issue that stems from the OFDM-based waveform
and FFT processing, is to preserve orthogonality. To preserve
orthogonality and avoid intersymbol interference (ISI), the
cyclic prefix duration Tcp must be larger than the two-way
propagation delay of the furthest target, implying a distance
limit of the form

dISI =
c0Tcp

2
. (11)

Furthermore, to keep intercarrier interference (ICI) tolerable,
maximum velocity/Doppler is considered to be limited up
to Doppler shifts of one order of magnitude lower than the
subcarrier spacing. Given such maximum tolerable Doppler
shift of ±10% of the subcarrier spacing, the maximum target
velocity reads

vICI =
fD,maxc0

2fc
. (12)

In general, the 5G NR Release 15 [4] specifies the network
operation in two main frequency ranges. The frequency range
1 (FR1) includes all existing and new bands between 450 MHz
and 6 GHz, supporting channel bandwidths up to 100 MHz.
The frequency range 2 (FR2) then considers the operation
at mmW frequencies, including different operating bands
within the range of 24.25 GHz–52.6 GHz, supporting channel
bandwidths up to 400 MHz.

Stemming from the described resolution and limits in (9)-
(12), numerical calculations are next carried out to evaluate the
radio sensing feasibility in 5G networks with the OFDM-based
radar processing described in Section II. Both FR1 and FR2
are considered, assuming 3GPP NR Release 15 numerology,
with the main parameters being summarized in Table I.

TABLE I
5G NR WAVEFORM PARAMETERS FOR DIFFERENT FREQUENCY RANGES

∆f (kHz) Channel BW (MHz) Tcp (µs) Ts (µs)
FR1 15 5–50 4.6 71.3

30 5–100 2.3 35.7
60 10–100 1.2 17.8

FR2 60 50–200 1.2 17.8
120 50–400 0.6 8.9

Fig. 2a) presents the distance resolutions for different chan-
nel bandwidths. In these evaluations, we always assume the
maximum active passband or transmission bandwidth for each
specified channel bandwidth which corresponds to 90% to
98% passband utilization depending on the scenario [4]. As
can be observed, the larger available bandwidths at FR2 can
facilitate finer range resolution compared to FR1, the best
resolutions being approximately 1.5 m (FR1) and 0.4 m (FR2).
Additionally, the maximum distance to avoid ISI is evaluated
in Fig. 2c) taking into account a cyclic prefix length of 7%
of the useful OFDM symbol duration. Consequently, based
on (11), the maximum allowed target’s distance is inversely
proportional to the subcarrier spacing. The results clearly
show that the optimum waveform configuration for distance
resolution, i.e., FR2 channel bandwidth of 400 MHz with
subcarrier spacing of 120 kHz, also presents the most restricted
performance in terms of the maximum range for ISI free
processing. On the other hand, at FR2 the propagation losses
are considerably higher than at FR1, hence the potential ISI
due to longer echoes is most likely negligible.

We also evaluate and show the velocity resolution for
the two frequency ranges in Fig. 2b). It is important to
highlight that the velocity resolution shown in (10) is inversely
proportional to the carrier frequency and the total resource grid
duration used for the radar processing. In this evaluation, we
compare the velocity resolution of the two possible frequency
ranges assuming a downlink transmit grid of 5 ms and 10 ms.
In general, we can see that the velocity resolution at FR2 is
commonly an order of magnitude better than at FR1, mainly
because of the higher carrier frequency. Finally, we analyze
the maximum Doppler shift or velocity allowed by the system
in order to keep a tolerable level of ICI in Fig. 2d). The
maximum tolerable Doppler shift in this analysis is ±10% of
the subcarrier spacing. In this case, configurations with larger
subcarrier spacing will allow to detect higher Doppler shifts
and consequently faster moving targets. However, improving
the maximum detectable velocity results in worse velocity
resolutions as the cyclic prefix duration decreases when higher
subcarrier spacing is considered.

Overall, we observe a trade-off between the analyzed met-
rics and the chosen waveform configurations. For instance,
improving the range resolution by increasing the transmission
bandwidth requires to use higher subcarrier spacing which
decreases the maximum detectable range. Similarly, there is
a compromise in order to optimize the velocity resolution
and maximum tolerable Doppler shift. Therefore, different
waveform configurations can be considered depending on the
sensing application.
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Fig. 2. Sensing metrics in terms of (a) distance resolution, (b) velocity resolution, (c) maximum ISI free sensing range and (d) maximum allowed velocity
to keep tolerable ICI level, for different channel bandwidths and center-frequencies at FR1 and FR2.

IV. SELF-INTERFERENCE CHALLENGE

In time-division duplex (TDD) based networks, the uplink
and downlink share the same frequency band but are separated
in time. Hence, the transmitter and receiver of a TDD gNB
do not, by default, operate simultaneously. Similarly, in tradi-
tional pulse radar systems where typical pulse widths in the
order of nanoseconds are used, the receiver only listens the
target reflections when the transmitter is silent. However, in
TDD NR networks, where the minimum downlink allocation
within a radio frame corresponds to 0.5 ms, while being
commonly longer, the receiver must operate simultaneous to
transmitter (simultaneous transmit and receive, STAR) like in
a continuous-wave (CW) radar, otherwise no targets within
any reasonable distance can be detected.

Based on above, to facilitate downlink sensing in the NR
network, particularly in the form of gNBs acting as monostatic
radars, the gNBs must operate in a STAR mode, meaning that
the TX-RX isolation and the corresponding self-interference
challenge must be addressed. STAR or inband full-duplex has
been studied actively during the recent years, mostly in the

TABLE II
CONSIDERED YSTEM PARAMETERS FOR FULL DUPLEX TRANSCEIVER

Component Gain (dB) IIP2 (dBm) IIP3 (dBm) NF (dB)
PA 24 - 10 5

LNA 15 43 -5 3
Mixer 6 45 15 10
VGA 0-69 43 14 4

context of bi-directional communications, see, e.g., [12], [13]
and the reference therein, while also some radar-specific stud-
ies already exist [14], [15]. Specifically, to prevent LNA and
receiver chain saturation, different isolation and SI suppression
techniques such as antenna separation and RF and digital
cancellation schemes are studied. Particularly, the development
of full-duplex techniques for single-antenna configurations at
low frequencies has progressed well, however, full-duplex
MIMO at mmW bands is still largely an open challenge,
partially due to the additional challenges stemming from the
antenna mutual coupling and cross-talk.
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In this work, we analyze and consider a potential transceiver
architecture approach shown in Fig. 3. On the one hand, when
the gNB is operating in uplink mode, the receiver chain needs
to adopt a low noise amplifier (LNA) in order to maximize the
uplink coverage and sensitivity. On the other hand, when the
gNB is transmitting the downlink signal while at the same time
receiving the targets’ reflections, the receiver LNA could be
potentially bypassed. This would relax the receiver saturation
challenge, but will also naturally reduce the sensitivity of the
radar operation.

Following a similar approach as in [13], system calculations
are next carried out to evaluate the performance of the STAR
transceiver from the SI perspective, by taking into account
also the LNA bypass option. In the analysis, the power levels
of the different linear and nonlinear signal components are
calculated. A phased-array architecture with eight transceivers
is considered, each of them with a power amplifier (PA)
with gain of 24 dB. For the receiver, we only consider the
3rd-order linear distortion as it falls on the actual signal
band. The consider parameters for the PAs and the receiver
chains are summarized in Table II, while phase-shifters are
assumed ideal for simplicity. An ADC of 12 bits is assumed
to be deployed whose input level is controlled by a variable
gain amplifier (VGA) such that the full converter resolution
is always properly utilized. Transmit channel bandwidth of
400 MHz with peak-to-average power ratio (PAPR) of 10 dB
is assumed. The antenna separation within a transceiver and
the coupling factor between different antenna transceivers are
considered to be 20 dB.

First, we analyze a transceiver configuration where the LNA
is not bypassed and no RF cancellation is applied. The cor-
responding results are shown in Fig. 4a), considering variable
PA output power between -10 and 20 dBm. In order to obtain
meaningful reference in terms of the level of target reflections
at the RX ADC output, referred to as signal of interest (SOI),
we consider a SOI SNR of -10 dB for a transmit power of
20 dBm. Note that the variable gain of the VGA keeps the
total ADC input essentially at constant level. Therefore, high
SI power means that more of the dynamic range is reserved
by the SI signal, which provides less resolution for the desired
signal and limits the receiver performance. However, with
this configuration, the receiver rapidly saturates with transmit
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(b) With LNA and 25 dB of RF cancellation at LNA input.
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(c) Bypassed LNA with 10 dB of RF cancellation.

Fig. 4. Power levels of different signal components at the RX ADC output.

powers higher than -5 dBm. Therefore, RF cancellation will
be required in order to make the radar processing feasible.

The corresponding results with RF cancellation of 25 dB,
assumed to take place at inputs of LNAs, are shown in Fig. 4b).
In this case, the SI is still much larger than the target reflection,
however, the SI can in practice be further suppressed in the
digital domain, commonly by 40 dB or even more [12], [13].
Moreover, the radar processing provides a processing gain that
is directly related with the transmission bandwidth and the
total frame duration which is around 40-50 dB [11].



(a)

(b)

Fig. 5. In (a), the main equipment used in the sensing measurements are
shown, together with the considered indoor scenario. In (b), the considered
outdoor scenario is shown.

Finally, the results in Fig. 4c) illustrate the system per-
formance when the LNA is bypassed, while assuming RF
cancellation of only 10 dB. Overall, we observe that if the
LNA is bypassed in radar mode, the operation can be feasible
already with small amounts of RF cancellation. In this case,
assuming that the phase-shifters tolerate the SI power, the
RF cancellation could be done after RX combining which
facilitates more manageable cancellation solutions, as already
hypothesized in Fig. 3. Compared to the RF cancellation at
the input of every LNA, especially with mmW antenna arrays
that can potentially have hundreds of elements, much more
scalable solution would be obtained.

V. IMPLEMENTATION AND MEASUREMENTS RESULTS

In this section, the implemented 5G NR mmW setup for ra-
dio sensing is described, and the obtained results are presented
and analyzed.

A. Measurement Setup

The set of equipment used for the mmW measurements is
illustrated in Fig. 5. A National Instruments PXIe-5840 vector
signal transceiver (VST) implements the RF transmitter and
receiver functionalities at intermediate frequency of 3.5 GHz,
as well as controls the rest of the devices. Two Keysight
N5183B–MXG signal generators are used as local oscillators
that together with external mixers up-convert and downconvert
the IF signal to/from the final carrier frequency of 28 GHz.

(a)

(b)

Fig. 6. Range waterfall radar measurements at 28 GHz in indoor scenario
using shared TX-RX antenna configuration with circulator, (a) without digital
cancellation and (b) with digital cancellation, for NR waveform of 0.25 ms
with channel bandwidth of 400 MHz.

We consider two alternative antenna system configurations
in order to study the impact of the self-interference in the
radar system. Firstly, a directive horn antenna (PE9851A-20)
is adopted and shared between TX and RX through a circulator
(JCC27K5T29K5K1), which provides some 20 dB of isolation
in the band of 27.5 to 29.5 GHz. This antenna provides a
nominal gain of 20 dBi with a beam width of 17◦. An external
power amplifier (PA) is used to achieve transmit power of
20 dBm. In addition, we consider a two-antenna setup to
improve the passive isolation between TX and RX further. The
same horn antenna is now used only for the RX side, while a
64-element Anokiwave AWMF-0129 phased-array is utilized
at the TX side. Electronic beam steering allows to sense the
environment also in the angular domain. The input power to
the array is ca. -10 dBm yielding an EIRP of 40 dBm. The
antennas are placed with a separation of 30 cm in order to
avoid mutual coupling. The radar digital processing is directly
implemented in MATLAB in the VST platform.

In the measurements, we explore the gNB capability of
detecting potential moving objects, particularly humans. Thus,
we prioritize the high distance accuracy over the velocity esti-
mation performance. Therefore, the highest channel bandwidth
supported by FR2 of 400 MHz with subcarrier spacing of
120 kHz is adopted. We consider a transmit signal with 28
OFDM symbols of length 0.25 ms. In the radar processing,
the range profiles computed over each symbol are coherently
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Fig. 7. Range waterfall radar measurements at 28 GHz using separate TX and RX antenna systems. The figures (a) , (b) and (c) illustrate the reference case,
the test case without clutter suppression and the test case with clutter suppression at the indoor scenario, respectively. Similarly, figures (d), (e) and (f) show
equivalent cases for the outdoor scenario. NR waveform of 0.25 ms with channel bandwidth of 400 MHz is used.

integrated to obtain an additional processing gain of 14.5 dB
against the noise floor. We compare different scenarios using
range waterfall radar measurements, where the evolution of
the range profiles is analyzed over time, every half a second.
Hamming window is applied in (8) in order to control the side-
lobe levels of the radar image. In addition, a clutter mapping
technique is applied to the range waterfall measurements by
comparing each measurement with a reference case where no
people were present.

B. Indoor Human Sensing

The first study scenario is an indoor hallway of one of the
university buildings as illustrated in Fig. 5a). The antennas are
tilted down at a height of 5 m above the floor level emulating
the operation of a local area indoor base station, with gNBs
mounted on walls or ceilings.

As the first example, we utilize the shared antenna con-
figuration in order to show how the SI limits the sensing

performance in the considered JCAS platform. Higher SI
power means that more RX dynamic range is reserved by
the SI signal and consequently decreases the capability of
detecting weak reflections from the targets. Moreover, strong
SI and its sidelobes after the OFDM radar processing can
potentially masks true echoes and targets. Fig. 6a) shows
the degradation of the radar image when strong SI is leaked
between TX and RX, when no SI cancellation is applied. It
can be seen that the SI masks all possible reflections from the
environment making the detection of any target very difficult.
Then, Fig. 6b) illustrates how the range waterfall measure-
ments are improving when digital non-linear SI canceller
similar to [11] is applied. Opposed to Fig. 6a), the strong SI
signal is now reduced by some 25 dB decreasing its sidelobes
and making the detection of targets at short distances more
feasible. However, digital cancellation alone is not enough to
detect weak targets as humans.



Fig. 8. Radar image of the outdoor scenario at 28 GHz for different scanning
directions with 2◦ step using the two separated antenna systems configuration
with NR waveform of 0.25 ms with channel bandwidth of 400 MHz.

To further assess and visualize the potential of the 5G NR
network for sensing, we carry out additional measurements
with the two-antenna setup as illustrated in Fig. 5a). First, the
university hallway is sensed without any people as a reference
measurement to learn the clutter and the static targets of
the environment as shown in Fig. 7a). It can be seen that
several strong reflections are captured by the RX antenna
within ranges between 10 to 50 m. Then, the same corridor
is measured when several people are walking with different
trajectories as shown in Fig. 7b). Finally, both measurements
are combined in order to remove the non desired clutter from
the actual human target reflections in Fig. 7c). Overall, with
this configuration human targets are already easy to distinguish
even in this type of a fairly complex environment.

C. Outdoor Human Sensing

The overall 5G NR radar system concept is next evaluated
in a typical medium range base station context, where gNBs
are normally installed outdoors below the rooftop, providing
both outdoor hotspot coverage as well as outdoor-to-indoor
coverage through walls. Fig. 5b) illustrates the measurement
scenario composing of an open area at the university campus
with the phased-array and the horn antenna operating as
the TX and RX antenna systems, respectively. Similar to
the indoor case, the first measurement is done to learn the
static environment as shown in Fig. 7d). Next, range waterfall
measurements with different human targets are shown in
Fig. 7e) and Fig. 7f), without and with clutter suppression,
respectively. Notice that in this more open environment, the
joint communication and sensing platform is able to sense
humans at larger distances up to 120 m, compared to the
indoor case were targets were only visible at distances up to
50 m.

In addition, the university campus is also sensed through
switching the scanning angles between -35 and 35◦ with a
step of 2◦, electronically steering the phase-array beam and
mechanically aiming the horn antenna. These measurement
results are illustrated in Fig. 8, demonstrating how the gNB
could be able to sense its surroundings.

VI. CONCLUSION

In this paper, the use of 5G NR gNBs for radar/sensing
purposes was addressed with special focus on the mmW
networks that facilitate larger transmission bandwidths and
consequently highly-accurate radar functionalities. First, we
addressed the frequency-domain radar processing building on
the NR resource grid and analyzed the different sensing perfor-
mance metrics, showing that the mmW/FR2 bands exhibit a
great potential for radar purposes. Then, some of the hard-
ware challenges stemming from simultaneous transmission
and reception at the same frequency were discussed, and
opportunities for LNA bypassing and RF cancellation were
considered and analyzed. Finally, concrete RF measurements
at 28 GHz operating band were provided and analyzed, in both
indoor and outdoor scenarios, demonstrating the great 5G NR
radar/sensing potential at mmW bands.
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[7] P. Kumari, J. Choi, N. González-Prelcic, and R. W. Heath, “IEEE
802.11ad-based radar: An approach to joint vehicular communication-
radar system,” IEEE Trans. Veh. Technol., vol. 67, no. 4, pp. 3012–3027,
Apr. 2018.

[8] P. Kumari, M. E. Eltayeb, and R. W. Heath, “Sparsity-aware adaptive
beamforming design for IEEE 802.11ad-based joint communication-
radar,” in RadarConf18, Apr. 2018, pp. 0923–0928.

[9] M. Braun, “OFDM radar algorithms in mobile communication net-
works,” Ph.D. dissertation, Karlsruhe Institute of Technology, 2014.

[10] C. Sturm, T. Zwick, and W. Wiesbeck, “An OFDM system concept for
joint radar and communications operations,” in VTC Spring 2009, Apr.
2009, pp. 1–5.

[11] C. Baquero Barneto et al., “Full-duplex OFDM radar with LTE and 5G
NR waveforms: Challenges, solutions, and measurements,” IEEE Trans.
Microw. Theory Tech., vol. 67, no. 10, pp. 4042–4054, Oct. 2019.

[12] A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and
R. Wichman, “In-band full-duplex wireless: Challenges and opportuni-
ties,” IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1637–1652, Sep.
2014.

[13] D. Korpi, T. Riihonen, V. Syrjälä, L. Anttila, M. Valkama, and R. Wich-
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Abstract—The emerging 5G New Radio (NR) networks are
expected to enable huge improvements, e.g., in terms of capacity,
number of connected devices, peak data rates and latency,
compared to existing networks. At the same time, a new trend
referred to as the RF convergence is aiming to jointly integrate
communications and sensing functionalities into the same systems
and hardware platforms. In this paper, we investigate the sensing
prospects of 5G NR systems, with particular emphasis on the
user equipment side and their potential for joint communications
and environment mapping. To this end, a radio-based sensing
approach utilizing the 5G NR uplink transmit signal and an
efficient receiver processing and mapping scheme are proposed.
An indoor scenario is then studied and evaluated through real-
world RF measurements at 28 GHz mm-wave band, showing
that impressive mapping performance can be achieved by the
proposed system. The measurement data is available at a perma-
nent open repository.

Index Terms—5G New Radio (NR), joint communications and
sensing, RF convergence, indoor mapping, mm-waves.

I. INTRODUCTION

The emerging 5G New Radio (NR) networks are evolving
to support and facilitate a wide range of new services, while
providing huge improvements in terms of, e.g, peak data rates,
network capacity, number of connected devices, and radio
access latency, compared to earlier Long-Term Evolution (LTE)
based systems [1]. At the same time, a new trend referred to
as the RF convergence is becoming an increasingly important
research area that aims to develop joint communication and
sensing (JCAS) systems that can perform both functionalities
while sharing the same transmit waveforms and hardware
platforms [2], [3]. JCAS solutions based on 5G networks
represent a very timely research opportunity [4]–[8].

One key capability of 5G NR systems concerns the user
equipment (UE) positioning accuracy, which should be in
the order of one meter or even below according to the
latest specifications [9]. This is technically achieved by the
exploitation of wide bandwidths at mm-wave frequencies,
combined with directional antenna arrays that together enable
highly accurate time-based and angle-based measurements and,
hence, high-accuracy positioning [5]. The 5G NR Release
15 [1] includes new operating bands within the range of
24.25 GHz–52.6 GHz, supporting channel bandwidths up to

This work was partially supported by the Academy of Finland (grants
#310991, #315858, #328214, #319994), Nokia Bell Labs, and the Doctoral
School of Tampere University. The work was also supported by the Finnish
Funding Agency for Innovation under the “RF Convergence” project.

Measurement data available at https://doi.org/10.5281/zenodo.3754175 [15].
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Fig. 1. Considered joint communication and sensing/radar scenario in mm-
wave 5G NR network, for user terminal based mapping applications.

400 MHz, while allows for antenna arrays with 256 and 64
elements at network and UE sides, respectively. Additionally,
it is noted that 5G NR supports orthogonal frequency-division
multiple access (OFDMA) in both downlink and uplink.

In general, in expected 5G outdoor deployments at mm-
waves with densely distributed access nodes (ANs), a single
UE is most likely within the coverage range of multiple
ANs – an issue that is further contributing to reaching
positioning accuracies below one meter [9]. However, the
mm-wave propagation characteristics make the positioning
much more challenging in indoor environments. To overcome
these difficulties, a few recent studies have raised the idea of
using simultaneous localization and mapping (SLAM) schemes
in order to achieve such 5G positioning requirements also in
indoor scenarios [10]–[13]. To this end, in [10], [11], a personal
mobile radar concept operating at mm-waves and consisting
of massive arrays for environmental mapping is proposed.
Similarly, [12] proposes a SLAM-based architecture to perform
localization through obstacle detection and dimensioning for
indoor environments using mm-wave frequencies. In [13],
a message passing-based estimator, which jointly estimates
the position and orientation of the UE while sensing the
environment’s reflectors, is presented. However, due to the
challenges of performing RF measurements at mm-wave bands,
very few works have supported their mm-wave SLAM-based
approaches with empirical results to assess and demonstrate
the performance with real hardware [10], [11].

In this work, we present a user-centric 5G mm-wave indoor
mapping system and method. In the proposed system, the user
device senses the surrounding environment by steering its beam
pattern towards different directions and collecting the target
reflections utilizing the NR uplink transmit signal as illustrated



conceptually in Fig. 1. The associated radar/sensing techniques
are described in Section II, together with the proposed grid-
based mapping processing methods. Indoor office measurement
environment and utilized mm-wave hardware are described in
Section III, while the actual RF measurement results at the
28 GHz band [15] and their analysis are provided in Section IV.
The obtained results experimentally verify that the proposed
system is able to accurately map the environment.

II. SYSTEM MODEL AND MAPPING PROCESSING

A. OFDM-based Radar Processing

The indoor mapping functionality in the NR UE builds
on the known uplink transmit orthogonal frequency-division
multiplexing (OFDM) waveform. In particular, the considered
mobile device, equipped with phased arrays in both transmit
(TX) and receive (RX) chains, senses its environment by
steering its beam pattern towards different directions and
collecting the target reflections in order to reconstruct the
surrounding scenario as illustrated in Fig. 1.

Similar to classical OFDM-radar literature [4], [5], [14], we
consider frequency-domain radar processing which directly
works on the uplink NR frequency-domain resource grid, of
size S × R, that contains the frequency-domain samples of
S consecutive active subcarriers and R OFDM symbols. At
the TX side, the baseband uplink waveform is generated by
block-wise IFFT operating in the uplink NR frequency-domain
resource grid, together with cyclic prefix addition.

Considering specific steering direction θ, the uplink transmit
waveform interacts with one or multiple targets of the indoor
environment, producing reflections that are simultaneously col-
lected by the RX phased array. The received signal containing
the target reflections is demodulated and processed through
FFT to obtain the corresponding receive grid. The distance and
the relative speed of a target k correspond to the propagation
delay τk and the Doppler shift fD,k, respectively. With K
point targets, the receive grid sample on pth subcarrier and qth
OFDM symbol can be expressed as

Grx
p,q =

K∑

k=1

bkG
tx
p,qe

2πj(qTsfD,k−pτk∆f) +Gnoise
p,q , (1)

where Gtx
p,q and Gnoise

p,q represent the TX signal’s and the receiver
thermal noise’s grid samples on pth subcarrier and qth OFDM
symbol, respectively. The subcarrier spacing is denoted by ∆f
while Ts denotes the total OFDM symbol duration, including
the cyclic prefix duration. The parameter bk models the effective
attenuation of the kth target reflection.

In this work, similar to, e.g., [4], [5], [14], we adopt
subcarrier-domain processing with a channel estimation-like
scheme. The parameters τk and fD,k are calculated by element-
wise division of the receive and transmit grids as

Gp,q =
Grx
p,q

Gtx
p,q

=
K∑

k=1

bke
2πj(qTsfD,k−pτk∆f) + G̃noise

p,q . (2)

The delay/range profile is then calculated in terms of
discretized time delay τ , based on the periodogram of the
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Fig. 2. System model geometry. The measurement system located at(
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l

)
with orientation φ senses the environment at a steering angle

θ detecting a target with distance d.

matrix (2) containing the delay and Doppler information of
the sensed environment, and expressed as [14]

Φ (τ) =
1

R

∣∣∣∣∣
R−1∑

q=0

(
S−1∑

p=0

Gp,qWp,qe
j2πp τ∆f

)∣∣∣∣∣

2

, (3)

where the inner IFFTs of size S correspond to delay profiles
of each OFDM symbol. In addition, the signal-to-noise ratio
is improved by coherent integration of R delay profiles. The
estimated delay/range profiles are discretized according to
τs = s

S∆f where s ∈ [0, S − 1]. Windowing can be also
applied by including appropriate weights Wp,q which control
the sidelobe level of Φ. For simplicity, this work ignores the
Doppler processing and consequently, the ability of distinguish
between static and moving targets. However, this can be easily
implemented by an extension of (3) as shown in [4], [14].

B. System Geometry

In typical monostatic radars, where TX and RX antennas
are co-located, the target distance can be easily estimated by
considering that the received signal is delayed by the same
time when travels to the target and back. However, in this work,
we used a quasi-monostatic configuration, where the TX and
RX antennas are not located in the same position as illustrated
in Fig. 2. We assume an ellipse-based model to correct the
targets’ time delay τ depending on the steering direction θ that
can be written as

d (τ, θ) =
τc0
2

√
(τc0)

2 − γ2

(τc0)
2 − γ2 cos2 θ

, (4)

where c0 is the speed of light and γ corresponds to the
separation between TX and RX antennas. It can be observed
that this distance correction factor is especially sensitive for
targets with distances with the same order of magnitude as the
parameter γ. Notice that the estimated distance for very large
propagation delays in comparison with the antenna separation
τc0 � γ, can be approached by the general expression for the
monostatic case: d ≈ τc0

2 .

C. Grid-based Mapping Processing

In this work, we consider a grid-based mapping approach to
create a planar map of the surrounding environment by using



the UE radar/sensing functionality at different L locations
while the antenna beams are steered to different I azimuth
angles. Each of the calculated delay/range profiles contain S
discretized samples, giving a total of A = L× I×S measured
points.

Considering a UE location
(
xUE
l , yUE

l

)
with l ∈ [0, L− 1],

the targets’ Cartesian coordinates are calculated including the
distance correction factor described in (4) as

xa = xUE
l + d (τs, θi) cos (θi + φ),

ya = yUE
l + d (τs, θi) sin (θi + φ),

(5)

where a = {s+ iS + lSI,∀s,∀i,∀l} and the parameter θi =
θmin + ∆θ (i− 1) where i ∈ [0, I − 1] refers to the set of
steering directions with minimum steering angle θmin and beam
step of ∆θ. The parameter φ denotes the UE orientation angle
as illustrated in Fig. 2. Similarly, the delay/range profiles for
different steering angles and UE locations are defined as

za = Φl,i (τs) . (6)

In the proposed grid-based map, the environment is dis-
cretized creating a grid of Ntotal = Nx×Ny cells as illustrated
in Fig. 1. Each of the cells contains the average of the range
profiles over all the targets whose coordinates are within that
cell. Therefore, the map grid sample on the αth vertical cell
and the βth horizontal cell, can be described as

Mα,β =

∑
a∈Mα,β

za

C {Mα,β}
, (7)

where Mα,β =
{
a |

(
xa ∈ χβ

)
∩ (ya ∈ ψα) ,∀a

}
. The pa-

rameters χβ = [χβ,min, χβ,max] with β ∈ {0, . . . , Nx − 1} and
ψα = [ψα,min, ψα,max] with α ∈ {0, . . . , Ny − 1} refer to the
horizontal and vertical ranges of the cell Mα,β , respectively.
The operator C {·} denotes the cardinality of the set and
consequently the total number of targets within a specific
cell. Then, a convolution or kernel matrix is applied to extract
certain features from the original average grid map (7). In
general, the filtered grid map samples can be expressed as

M̃α,β =

U∑

u=−U

V∑

v=−V
Ωu,vMα−u,β−v, (8)

where Ω refers to the kernel matrix with −U ≤ u ≤ U and
−V ≤ v ≤ V . In this work, we assume a square Gaussian
kernel matrix with U = V and standard deviation σ for both
vertical and horizontal domains described as

Ωu,v =
1

2πσ2
exp

[
−u

2 + v2

2σ2

]
. (9)

Finally, individual filtered grid map samples are subject to
a threshold test, expressed as

M̃α,β

H0
≶
H1

Tth, (10)

where Tth denotes the detection threshold, H0 refers to the
null hypothesis, while H1 refers to the alternative hypothesis.
Specifically, if M̃α,β > Tth, the detector declares that the target
is present in that specific cell, while if M̃α,β < Tth, it declares
that no target is detected.
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Fig. 3. (a) The measurement scenario including the main test locations and
most important radar targets. (b) The main equipment used in the mapping
measurements.

III. MEASUREMENT CAMPAIGN

A. Scenario Description

A measurement campaign was conducted at an indoor office
environment in Hervanta Campus of Tampere University as
shown in Fig. 3(a). The considered heterogeneous environment
consist of a corridor of 2 m width and 60 m long with different
office rooms in both sides. The corridor was measured along
three parallel reference lines of 30 m with a distance step of
one meter, providing a total of 93 test locations. In addition,
these positions were tested in both directions along the corridor,
providing a total of six sets of measurements. In Fig. 3(a), the
considered test locations as well as the most significant targets
from the radar perspective are shown. We can highlight three
walls that are perpendicular to the system trajectory—A, B and
C—located at the left side of the figure. Moreover, at the right
side, three metal lockers—D, E and F—are expected to be the
main reflective targets.

B. Measurement Setup

The equipment used for the indoor mapping measurements,
with a carrier frequency of 28 GHz are shown in Fig. 3(b).
All the measurement equipment are mounted on a trolley to
enable moving smoothly through the indoor scenario. The
measurements were conducted with a vector signal transceiver
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Fig. 4. Indoor mapping measurements at mm-wave using a 5G measurement system. Subfigures (a), (b), (c) and (d) correspond to mapping measurements
from left part of the corridor to right as shown in (a). Subfigure (a) illustrates the sensing measurements from the highlighted locations. The corresponding
grid-based maps (b), (c) and (d) illustrate the average sensing measurements, the map after applying a kernel matrix and the map after threshold test decision,
respectively. Similarly, (e) and (f) show the sensing and final mapping results for the opposite measurement direction.

(PXIe-5840) which implements the RF transmitter and receiver
functionalities at intermediate frequency of 3.5 GHz, as well
as controls the rest of the devices. In addition, two signal
generators are used as local oscillators (N5183B–MXG),
together with external mixers to up/down-convert the IF signal
to/from the desired mm-wave carrier frequency.

The UE’s phased array operation is emulated by using
directive horn antennas (PE9851A-20) for both TX and RX
sides. They are mounted on mechanical steering systems which
enable to steer and direct the horns in the whole azimuth plane.
Both horns provide a nominal gain of 20 dBi with a 3 dB beam
width of 17◦. The antennas are placed at one meter above the
floor level, with a separation of 60 cm in order to avoid larger
mutual coupling between TX and RX chains. In the TX side,
two external power amplifiers (PA) are used that together with
the antenna system facilitate an EIRP of +20 dBm.

In the measurements, OFDM-based NR uplink waveform
with the widest available mm-wave channel bandwidth of
400 MHz and subcarrier spacing of 120 kHz is utilized [1].

In particular, we consider an uplink NR frequency-domain
resource grid with S = 3168 active subcarriers and R = 28
OFDM symbols corresponding to an observation window of
around 0.25 ms. According to [5], the considered transmit
waveform provides a basic range resolution of about 0.4 m and
a maximum range of around 100 m. The subcarrier-domain
radar processing is implemented as described in Section II-A.

IV. MAPPING RESULTS

In this section, the obtained indoor mapping measurement
results—available at a permanent open repository [15]—are pre-
sented and analyzed to assess and demonstrate the performance
of the proposed joint communication and radar system. We
first measure the corridor in one direction—from left to right
according to Fig. 4(a)—through three parallel lines at L = 93
different locations. In each of the locations, the measurement
trolley is placed also parallel to the measurement lines with
an orientation of φ = 5◦ with respect to the x-axis, while
radar measurements are performed for I = 51 steering angles



between -50◦ to 50◦ with a step of 2◦. We apply the radar
and mapping processing techniques described in Section II-C
obtaining the results shown in Fig. 4. In this figure, the building
layout map and the main target locations are included for
reference.

Figure 4(a) presents the obtained sensing measurements of
all considered locations shown with markers. In addition, a
reference location is highlighted in white for comparison with
Fig. 3(a). Range profiles are obtained and distance correction
is applied according to (3) and (4) using a basic rectangular
window. It can be seen that the proposed system is able
to accurately sense the fairly complex environment making
mapping reconstruction that clearly represents the main scenario
layout. Most of the detected targets correspond to the corridor
walls. However, there are also some reflections that seem to
come from inside the rooms. We noticed that some of these
targets are due to double reflections in the environment that
can be easily removed with the presented averaging, filtering
and threshold steps discussed shortly. Another aspect important
to emphasize is the limited angular resolution of the system
due to the antenna beam width. Especially, when the targets
are placed far from the system, they produce elongated shapes
that can decrease the mapping performance. Limiting the range
of the measurements can reduce this effect.

We then implement the proposed grid-based mapping pro-
cessing to create a 2D map of the corridor with Nx = 225 and
Ny = 90 using square cells with size of 0.2× 0.2 m2, which
is consistent with the range resolution of about 0.4 m. First,
we reconstruct a map that contains the average intensity of the
different range profiles in each cell as illustrated in Fig. 4(b).
With this step, we focus the targets’ intensity into more specific
cells while the negative effects of the double reflections and
the angular resolution are potentially decreased.

Next, a Gaussian kernel matrix is applied to the average
grid map in order to smooth the map and reduce possible map
noise. The kernel design parameters are set as U = V = 5
and σ = 1. Alternative kernel matrices can be also applied to
extract different map features. Fig. 4(c) illustrates the filtered
map showing smoother and more homogeneous targets.

Finally, the grid map is subject to a threshold test to
emphasize the most important targets of the environment
as illustrated in Fig. 4(d). This threshold can be adjusted
depending on the sensed environment and the targets to be
detected. It can be observed how the proposed system is able to
impressively reconstruct the sensed environment. We specially
highlight the main corridor walls’ (A, B and C) and the metallic
lockers’ (D, E and F) locations for better comprehension of
the final result.

In addition, we also analyze how the mapping system
performance is subject to the UE orientation by showing
sensing and final mapping results done along the corridor’s
opposite direction as illustrated in Fig. 4(e) and Fig. 4(f),
respectively. In this case, we assume the same setup and
processing parameters as above. These new results show how
new targets are detected, while some other targets such as
the walls A, B and C vanish, when the trolley is moved

along a different direction. Consequently, several different
measurements can be combined in order to obtain a more rich
and accurate representation of the environment.

V. CONCLUSIONS

This paper investigated the 5G NR sensing potential with
specific emphasis on the UE side and user-centric joint
communication and sensing methods for indoor mapping at mm-
wave frequencies. In the considered system, the UE senses its
surrounding environment by steering its beam pattern towards
different directions and collects the target reflections utilizing
an NR uplink transmit signal. This is then complemented
with OFDM-based radar and grid-based mapping processing
techniques that were described in the paper. The applicability
of the proposed methods was demonstrated, in the context
of indoor mapping, through actual RF measurements at the
28 GHz band. The obtained results indicate impressive mapping
reconstruction in the considered indoor office scenario.
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Abstract—The large available bandwidths at millimeter-wave
(mmW) frequencies enable very high data rates and reduced
latencies while can also facilitate high-resolution radio-based
sensing. In this paper, we address the problem of providing
the communications and sensing functionalities simultaneously
at the same frequencies, with specific emphasis on the emerg-
ing 5G New Radio (NR) networks. To this end, a novel RF
beamforming design and optimization approach is proposed,
for dual-functional joint radar-communication systems, providing
multiple simultaneous transmit beams to support efficient beam-
formed communications while an additional beam simultaneously
senses the environment around the base-station. The proposed
beamforming approach jointly optimizes the transmitter and
receiver beamforming weights in order to maximize the sensing
performance and mitigate the possible interference stemming
from the communication beam, while guaranteeing also the target
beamforming gain for the communications link. The performance
of the proposed approach is assessed through comprehensive
numerical evaluations, demonstrating that substantial gains and
benefits can be achieved compared to more ordinary beamform-
ing approaches.

Index Terms—5G New Radio (NR), millimeter waves, RF
beamforming, joint communications and sensing, multibeam,
radar, RF convergence.

I. INTRODUCTION

Wireless communication networks are evolving to provide
larger capacities and reduced latencies, while at the same time
various radio-based sensing schemes are receiving increasing
interest in both civilian and professional applications [1], [2].
As a result, the radio spectrum congestion is becoming increas-
ing critical, which in turn is catalyzing two interesting research
directions under the so-called RF convergence paradigm. First
direction is dealing with the radar-communication coexistence
(RCC) scenarios [1], where the communication and radar
systems operate simultaneously but treat each other as in-
dependent interferers. The second and more challenging ap-
proach focuses on designing joint communication and sensing
(JCAS) systems that can perform both functionalities sharing
the same transmit signals and potentially the same hardware
platforms [3], [4]. Some relevant applications where JCAS
systems can play an important role are autonomous vehicle
networks, unmanned aerial vehicle (UAV) control systems,
building analytics and digital health monitoring [5], [6].

This work was partially supported by the Academy of Finland (grants
#310991, #315858, and #328214), Nokia Bell Labs, and the Doctoral School
of Tampere University. The work was also supported by the Finnish Funding
Agency for Innovation under the “RF Convergence” project.
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Fig. 1. Considered scenario and system model for multibeam-based joint
communications and sensing/radar in mmW 5G NR network. A single phased-
array shared between TX and RX is considered in this work.

The emerging 5G NR networks aim to provide large im-
provements in terms of peak data rates, latency, reliability
and network capacity [7], compared to earlier mobile network
generations. As a consequence, new operating bands have been
defined, including also selected mmW bands that facilitate
large channel bandwidths up to 400 MHz. Such large band-
widths enable also highly-accurate time-based measurements
and hence high resolution for radar operation [3], [8], [9].

At mmW frequencies, active antenna arrays and steerable
beams need to be used to overcome large propagation losses.
Existing research in JCAS context mostly focuses on single-
beam approaches per phased-array, however, this approach
essentially limits the sensing direction to be the same as
that of the communication node [6], [10]. To overcome this
problem, selected recent studies have raised the idea of using
separate simultaneous beams for communication and sensing
functionalities. To this end, in [11], a multibeam framework
and a beamforming design with two analog arrays are pro-
posed to simultaneously support communication and sensing.
The beamforming design considers different requirements,
where sensing requires time-varying directional beams to sense
the environment, while communication requires stable and
accurately-aimed beams to achieve a good link quality. In [8],
a multibeam algorithm provides coherent beam in the trans-
mitter antenna array towards the communication node while
simultaneously perturbing the sidelobes. Sidelobe perturbation
results in random beams with low antenna gain, which are
exploited for short-range radar applications.

In JCAS systems, developing efficient interference manage-



ment techniques is essential, so that the communication and
sensing can operate simultaneously without interfering each
other. Similarly, in the proposed system presented in Fig. 1
where the 5G base-station, referred to as gNB, operates as
a dual-functional radar-communication node using multiple
beams, the reflections from the direction of the communication
beam act as interference from the sensing perspective. In this
paper, we propose to improve the sensing performance of
5G NR networks through novel beamforming optimization
approach, that minimizes the communication beam interfer-
ence while also simultaneously ensuring a certain beamformed
communications quality. Additionally, the proposed approach
allows for flexibly configuring the sensing beam direction,
independent of the communications direction.

The rest of the paper is organized as follows: In Section II,
the considered system model is shortly presented. Then, in
Section III, the proposed beamformer optimization formulation
is described. In Section IV, extensive numerical results are
provided and analyzed to assess the proposed multibeam
optimization approach and achievable performance. Finally,
Section V concludes our work.

II. SYSTEM MODEL

In this work, similar to [12], we assume that the radar
functionality is performed in the base-station unit (gNB) of
a 5G NR network, by utilizing the known downlink transmit
waveform s(t). We pursue a new functionality that enables
the gNB to simultaneously sense the environment with a
directive and configurable beam while another directive beam
is dedicated for the communications link as illustrated in
Fig. 1. Additionally, we consider planar wavefront and assume
a single shared uniform linear array (ULA) for TX and
RX with N antenna elements uniformly spaced at half the
wavelength, and assume separate RF beamforming weights
for TX and RX.

As is well-known [13], the array response of the gNB
phased-array reads

a(θ) =
[
1, ejπ sin (θ), . . . , ejπ(M−1) sin (θ)

]T
, (1)

where θ refers to either the angle of departure (AoD), θtx, or
the angle of arrival (AoA), θrx. The radiated spatial waveform
x(t) can then be expressed as

x(t) = s(t)wtx, (2)

where wtx denotes the TX beamforming vector. The radi-
ated spatial waveform x(t) then propagates over-the-air and
interacts with one or multiple targets, producing reflections
that will be collected by the gNB receiving system [14] for
sensing/radar purposes. With K targets, the receive spatial
waveform can be described by

y(t) =

K−1∑

k=0

bke
2πjfD,kta(θrx,k)a

T (θtx,k)x(t−τk)+n(t), (3)

where the relative delay and Doppler shift of the kth target
correspond to τk and fD,k, respectively, while bk models the

attenuation factor of the kth reflection. The noise vector is
denoted by n(t). It is noted that perfect isolation between the
TX and RX systems is assumed in this work, for simplicity,
while practical methods to facilitate feasible isolation are
described in [12]. Similar to (2), beamforming is then applied
in the receiver side, combining all the signals from each array
element which is expressed as

y(t) = wT
rxy(t). (4)

Targets are detected based on the comparison between the TX
waveform s(t) and the beamformed RX waveform y(t). The
classical approach for range estimation is the matched filter
(MF) processing [13], which maximizes the signal-to-noise
ratio (SNR) of the received reflections. It is noted that more
efficient and specific techniques for OFDM radar, based on the
frequency-domain processing, can also be applied [6], [12].

In general, the TX and RX beamforming weights are subject
to specific constraints depending on the hardware architecture.
For clarity, the RF beamforming vectors are expressed as

wtx =
[
αtx,0e

jβtx,0 , . . . , αtx,N−1e
jβtx,N−1

]T
,

wrx =
[
αrx,0e

jβrx,0 , . . . , αrx,N−1e
jβrx,N−1

]T
,

(5)

where αtx,n = (αtx)n and αrx,n = (αrx)n correspond to the
TX and RX amplitude weights of the nth antenna element,
respectively. Similarly, βtx,n = (βtx)n and βrx,n = (βrx)n
denote the TX and RX phase shifts at the nth antenna. In this
article, in the JCAS beamforming optimization, we consider
the following three scenarios and corresponding beamforming
related hardware architectures:

• First, an array architecture (Arch.1) that allows only for
the phase control of TX and RX elements is considered,
implying that the amplitudes αtx,n and αrx,n are mutually
identical and constant for all n. This reflects ordinary
phased-array processing.

• Then, a second architecture (Arch.2) with only phase
control in TX but allowing both amplitude and phase
control in RX is considered. In this case, only the TX
amplitudes αtx,n are constant for all n.

• Finally, we also consider the most flexible array architec-
ture (Arch.3) allowing full amplitude and phase control
of all the TX and RX elements, without any constraints.

III. PROPOSED JCAS BEAMFORMER OPTIMIZATION

We next propose and formulate a joint optimization frame-
work for the transmitter and receiver beamforming vectors wtx
and wrx, such that the selected beamformed communications
requirements are met, while maximizing the ability to simulta-
neously sense targets in another direction. For this purpose, we
quantify the effect of the beamforming vectors wtx and wrx in
the communications and radar performance by using the array
factors. In general, according to the 5G NR radio interface
numerology [7], the antenna arrays operating at mmW carrier
frequencies at or above 28 GHz with transmission bandwidths
up to 400 MHz provide fractional bandwidths (FBWs) of less
than 1.5%, therefore, we can assume and consider narrowband
array models in the continuation.



A. Array Factors and Reference Solution

Considering the radiated or incident signal from a plane
wave at an angle θ, the TX or RX array factor of an N -element
ULA with weights αne

jβn can be expressed as [13]

F (θ) =

N−1∑

n=0

αne
j 2πdn

λ sin (θ)+jβn , (6)

where d and λ correspond to the antenna element separa-
tion and the signal wavelength, respectively. Furthermore, the
combined radar pattern (CRP) which refers to the equivalent
radiation pattern for the radar system, can be expressed by the
multiplication of both the TX and RX radiation patterns, as

|Rrad(θ)|2 = |Ftx(θ)|2 |Frx(θ)|2 . (7)

Assuming that the considered JCAS system provides a
communication link at an angle of θcom while simultaneously
senses a target at another angle of θrad, beamforming optimiza-
tion could be applied in TX and RX separately [15]. In the
TX side, beamforming weights can be optimized to provide
multiple beams [11], one for communications and another one
for sensing, while the receiver only provides a beam for radar.
To design the TX beamformer, the matrix Atx containing the
steering vectors of the two desired beam directions can be
expressed as

Atx =




1 1

ej
2πd
λ sin (θcom) ej

2πd
λ sin (θrad)

...
...

ej
2πd(N−1)

λ sin (θcom) ej
2πd(N−1)

λ sin (θrad)


 . (8)

Considering then a TX architecture with full amplitude and
digital control, similar to Arch.3, the transmitter beamforming
weights can be expressed as

wT
tx =

[√
ρ

√
1− ρ

]
(AH

tx Atx)
−1AH

tx , (9)

where the parameter ρ ∈ [0, 1] controls the power distribution
between the communication and sensing beams and (·)H
denotes the Hermitian transpose [15]. The RX beamforming
weights wrx are similarly obtained by defining a matrix Arx
which only considers the steering vector corresponding to the
sensing direction (θrad) and possibly a null in the communica-
tion direction (θcom). Additional windowing can be applied to
control the desired sidelobe level or the main beam width.

B. Proposed Joint Optimization Approach

However, the above separate design of the TX and RX
beamformer will result into a considerable contribution of
the communication beam in the CRP, defined in (7). This
produces a high CRP gain at θcom that degrades the overall
radar performance, i.e., the ability to sense targets at other
directions. This problem is illustrated in Fig. 2, which shows
how the CRP of the reference beamforming solution is indeed
sensitive to the echoes at the communications direction θcom.

To overcome this challenge, we propose an optimization
problem and approach to jointly design the TX and RX
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Fig. 2. Illustration of optimized (a) TX beam patterns, (b) RX beam patterns
and (c) combined radar patterns with different array Architectures 1–3, for
θcom = 40◦ and θrad = −20◦, considering design parameters of ∆ = 26◦,
Gcom = 9 dB and Grad = 18 dB. Curves are as identified in the legend
in (c). Also the corresponding patterns with reference solution and assuming
Architecture 3 are shown. Similarly, (d) shows another example of the CRP
for θcom = −40◦ and θrad = 0◦ with the same design parameters. The gains
obtained through the proposed optimization, to suppress an echo from θcom,
are also shown in (c) and (d).
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Fig. 3. Illustration of a combined radar pattern with directional radar beam
at θrad = 40◦. The proposed beamformer optimization maximizes the peak
sidelobe level PSL with ∆ denoting the width of the main beam mask.

beamforming weights that minimize the negative effects of
the TX communication beam in the overall radar performance.
Specifically, the proposed optimization framework is defined
as the following maximization problem, as

max
αtx,βtx,αrx,βrx

PSL, (10)

subject to

‖αtx‖2 = 1 and ‖αrx‖2 = 1, (11a)

10 log10(|Ftx(θcom)|2) ≥ Gcom, (11b)

10 log10(|Rrad(θrad)|2) ≥ Grad, (11c)
αtx,n ≥ 0 and αrx,n ≥ 0, (11d)

−π ≤ βtx,n ≤ π and − π ≤ βrx,n ≤ π. (11e)

where the peak sidelobe level (PSL) of the CRP reads

PSL =
|Rrad(θrad)|2

max
θ

(
|Rrad(θ)|2

) , (12)

while θ = [−90◦, θrad −∆/2]∪ [θrad +∆/2, 90◦] corresponds
to a mask of width ∆ around the radar beam θrad. Fig. 3
shows an illustrative example of the CRP and how the main
parameters are defined in the optimization problem. As can
be observed, we consider a constrained problem where the
average normalized power constraints are set to one, in both
the TX and RX sides with (11a). Additionally, the optimized
TX beam pattern must provide a minimum antenna gain of
Gcom for the communications link at θcom, imposed by (11b).
Similarly, a minimum CRP gain of Grad in the direction of the
radar beam θrad is also set with the constraint in (11c). Finally,
the parameter ∆ allows to control the radar beam width and
consequently the radar angular resolution.

IV. NUMERICAL RESULTS AND ANALYSIS

Numerical evaluations are next carried out to assess and
demonstrate the performance of the joint beamforming opti-
mization proposed in Section III, as well as to compare the
different antenna array architectures and their feasibility for
the JCAS operation. In the evaluations, ULA with N = 16
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Fig. 4. Peak sidelobe level performance wrt. varying ∆ for θcom = 40◦

and θrad = −20◦ for optimized TX and RX weights with parameters (a)
Gcom = 9 dB and Grad = 18 dB and (b) Gcom = 11.5 dB and Grad = 9 dB.

elements uniformly spaced at half the wavelength is con-
sidered and the network center-frequency is assumed to be
fc = 28 GHz.

A. Obtained CRP and PSL Results

Concrete examples of the optimized radiation patterns are
given in Fig. 2, illustrating the multibeam operation with com-
munication and sensing beams at θcom = 40◦ and θrad = −20◦,
respectively. In this case, given the array size of N = 16,
a maximum nominal gain of 10 log10(N) = 12 dB can be
achieved. In the beamforming design, we consider a minimum
TX antenna gain at θcom to be Gcom = 9 dB, implying thus a
penalty of 3dB with respect to the maximum achievable gain
(which would mean single-beam configuration). The rest of
the design parameters are set as ∆ = 26◦ and Grad = 18 dB.
The performances of the proposed optimization under the three
different architectures (Arch. 1 – Arch. 3) are compared with
the reference case which considers separate design of the TX
and RX beamforming weights while allowing full amplitude
and phase control (Arch. 3). In the reference case, the TX
is designed to provide two beams with same gain of 9 dB,
while the RX provides a single beam in the sensing direction
and simultaneously suppresses sidelobes in the rest of the
directions by applying a Hamming window.



Fig. 2c) presents the obtained CRPs for the different ar-
chitectures. As can be observed, the Arch.3 which provides
more flexibility in the beamforming design, shows the best
performance in terms of mitigation of possible interferences
with a peak sidelobe level of around 70 dB. Using more
constrained architectures, suppressions of 35 dB and 60 dB are
achieved with Architectures 1 and 2, respectively. The results
also clearly show that when considering Arch.3, the proposed
optimization achieves a sidelobe suppression improvement of
25 dB compared to the reference case, demonstrating the nov-
elty of the proposed method. This considerable improvement
can only be achieved when the TX and RX beamforming
weights are jointly optimized, and permits to precisely null
the TX communication beam and the strong sidelobes in the
RX radiation pattern as shown in Fig. 2b).

In addition, we analyze the effect of the parameter ∆ in
the beamforming optimization in two different cases, namely
when the penalty at the communication beam gain is 1) 3 dB
(Gcom = 9 dB) and 2) only 0.5 dB (Gcom = 11.5 dB). As can
be observed through the obtained results shown in Fig. 4, the
parameter ∆ controls the radar beam width and consequently
the peak sidelobe level of the CRP. Increasing this parameter
improves the peak sidelobe level, however, it also degrades
the radar angular resolution. Similar to the results shown in
Fig. 2, Arch.3 facilitates better performance compared to the
other two architectures. It can also be observed that better
sidelobe suppression is achieved when the magnitudes of the
TX communication and sensing beams are similar, evidenced
in Fig. 4a). Fig. 4 also shows the PSL behavior for the
reference cases where the TX and RX beamformers are de-
signed separately, demonstrating that large PSL improvements
are available when the proposed joint optimization based
beamformers are adopted.

Finally, we address and analyze the trade-off between
the communication and radar performance in terms of the
optimization parameters for a fixed communication beam at
θcom = 40◦, while the JCAS system scans angles between
-60◦ to 60◦ with steps of 2◦ and adopting the Arch.3. Fig. 5a)
shows the achieved CRP and TX communication gains in
terms of the different optimization parameters. It can be
observed that the CRP gain is limited depending on the chosen
communication penalty Gcom. Additionally, in the special case
when both communication and radar beams are aimed to the
same direction, the optimization algorithm provides a single
beam with maximum gain for both TX and CRP patterns.
Fig. 5b) presents then the PSL performance for different
sensing directions. It is noted that the performance of the
proposed optimization algorithm depends on the directions of
the beams. Specifically, at larger sensing angles with respect
to the normal of the array (e.g. -60◦ and 60◦), the radiation
patterns are more difficult to optimize and therefore the PSL
performance is degraded to certain extent.

B. Obtained Sensing Results

We next present further numerical results to validate and
assess the actual sensing performance of the proposed beam-
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Fig. 5. (a) Trade-off between the communication and radar performance
and (b) PSL for fixed θcom = 40◦ while varying θrad under two different
optimization parameters.

forming optimization approach in a practical scattering envi-
ronment with 15 static targets of point source nature, illustrated
in Fig. 6a). Five of these targets are deliberately placed in the
direction of the communication link, at θcom = 40◦, with a
radar cross section (RCS) of 10 m2. The rest of the targets are
uniformly distributed in the sensed area at distances within 10
to 25 m and angles from -40 to 40◦, with RCS of 1 m2. The
gNB transmission power is +30 dBm and the total thermal
noise in the receiver is -88 dBm. The JCAS system has
again a fixed communication beam towards the UE while the
sensing beam scans the angles between -60 to 60◦ with a step
of 1◦. Furthermore, the sensing beam time resolution is ca.
0.08 ms meaning that the gNB transmits for each multibeam
case a 5G NR waveform of 10 OFDM symbols with carrier
bandwidth of 400 MHz and subcarrier spacing of 120 kHz
[7]. According to these specifications, the complete sensing
sweep lasts for ca. 10 ms. For the radar processing, we adopt
subcarrier-domain processing, utilizing directly the transmit
and receive subcarrier samples similar to [6], [12], including
coherent integration of different range profiles.

First, in Fig. 6b) and Fig. 6c), we illustrate the sensing
capabilities when the TX is designed to provide two beams
with the same gain, while the RX provides a single beam
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Fig. 6. (a) Considered scattering scenario with 15 targets and user equipment (UE) at θcom = 40◦. Radar images for reference separate TX and RX
beamforming design, without and with sidelobe suppression in (b) and (c), respectively. In (d), the radar image is shown with the proposed jointly optimized
TX and RX beamformers for ∆ = 26◦, Gcom = 9 dB and Grad = 18 dB.

in the sensing direction without or with sidelobe suppression,
essentially reflecting the reference solution. It can be clearly
observed that the communication beam interference gener-
ates strong sidelobes, which produce a substantial masking
effect along the rest of the sensing directions, which can
potentially mask weak targets. In contrast, by applying the
proposed optimization based beamforming design, the sidelobe
levels can be largely suppressed allowing thus to avoid such
masking problem. Fig. 6d) presents the corresponding radar
image when the jointly optimized beamformer is used with
parameters ∆ = 26◦, Gcom = 9 dB and Grad = 18 dB. As can
be observed, the radar image is largely improved compared to
those obtained through the reference method.

V. CONCLUSION

In this paper, RF beamformer optimization for joint commu-
nications and radar operation in millimeter-wave 5G NR net-
works was addressed. In the considered system, multibeam TX
beamforming is adopted such that one beam is utilized for the
communications link while the other beam is simultaneously
used for sensing, and the radar RX beamformer is essentially
matched to the sensing beam. In order to reduce the impact of
the echoes due to the communications beam, that essentially
act as interference, beamformer optimization problem was then
formulated, where the TX and RX beamforming weights are
jointly optimized to maximize the radar performance, while
considering the communications link and selected implemen-
tation issues as constraints. Numerical results demonstrated
that a considerable sensing performance improvement can be
achieved by the proposed optimized multibeam technique in
comparison with the existing reference methods. Moreover, the
paper shows and demonstrates that clear sensing performance
improvements are available at the cost of a very minor SNR
penalty in the communications link, given that beamformer
optimization is properly executed.
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Abstract—We consider a joint communications and sensing
(JCAS) system operating at mm-waves that jointly maximizes
both functionalities’ performance. Firstly, we propose a novel
multibeam algorithm for JCAS systems, providing multiple si-
multaneous transmit beams to support efficient communications,
while a separate beam simultaneously senses the environment.
The proposed algorithm simultaneously implements interference
control to mitigate possible interference stemming from the com-
munication beam, while effective self-interference cancellation
suppresses the direct transmitter–receiver leakage. Secondly, the
joint waveform is optimized through the minimization of delay
estimation error, which also ascertains that the performance
of the communication system is at an acceptable level. The
results showcase the trade-off between the performance of the
communication system and the sensing functionality, but also
demonstrate the high performance of the proposed JCAS system.

I. INTRODUCTION

Joint communications and sensing (JCAS) technology is be-
coming an important and timely research area which efficiently
exploits both communication and sensing functionalities shar-
ing the same resources, e.g., frequency bands, waveforms
and hardware [1]–[3]. Millimeter-wave (mm-wave) frequency
bands (30−300 GHz) have been normally preferred for JCAS
operation due to their large available bandwidths, enabling
high peak data rates for communications and highly-accurate
range measurements for sensing [4]–[6].

Due to the use of same resources by the JCAS systems, new
design challenges arise, demanding novel methods to facilitate
the joint operation [3], [7]. Especially, in-band full-duplex has
been identified as a key enabler of this technology, allowing
to suppress the self-interference (SI) between transmitter (TX)
and receiver (RX), allowing to sense the environment while
concurrently providing communication links [8]. In addition,
alternative beamforming methods are required to facilitate
more flexible architectures that can simultaneously perform
communication and sensing with multiple beams [9], [10].

In mm-wave orthogonal frequency-division multiplexing
(OFDM) JCAS systems, communications might not always
need the total available bandwidth, and the unused spectrum

This work was partially supported by the Academy of Finland (grants
#310991, #315858, #328214, #319994), Nokia Bell Labs, and the Doctoral
School of Tampere University. The work was also supported by the Finnish
Funding Agency for Innovation under the “RF Convergence” project.
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Fig. 1. Considered joint system with multiple beams for communication and
sensing functionalities.

could be then filled with optimized data to further improve
the sensing performance. Depending on the proportion of
the unused bandwidth that is filled, a trade-off between the
two functionalities is observed and optimized joint waveform
design is required for both to work in tandem with sufficient
performance [11], [12].

In this article, we study mm-wave JCAS system design.
First, a multibeam algorithm is discussed which optimizes
both the TX and RX beamformers to have multiple beams for
communications and sensing. This optimization significantly
suppresses the SI arising from the full-duplex operation and
further improves the sensing performance by minimizing the
reflections from the communication beams by implementing
beamforming nulls in both frequency and angular domains.
Secondly, we propose joint OFDM waveform design through
filling the unused subcarriers with optimized symbols. These
‘radar subcarriers’ are observed to minimize the delay estima-
tion error, while also minimizing the peak-to-average power
ratio (PAPR) of the waveform.

II. SYSTEM MODEL

We assume that the communication and radar function-
alities are performed in the same JCAS system using the
same joint OFDM waveform, as illustrated in Fig. 1. This
waveform, optimized by considering both communication and
radar performance, is transmitted to simultaneously sense the
environment with a directive beam at angle θr while another
beam at angle θc is dedicated for communications.



The TX waveform is considered to be the same for both
beams. It has M OFDM symbols, each having N subcarriers
with frequency spacing of ∆f . We consider that each OFDM
symbol has a fixed number of communication and radar
subcarriers, and they are randomly distributed throughout the
frequency domain by the communication scheduler. The total
communication and radar subcarriers of the whole frame are
given by Nc and Nr, respectively, with Nc +Nr = NM . The
sets of frequency-domain symbols on communication and
radar subcarriers are given by Xc and Xr, and (Xc)n,m =
Xc,n,m and (Xr)n,m = Xr,n,m, with n and m denoting the
subcarrier and OFDM symbol indices, respectively.

We consider planar wavefront and assume separate uniform
linear arrays (ULAs) for TX and RX with L antenna elements
uniformly spaced at half the wavelength. Applying beamform-
ing in the TX side, the radiated signal in frequency domain
can be described as

xn,m = wTXn,m, (1)

where wT, Xn,m and xn,m refer to the TX beamforming
vector, a general frequency-domain TX symbol and the vector
of frequency-domain symbols corresponding to each antenna
element, respectively. The radiated signal propagates over-the-
air and interacts with the environment, producing reflections
that are collected by the RX array for sensing purposes.

For simplicity, we model the received spatial frequency-
domain symbols at the different RX antenna elements for a
single target reflection as

yn,m = baR(θR)aTT (θT)e−j2πn∆fτxn,m

+ HSI(fn)xn,m + vn,m, (2)

where b and τ model the attenuation factor and relative delay
of the considered target reflection. The TX and RX phased-
array responses are represented by aT(θ) and aR(θ), while θT
and θR denote the angle of departure and the angle of arrival,
respectively. The matrix HSI(fn) of size L × L models the
frequency-selective SI channel between different TX and RX
ports for the nth subcarrier at frequency fn. In particular, the
elements of {HSI(fn)}lR,lT with lR ∈ [1, L] and lT ∈ [1, L]
model the channel between the lTth TX and the lRth RX ports.
The noise vector is denoted by vn,m.

Similar to (1), beamforming is applied in the RX side, to
obtain the final receive frequency-domain symbols which are
used to estimate the target’s range as

Yn,m = wT
R yn,m. (3)

III. DESIGN FOR JOINT COMMUNICATIONS AND SENSING

We then propose joint design of the TX and RX beam-
forming vectors in order to address the SI and multibeam
challenges. We can identify the following beamforming re-
quirements for the TX and RX sides. The TX beamformer
needs to provide multiple beams for communication and sens-
ing, while in the RX side, a single beam is required to sense
the direction of interest. At the same time, the RX beamformer
needs to suppress the SI leakage and the interferences due to
the communication beam.

A. TX Beamforming Design

The TX beamformer needs to provide multiple beams for
communication and sensing. For that, communication wT,c and
radar wT,r beams are optimized separately, and then coherently
combined to obtain the final TX weights as [10]

wT =
√
ρwT,c +

√
1− ρwT,r, (4)

where 0 ≤ ρ ≤ 1 controls the power allocation between both
beams. In addition, the resulting vector is further normalized.
In the particular case of ideal ULAs [3], the optimal beam-
forming weights to create a beam at a desired direction θ are
calculated such that

wmax,l(θ) =
1√
L
e−j2π

υ
λ l sin θ, (5)

where l ∈ [1, L] refers to the antenna element index. The
parameters υ and λ denote the antenna separation and the
signal wavelength, respectively. Based on the receive spatial
signal (2), the TX and RX ULA array gains are expressed as

GT(θ) =
∣∣aTT (θ)wT

∣∣2 , GR(θ) =
∣∣wT

R aR(θ)
∣∣2 . (6)

B. RX Beamforming Design

In the RX side, a single beam is required to sense the
direction of interest, while SI and communication interferences
are effectively suppressed. It can be observed in (1)–(3) that
the SI signal depends on the SI matrix HSI(fn), but also
on the TX and RX beamforming weights. Therefore, the
proposed beamforming design will also minimize the SI signal
by optimizing the RX weights [13]. Based on (1)–(3), the SI
signal is efficiently canceled if

wT
R HSI(fn)wT = 0. (7)

However, JCAS systems are characterized by implementing
large bandwidths in order to provide high data rates and
highly accurate radar measurements. For this reason, we need
to implement a wideband SI cancellation (SIC) scheme that
includes nulls at multiple desired frequencies [7]

wT
R

[
HSI(φ1)wT, . . . ,HSI(φNfreq)wT

]
︸ ︷︷ ︸

=X

= 0, (8)

where Nfreq denotes the number of frequency nulls at frequen-
cies φn′ , n′ ∈ [1,Nfreq]. Based on the Moore–Penrose pseu-
doinverse definition, the null-space projection (NSP) matrix
is derived from (8). Thus, the RX weights need to fulfill the
condition

wR = (I−XX+)T ŵR, (9)

where ŵR can be any arbitrary vector of size L. The operator
(·)+ refers to the pseudoinverse matrix. Similarly, we can
extend the NSP matrix to create a null towards the communi-
cation beam direction in the RX pattern as

X = [HSI(φ1)wT, . . . ,HSI(φNfreq)wT,aR(θc)]. (10)

We then formulate a generalized optimization problem for
designing the RX beamforming weights and derive its solution.



We consider the following constrained problem that maximizes
the RX gain (6) at the desired radar direction GR(θr) while
simultaneously implementing a NSP method to suppress the
SI (9) by optimizing the auxiliary vector ŵR as

max
ŵR

GR(θr)

s.t. ‖wR‖ = 1.
(11)

where ‖·‖ denotes norm operation. Finally, the optimum RX
beamforming weights are calculated as

wR =
((I−XX+)aR(θr))

∗

‖(I−XX+)aR(θr)‖
, (12)

where (·)∗ denotes the complex conjugation. We define the
average SIC among the considered frequency band as

CSI =
1

Q

Q∑

q=1

∣∣wT
R HSI(fq)wT

∣∣2 , (13)

where fq ∈ [27.75, 28.25] GHz for all the Q point frequencies
for which the array architecture is simulated.

C. JCAS Waveform Design

Since the radiated waveform is reflected from the targets
in the environment and received back at the JCAS system,
both functionalities effectively use the same waveform. Thus,
it can be jointly designed by considering both subsystems’ per-
formance. Combining (1)–(3) results in the relation between
a TX and RX frequency-domain symbol as [14]

Yn,m = bBFXn,me
−j2πn∆fτ + Vn,m, (14)

where bBF = bwT
R aR(θR)aTT (θT)wT denotes the effective

attenuation of the reflection after beamforming. For simplicity,
we assume bBF to be unity. Moreover, we neglect the SI in this
work for the JCAS waveform design. The parameter Vn,m
corresponds to the frequency-domain noise symbol.

The joint waveform is designed by minimizing the Cramer–
Rao lower bound (CRLB) of the distance estimate of the
sensing system. Based on [14], this can be represented as

CRLB(d̂) =
c2σ2

r

32π2(∆f)2

· 1
∑M−1
m=0

( ∑
n∈Cm

n2|Xc,n,m|2 +
∑

n∈Rm
n2|Xr,n,m|2

) ,

(15)

where c, CRLB(d̂) and σ2
r are the speed of light, the CRLB

of the distance estimate and the noise variance at the JCAS
RX, respectively. Here, Cm andRm denote the communication
and radar subcarrier indices for the mth OFDM symbol, with
Rm ∪Cm = {n|n ∈ [−N2 , ..., N2 − 1]}. As it can be observed
in (15), the CRLB only depends on the amplitudes of the
individual subcarriers, and those of the radar subcarriers can
be optimized to minimize the CRLB.
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Fig. 2. Illustration of TX and RX patterns of JCAS operation with communi-
cation and radar beams at θc = −27◦ and θr = 0◦, respectively. In addition,
the SI frequency response for different number of frequency nulls Nfreq is
shown.

The objective for optimization is written as

min
Ar

CRLB(d̂)

s.t. Pr = Pt − Pc,

0 ≤ An,m ≤ Amax,m ∈ [0,M − 1], n ∈ Rm.
(16)

Here Ar is the matrix of radar subcarriers’ amplitudes. Pt, Pr
and Pc are the total TX power, total radar and communication
power, respectively. The individual and maximum amplitudes
for a radar subcarrier are given by An,m = |Xr,n,m| and Amax.

The first constraint allocates some power for the radar
subcarriers, and this is proportional to Nr

NM . The maximum
amplitude of a radar subcarrier is controlled through the
second constraint. The number of activated radar subcarriers
is given by Pr

|Amax|2 . The rest of the radar subcarriers will be
empty. From (15), it is evident that for minimum CRLB, these
activated radar subcarriers have the highest n indices. This
means that those should reside on the edges of the spectrum.

Once the indices of the activated radar subcarriers are fixed,
along with their amplitudes, the phases of them could be
freely modified, since that will not affect the CRLB. Therefore,
the phases are then optimized to minimize the PAPR of the
TX waveform. For this, phases of activated radar subcarriers
within each OFDM symbol are optimized to minimize that
particular symbol’s PAPR, which ultimately minimizes the
PAPR of the total frame.



IV. NUMERICAL RESULTS AND ANALYSIS

A. JCAS Beamforming and Cancellation Results

Numerical evaluations are next carried out to demonstrate
the performance of the proposed beamforming method. In the
following results, a realistic linear patch antenna array with 32
adjacent elements is simulated with the electromagnetic sim-
ulation software CST Studio Suite. The elements of this array
are equally divided into TX and RX arrays with the first 16
elements assigned for the TX and the last 16 elements assigned
for the RX. In addition, this simulated array incorporates the
mutual coupling effects that model the SI in a band with center
frequency of 28 GHz and bandwidth of 500 MHz considering
Q = 501 discretized and equidistant frequencies.

Concrete examples of the TX and RX patterns are presented
in Fig. 2(a), illustrating the multibeam operation with commu-
nication and sensing beams at θc = −27◦ and θr = 0◦, respec-
tively, while a single frequency null at the center frequency
is implemented. In the TX side, two beams with the same
amplitude (ρ = 0.5) are generated in the desired directions.

In the RX side, we identify two different beamforming
cases. In the first case (8), a single beam is provided in the
sensing direction while the interference due to communication
beam is not considered. In the second case (10), the com-
munication beam interference is addressed by implementing
a null in the RX pattern in the communication direction θc.
This angular null efficiently suppresses possible non-desired
reflections that can potentially degrade the overall sensing
performance. In addition, the SIC performance of the proposed
NSP method is analyzed by showing the system’s SI frequency
response for different number of frequency nulls Nfreq. As
shown in Fig. 2(b), increasing the number of nulls at different
frequencies, improves the SIC performance in the considered
frequency band.

Figure 3 analyzes the performance of the proposed beam-
forming in terms of three different metrics: the average SIC
in the whole band, CSI, the RX gain in the radar direction,
GR(θr), and the RX communication gain GR(θc). For this
simulation, we consider a fixed communication beam θc =
−30◦ and a variable radar beam direction θr from −60◦ to
60◦. Different beamforming configurations are investigated,
analyzing the cases with and without communication beam
suppression while varying the number of frequency nulls.

As it was expected, the average SIC is improved when the
number of nulls is increased as shown in Fig. 3(a) for all
the considered sensing directions. However, in Fig. 3(b) we
can observe a small degradation of the radar RX gain when
the number of nulls is increased. This degradation results
in a reduction of the target’s received power and thus a
worse sensing performance. Therefore, we identify a trade-off
between these two metrics. Finally we analyze the RX commu-
nication gain in Fig. 3(c), showing the potential improvement
of implementing communication beam suppression in the NSP
method as described in (10). In general, we can observe an
improvement around 20 to 30 dB in terms of communication
beam suppression when comparing the two RX options.
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Fig. 3. Performance of the proposed multibeam method in terms of (a) average
SIC and (b) RX radar gain and (c) RX communication gain. Beamforming
without and with communication beam cancellation for fixed θc = −30◦
while varying θr for different number of frequency nulls Nfreq is shown.

B. JCAS Waveform Optimization Results

For the numerical results, the parameters of the waveform
used are: M = 64, N = 128, ∆f = 120 kHz and
Pt = 39 dBm. Then, the CRLB optimization is performed
for different communication loading values Nc/(NM), and
Fig. 4(a) illustrates the effect on the root CRLB of the
distance error. In the unoptimized case, the radar subcarriers
are considered to be empty, thereby the total TX power
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Fig. 4. Effect of the optimization on the (a) distance errors, in terms of the
theoretical CRLB and the practical RMSE and (b) PAPR of the waveforms
due to the phase optimization of the radar subcarriers.

is allocated only to the communication subcarriers. In the
optimized case, the TX power is split between radar and
communication subcarriers, with a power spectral density
difference between a radar and communication subcarrier of
3 dB. It can be observed that the root CRLB is minimized due
to the optimization.

Simulations are then performed to evaluate the effect of
optimization on a practical scenario. For this, a point target
is placed at varying distances, estimating its range using
subcarrier-wise radar processing [14]. This is done for many
iterations to calculate the root mean square error (RMSE)
of distance. Figure 4(a) also depicts this, indicating that the
optimization allows to reduce the RMSE of distance also in a
practical scenario.

Finally, Fig. 4(b) shows the effect of optimizing the phases
of the radar subcarriers on the PAPR of the waveform. It can
be observed that the PAPR of the waveform increases from
the unoptimized case, due to the CRLB optimization. This
increase is higher for lower communication loading values. In
both these cases, the phases are considered to be uniformly
distributed between 0 and 2π. Next, the phases of the radar
subcarriers are optimized numerically using fminunc function
in MATLAB, which performs unconstrained optimization. It
can clearly be observed that this allows to reduce the PAPR of
the generated waveform. Better PAPR minimization happens
when there are more degrees-of-freedom for the optimization,
viz., when there exist more radar subcarriers. Additionally,
we have performed the same optimization in (16) for the
velocity estimate, and it also showcases similar performance
improvement, demonstrated in our related work in [7].

V. CONCLUSION

This article discusses solutions to the challenges in mm-
wave JCAS system design. A novel multibeam algorithm
is presented which simultaneously allows to perform both
communication and sensing. The algorithm suppresses the SI
by imposing frequency nulls, and by increasing the nulls, con-
siderable SIC of ca. 100 dB is achieved. Additionally, this also
minimizes the reflections from the undesired communication
directions, allowing better sensing performance. Moreover,
a joint OFDM waveform for the JCAS system is designed
through minimizing the CRLB of the distance estimate, which
allows to reduce the estimation error of the sensing system,
while also minimizing the PAPR of the generated waveform.
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Abstract—Performing joint communication and sensing in
multiple-input multiple-output (MIMO) systems is important for
efficiently utilizing the crowded spectrum, through providing
high capacity links to the communication users, while simulta-
neously facilitating improved sensing capabilities. Towards this,
we optimize the transmit beamforming to provide concurrent
multiple beams for communication and sensing, while effectively
mitigating the cross-interference between different communica-
tion users. Moreover, the receive beamforming is optimized to
observe reflections from the radar targets, while also canceling
the self-interference due to the required full-duplex operation.
We demonstrate that MIMO processing can separate the com-
munication users and radar targets in the angular domain.
Additionally, the super-resolution provided by angle estimation
allows differentiating between radar targets having the same
range, but with minuscule angular separation.

I. INTRODUCTION

Communication and sensing systems are converging to-
wards operating at the same frequency bands, inferring radio
frequency (RF) spectrum congestion and mutual interference.
To overcome this challenge, a new trend referred to as the
RF convergence proposes to design joint communication and
sensing (JCAS) systems that efficiently manage the spectral
resources [1]. The (re)use of same hardware components for
both purposes has accelerated the design of these even further.

At the same time, multiple-input multiple-output (MIMO)
is an increasingly important technology for both communica-
tion and sensing functionalities at mm-waves (30–300 GHz),
enabling new interesting applications [2]–[4]. For communi-
cations, it can provide high capacity links to the users through
spatial multiplexing. Further, MIMO processing can be used
at the sensing receiver (RX) to facilitate, e.g., super-resolution
direction of arrival (DoA) estimation [5].

In this work, we propose a multi-user (MU) MIMO system
for JCAS operation, where the MIMO transmitter (TX) pro-
vides multiple beams for communications, while a separate
additional beam concurrently senses the environment. This
idea is explored in [6] for a phased array system, whereas
in this article, we extend this to a true MIMO system context.
This functionality is facilitated by optimizing the effective TX
beam pattern, which is the combination of the baseband (BB)

This research was partially supported by the Academy of Finland (grants
#310991, #315858, #319994 and #328214), Nokia Bell Labs, and the Doctoral
School of Tampere University. This research was also supported by the Finnish
Funding Agency for Innovation through the “RF Convergence” project.
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Fig. 1. Considered JCAS multi-user MIMO system.

and RF beamforming weights, similar to [3], [7]. Additionally,
the inter-user interference between different communication
users is also minimized.

Moreover, we have illustrated in [8] that the key enabler for
future JCAS systems is the simultaneous transmit-and-receive
operation, and the major challenge for implementing it is the
self-interference (SI) due to the TX signal leakage to the RX.
As such, the RX RF beamforming weights are optimized to
minimize the SI, while providing a single beam in the sensing
direction to receive the reflections from the radar targets.

We also illustrate that multiple signal classification (MU-
SIC) algorithm [9] can be used for DoA estimation, by uti-
lizing properly the RX spatial signal. Specifically, we demon-
strate that it can be applied for a hybrid MIMO system [10],
and show how to differentiate between the different targets
in the angular domain, allowing to separate multiple targets
with the same range within the sensing beam. Throughout the
work, we utilize orthogonal frequency-division multiplexing
(OFDM) as the JCAS waveform.

II. SYSTEM MODEL

As depicted in Fig. 1, we assume a hybrid MU-MIMO-
OFDM system with U communication users. The considered
JCAS system simultaneously operates as a communication
TX and radar transceiver, providing communication and radar
beams at θc,u and θr, respectively, with u ∈ [1, U ]. We consider978-0-7381-3294-5/21/$31.00 ©2021 IEEE



a JCAS TX with LT TX antennas and LRF
T RF chains, while the

corresponding numbers of the RX antennas and RF chains are
given by LR,r and LRF

R,r, respectively. We also assume uniform
linear arrays (ULAs) as TX and RX antenna systems, with
half-wavelength separation. The OFDM waveform contains
M OFDM symbols, each having N active subcarriers. The
frequency-domain symbols for the uth communication user’s
LS parallel streams at the nth subcarrier and the mth OFDM
symbol are given by xu,n,m, of size LS × 1.

Applying both RF and BB precoding, the TX frequency-
domain symbols at the antenna elements for all the users are

x̃n,m = WRF
T

U∑

u=1

WBB
T,uxu,n,m, (1)

where x̃n,m is of size LT × 1. The TX RF precoder WRF
T of

size LT × LRF
T is common for all users. The BB precoder of

the uth user is WBB
T,u, which is of size LRF

T × LS. Denoting

WBB
T =

[
WBB

T,1,W
BB
T,2, . . . ,W

BB
T,U

]
, (2)

xn,m =
[
xT1,n,m, x

T
2,n,m, . . . , x

T
U,n,m

]T
, (3)

where the BB precoder matrix of all the users WBB
T is of size

LRF
T × (LS ·U) and xn,m is the vector containing all the users’

streams, of size (LS · U)× 1, (1) can be rewritten as

x̃n,m = WRF
T WBB

T xn,m. (4)

A. MIMO Radar RX Signals

The RX frequency-domain symbols at the radar RX’s ele-
ments due to Kt point target reflections can be written as

ỹr,n,m =

Kt∑

k=1

bt,ke
−j2πfnτt,kaR(θt,k)aHT (θt,k)x̃n,m

+ HSI,nx̃n,m + ṽr,n,m, (5)

where bt,k and τt,k model the attenuation factor and relative
delay of the kth target reflection, while ṽr,n,m is the noise vec-
tor of size LR,r× 1. The BB frequency of the nth subcarrier is
given by fn. The TX and RX steering vectors are represented
by aT(θt,k) and aR(θt,k), which are of sizes LT×1 and LR,r×1,
respectively, while θt,k denotes either the angle of departure
or arrival due to the kth target that are equal in the considered
monostatic setup – assuming for simplicity relatively far away
targets and small TX-RX array separation. For an ideal ULA
with L antennas and half-wavelength separation, the steering
vector is given by [10]

a(θ) =
[
1, ejπ sin (θ), . . . , ejπ(L−1) sin (θ)

]T
. (6)

Representing (5) in matrix notation yields

ỹr,n,m = AR(θ)Hr,nAHT (θ)x̃n,m + HSI,nx̃n,m + ṽr,n,m, (7)

where AT(θ) = [aT(θt,1), . . . ,aT(θt,Kt)] and AR(θ) =
[aR(θt,1), . . . ,aR(θt,Kt)] are the TX and RX steering matri-
ces for all the targets, of sizes LT × Kt and LR,r × Kt,
respectively. The DoAs of all the targets are denoted by
θ = [θt,1, . . . , θt,Kt ]

T . The radar channel matrix Hr,n is

diagonal with size Kt × Kt, and its kth diagonal element is
given by (Hr,n)k,k = bt,ke

−j2πfnτt,k .
In the above modeling, the SI matrix of size LR,r × LT

is given by HSI,n, and it represents the channel between the
TX and RX antenna elements, i.e., direct coupling due to full-
duplex operation. After RF combining at the radar RX, the BB
RX frequency-domain symbol vector of size LRF

R,r × 1 reads

yr,n,m = (WRF
R,r)

H ỹr,n,m, (8)

where WRF
R,r is the RF combiner of size LR,r × LRF

R,r.

B. Estimation of Sensing Parameters
The RX frequency-domain symbols are given combining

(4), (7) and (8) as

yr,n,m ' (WRF
R,r)

HAR(θ)Hr,nAHT (θ)WRF
T WBB

T︸ ︷︷ ︸
An(θ)

xn,m + vr,n,m,

(9)

where vr,n,m represents the noise vector. In this subsection, the
effect of SI on the RX symbols is assumed to be negligible
due to the SI cancellation method described in Section III-B,
and thus neglected in the radar processing. Additionally, the
matrix An(θ) of size LRF

R,r×(LS ·U) denotes the effective radar
channel between the TX streams and the RX symbols.

Based on these RX symbols, the Kt targets’ delays and
DoAs that need to be estimated are given by

α = [τt,1, . . . , τt,Kt︸ ︷︷ ︸
τ

, θt,1, . . . , θt,Kt︸ ︷︷ ︸
θ

]T . (10)

The RX symbols in (9) are separately used for range-profile
estimation [11], and DoA estimation using MUSIC [9].

1) Range-Profile Estimation: For the lth RX RF chain and
lthS TX stream, with l ∈ [1, LRF

R,r] and lS ∈ [1, LS · U ], the
relation between the TX and RX frequency-domain symbols
can be written based on (9) as

yr,n,m,l =

LS·U∑

lS=1

an,l,lSxn,m,lS + vr,n,m,l, (11)

where xn,m,lS , yr,n,m,l, an,l,lS , and vr,n,m,l denote a TX
stream’s frequency-domain symbol, a RX frequency-domain
symbol, a complex coefficient to denote the effective channel,
and the noise sample, respectively, with (xn,m)lS = xn,m,lS ,
(yr,n,m)l = yr,n,m,l, (An(θ))l,lS = an,l,lS , and (vr,n,m)l =
vr,n,m,l. Next, element-wise multiplication is performed to
calculate zn,m,l,lS as

zn,m,l,lS = yr,n,m,lx
∗
n,m,lS , (12)

where (·)∗ denotes complex conjugation.
The range profile is then given as

dl,lS(n
′) =

1

M

∣∣∣∣∣
M−1∑

m=0

(
N−1∑

n=0

zn,m,l,lSe
j2πnn′
N

)∣∣∣∣∣

2

, (13)

where calculating the inner sum is performed through the
inverse discrete Fourier transform (IDFT) [11]. Here, each
target’s estimated delay is quantized using τt,k,n′ = n′

N∆f ,
where ∆f is the subcarrier spacing.



2) DoA Estimation: This is performed through the MUSIC
algorithm by utilizing the RX time-domain spatial sample
vectors. Below, we also derive DoA estimation using RX
frequency-domain symbols. As such, the relation between the
two is shown first, needed for later derivations. This can be
obtained by stacking the symbols for different subcarriers in
(9) to a matrix and applying IDFT operation as

Yr,m = [yr,0,m, . . . , yr,N−1,m]Q
= [A0(θ)x0,m, . . . ,AN−1(θ)xN−1,m]Q + Vr,m, (14)

where the matrices Yr,m and Vr,m are of the same size
LRF

R,r × N , and they denote the RX time-domain samples
and noise samples, respectively. The N × N IDFT matrix is
represented by Q = [q0, . . . ,qN−1], where each element is
given by (Q)n,i = (qi)n = e

j2πni
N , with n, i ∈ [0, N − 1].

The vector of time-domain samples for the ith sampling
instant is given by

(Yr,m)i = [A0(θ)x0,m, . . . ,AN−1(θ)xN−1,m]qi + (Vr,m)i,
(15)

where (Vr,m)i is the corresponding noise vector. The covari-
ance matrix of these samples, RY,m,i, is then written as

RY,m,i = E{[A0(θ)x0,m, . . . ,AN−1(θ)xN−1,m]qiq
H
i

· [A0(θ)x0,m, . . . ,AN−1(θ)xN−1,m]H}+ σ2
r I

= E

{
(
N−1∑

n=0

qi,nAn(θ)xn,m)(
N−1∑

n=0

q∗i,nxHn,mAHn (θ))

}
+ σ2

r I

=
N−1∑

n=0

An(θ)E{xn,mxHn,m}AHn (θ) + σ2
r I, (16)

where E{·}, σ2
r and I denote the expectation operation, noise

variance and the identity matrix, respectively. Additionally,
qi,nq

∗
i,n = 1, while the expectation between the frequency-

domain symbols on different subcarriers becomes zero as they
are assumed mutually uncorrelated.

As observed in (16), the covariance matrix of the time-
domain samples is the same for all sampling instants. More-
over, assuming E{xn,mxHn,m} = σ2

xI, RY,m,i can be repre-
sented as RY. Utilizing (9), RY in (16) can be written as
RY =

∑N−1
n=0 E{yr,n,m(yr,n,m)H}, and thus it can be denoted

as the sum of covariance matrices of the individual subcarriers.
Then, substituting from (9) results in

RY = (WRF
R,r)

HAR(θ)Rs
(
(WRF

R,r)
HAR(θ)

)H
+ σ2

r I, (17)

where

Rs = σ2
x

N−1∑

n=0

Hr,nAHT (θ)WRF
T WBB

T (Hr,nAHT (θ)WRF
T WBB

T )H .

(18)

The signal part of RY in (17) will have Kt positive eigen-
values and (LRF

R,r −Kt) zero eigenvalues. Expressing each of
the eigenvectors of the zero eigenvalues (null eigenvectors) as
γl, l ∈ [1, LRF

R,r −Kt], it should satisfy

(WRF
R,r)

HAR(θ)Rs
(
(WRF

R,r)
HAR(θ)

)H
γl = 0, (19)

where 0 is the zero vector. This can be simplified to obtain(
(WRF

R,r)
HAR(θ)

)H
γl = 0. Thus, the steering vectors at the

RX RF chains, given by (WRF
R,r)

HaR(θt,k), with k ∈ [1,Kt],
are orthogonal to the null subspace.

From (17), it is seen that the eigenvectors of RY are the
same as those of the signal part of RY, but with increased
eigenvalues due to the noise addition. Therefore to find the
DoAs, eigendecomposition of RY is performed first to find the
eigenvectors corresponding to the lowest LRF

R,r−Kt eigenvalues,
which are then the same as γl. Then, using the orthogonality
condition, the MUSIC pseudo-spectrum is written as [9]

P (θ) =
1

ãH(θ)ΓΓH ã(θ)
, (20)

where Γ = [γ1, . . . ,γLRF
R,r−Kt

], θ = [−90◦, 90◦] and ã(θ) =

(WRF
R,r)

HaR(θ) denotes the effective steering vector at the RX
RF chains. The Kt highest peaks of the pseudo-spectrum will
then correspond to the DoAs. To calculate RY, the sample
average is used as an approximation, and is given by

RY ≈
1

MN

M−1∑

m=0

N−1∑

n=0

yr,n,m(yr,n,m)H . (21)

III. JCAS MIMO BEAMFORMING DESIGN

In this section, we discuss how the TX BB and RF, and RX
RF beamforming weights are optimized, while also canceling
the SI due to full-duplex operation.

A. Proposed TX Beamforming
The TX beamforming needs to provide different effective

beams for each communication user while an additional beam
is used for sensing. In this work, we consider that the streams
are used for both communication and sensing functionalities,
however, dedicated streams could also be utilized for radar
[7]. For simplicity, in this part we assume that each user has
a single stream (LS = 1). Considering the presented hybrid
architecture, the BB and RF weights are jointly optimized to
provide multiple (viz. U ) communication links while reducing
the inter-user interference. In this case, we assume full control
of the amplitudes and phases of these TX weights.

Based on (1)–(5), the proposed TX beamforming design
maximizes the TX radar power in the radar direction θr,
described as

PT,r = E{|aHT (θr)WRF
T WBB

T xn,m|2} (22)

=
U∑

u=1

|aHT (θr)WRF
T wBB

T,u|2Pu,n,m =
U∑

u=1

GT,u(θr)Pu,n,m,

where wBB
T,u and Pu,n,m = E{|xu,n,m|2} refer to the TX BB

weights and the TX power of the uth user’s stream.
The TX BB weights of each user are optimized such

that they minimize the inter-user interference, which can be
perfectly canceled if aHT (θc,u′)WRF

T wBB
T,u = 0, where u′ 6= u.

To simultaneously isolate the rest of the users U ′, the TX BB
weights of the uth user need to satisfy

[aHT (θc,1)WRF
T , . . . ,aHT (θc,U ′)WRF

T ]︸ ︷︷ ︸
=Xu

wBB
T,u = 0. (23)



Based on Moore–Penrose pseudoinverse’s definition, a null-
space projection (NSP) method can be implemented to sup-
press the inter-user interference [6]. Thus, the TX BB weights
need to fulfill the condition

WBB
T = [N1ŵBB

T,1, . . . ,NU ŵBB
T,U ], (24)

where Nu = (I − X+
uXu) denotes the NSP matrix for the

uth user and (·)+ is the pseudo-inverse. The auxiliary TX
BB weights Ŵ

BB
T = [ŵBB

T,1, . . . , ŵ
BB
T,U ], with ŵBB

T,u being any
arbitrary vector of size LRF

T × 1, will be optimized to achieve
the desired TX patterns.

The objective for optimization is to maximize the TX radar
power (22) by jointly optimizing the RF and BB weights, WRF

T

and Ŵ
BB
T , and is written as

max
ŴBB

T ,WRF
T

U∑

u=1

GT,u(θr) (25a)

s.t.
∥∥WRF

T wBB
T,u

∥∥ = 1,∀u (25b)

|aHT (θc,u)WRF
T wBB

T,u|2 ≥ µu,∀u (25c)

WBB
T = [N1ŵBB

T,1, . . . ,NU ŵBB
T,U ], (25d)

where the effective TX weights of each user are normalized
with (25b) to constrain the TX power. The required TX gain
for each user µu is imposed by the communication system
with (25c). In addition, the NSP constraint (25d) reduces the
inter-user interference according to (24).

To obtain numerical results, in the next section, we solve
the above constrained beamforming optimization using the
optimization toolbox of MATLAB.

B. RX Beamforming

In the RX side, a single beam is required to sense the radar
direction, while SI is to be effectively suppressed as illustrated
in Fig. 1. In this case, we optimize the RX RF weights at
the different RF chains separately. The effective SI channel
between each TX stream and RX RF chain is given by

ĤSI,n = (WRF
R,r)

HHSI,nWRF
T WBB

T , (26)

where {ĤSI,n}lRF
R ,u

with u ∈ [1, U ] and lRF
R,r ∈

[
1, LRF

R

]
.

Similar to (24), an NSP method is implemented to cancel the
frequency-dependent SI in (26). As mm-wave JCAS systems
are most likely having large bandwidths in order to provide
high data rates and highly accurate radar measurements, we
consider an NSP method which implements Nfreq frequency
nulls in the operating band. Therefore, the RX RF weights
wRF

R,r,lRF
R

for the lRF
R th subarray need to satisfy

(wRF
R,r,lRF

R
)H
[
HSI,1WRF

T WBB
T , . . . ,HSI,Nfreq WRF

T WBB
T

]
︸ ︷︷ ︸

=X
lRF
R

= 0T ,

(27)
where WRF

R,r = [wRF
R,r,1, . . . ,wRF

R,r,LRF
R

]. Similar to [6], the RF
RX weights of each subarray are optimized to maximize the
RX gain at the radar direction GR(θr) = |(wRF

R,r,lRF
R

)HaR(θr)|2,

while effectively suppressing the SI at the desired frequencies.
Then, the final weights are described as [6]

wRF
R,r,lRF

R
=

(I−XlRF
R

X+
lRF

R
)aR(θr)∥∥∥(I−XlRF

R
X+
lRF

R
)aR(θr)

∥∥∥
. (28)

IV. NUMERICAL RESULTS

Numerical evaluations are next carried out to demonstrate
the performance of the proposed MIMO JCAS system, by
considering a hybrid architecture. In the following results,
realistic linear patch antenna arrays simulated with CST Studio
Suite are used. In addition, the simulated arrays incorporate
the mutual coupling effects that model the SI in a band with
center frequency of fc = 28 GHz and bandwidth of 500 MHz.

Figure 2 shows illustrative examples of the proposed MU-
MIMO JCAS beamforming with two communication links
at −30◦ and 40◦, while an additional beam at 10◦ is used
for sensing. As it can be observed in Fig. 2(a), streams
from different UEs experience different effective TX patterns
depending on their TX BB weights. Moreover, all the streams
are transmitted towards the radar direction. The effective
pattern of each user minimizes the inter-user interference by
imposing nulls in the other user’s directions. On the RX
side, a separate design of the RF weights of each subarray is
implemented to maximize the radar gain as shown in Fig. 2(b).
In addition, these weights are optimized to efficiently suppress
the wideband SI signal by implementing multiple frequency
nulls as illustrated in Fig. 2(c).

Next, RX MIMO processing is applied for estimating the
range and angle profiles using similar simulation parameters
as in Fig. 2 considering LRF

R,r = 8 (i.e., eight RX RF chains).
Separate point targets are placed at each communication
direction (−30◦ and 40◦), while two more are placed at the
radar direction, with a 2◦ angular separation (10◦ and 12◦).
Additionally, the communication users are at different ranges,
but the radar targets have almost the same range. A standard-
compliant 5G OFDM waveform is then used at the MIMO TX
with the following parameters: one OFDM symbol, N = 3168
and ∆f = 120 kHz. Then, the RX spatial signal is used for
range and DoA estimation as described in Section II-B.

Figure 3(a) depicts a range profile corresponding to the
targets. Although there are four separate targets, the range
profile depicts only three, where the two radar targets are
shown as one. This is because the bandwidth of the waveform
is not high enough to differentiate between the two radar
targets that are very closely situated in range. To observe if the
targets can be differentiated in angular domain, the MUSIC
pseudo-spectrum is calculated according to (20) for finding
the angle profile of the targets. Figure 3(b) depicts that four
separate directions can be estimated in the angle profile. Due
to the super-resolution DoA estimation, it can additionally be
observed that there exist two radar targets. It should be stated
here that the DoAs are still not associated with the ranges
directly though since the range and angle profiles are estimated
separately.
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Fig. 2. Illustration of JCAS MIMO performance with a radar beam at
θr = 10◦ and two communication users (U1 and U2) located at θc,1 = −30◦
and θc,2 = 40◦, respectively. The rest of simulation parameters are U = 2,
LS = 1, LT = 32, LR,r = 32, LRF

T = 8, LRF
R,r = 4, and Nfreq = 2.

V. CONCLUSION

In this article, we addressed the beamforming optimization
and other related signal processing aspects in a hybrid MIMO
JCAS system context. The TX BB and RF beamforming
weights were optimized to provide multiple simultaneous
beams for communication and sensing while suppressing the
inter-user interference between different users. The RX RF
beamforming was optimized to receive reflections from the
sensing direction while minimizing the SI due to full-duplex
operation. Additionally, the RX spatial signal was used to
estimate the range and angle profiles corresponding to the
targets. The results indicate that TX and RX beampatterns can
be optimized for improved performance of the JCAS system.
Moreover, the DoA estimation allows to separate multiple
targets with the same range within the sensing beam.
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Fig. 3. The estimated range and angle profiles for the simulated scenario
with angles θc,1 = −30◦, θc,2 = 40◦, θt,1 = 10◦, θt,2 = 12◦, and ranges
dc,1 = 57.74m, dc,2 = 91.38m, dt,1 = 30.46m, dt,2 = 30.67m.
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Full-Duplex Radio/Radar Technology: The Enabler
for Advanced Joint Communication and Sensing

Carlos Baquero Barneto, Sahan Damith Liyanaarachchi, Mikko Heino, Taneli Riihonen, and Mikko Valkama

ABSTRACT

The use of joint communication and sensing (JCAS) sys-
tems in efficiently utilizing the scarce radio-frequency (RF)
spectrum has received increased interest in the recent years.
Due to the (re)use of the same resources by both functions,
e.g., frequency of operation, waveforms, and hardware, various
design challenges are evident in integrating communication
and sensing/radar systems, and novel techniques are required
to overcome them to provide both sub-systems with optimal
performance. We have identified full-duplex operation as the
key enabler for such JCAS systems as discussed in this
paper. Furthermore, since JCAS systems usually employ large
antenna arrays, novel beamforming techniques are required to
efficiently manage the sensing and communication beams in
addition to self-interference suppression, whereas their joint
waveforms need to be optimized considering the performance
metrics of both sub-systems. These requirements yield design
trade-offs to address; existing and novel solutions to these
aspects are explored herein from a signal processing perspec-
tive. This paper also presents experimental full-duplex sensing
results through over-the-air RF measurements, showcasing the
feasibility of integrating sensing systems with communication
systems.

INTRODUCTION

The emerging wireless communication networks provide
huge improvements in terms of data rates, traffic volumes,
latency, reliability, and the number of connected devices. At
the same time, radio-based sensing schemes have captured
significant attention in both civilian/commercial and military
applications. As a consequence, both types of systems are
converging to operate around the same frequency ranges,
congesting the frequency spectrum, and new techniques are
required to efficiently manage the spectral resources.

A new trend referred to as the radio-frequency (RF) con-
vergence [1] has manifested itself as an important research
area that aims to solve the spectral congestion problem by
designing more efficient systems that jointly exploit both
communication and sensing functionalities at the same fre-
quency bands. The possibility to use shared hardware is also
accelerating this convergence.

Different concepts to jointly share the available spectrum
under the umbrella of RF convergence can be broadly catego-
rized into two areas, namely radar–communication coexistence

Carlos Baquero Barneto, Sahan Damith Liyanaarachchi, Mikko Heino,
Taneli Riihonen (corresponding author), and Mikko Valkama are with Tampere
University, Finland.

and joint communication and sensing (JCAS) systems [2]. In
the former, radar and communication systems treat each other
as interference sources and research focuses on developing
efficient interference control techniques. In contrast, the latter
area co-designs systems that integrate both communication and
sensing functionalities into the same device and possibly also
share the same spectral resources and waveforms [3].

The integration of sensing functionalities into communi-
cation devices demands challenging system modifications.
Especially, the key enabler for JCAS systems is in-band full-
duplex (IBFD) operation [4], i.e., simultaneous transmit-and-
receive (STAR) capability, that allows to receive reflections
from the environment while simultaneously transmitting for
the communication link. The major technical problem in IBFD
is the self-interference (SI) between the transmitter (TX) and
receiver (RX), which requires new JCAS self-interference
cancellation (SIC) techniques to provide sufficient TX–RX
isolation while not canceling the useful target reflections [3].
Furthermore, new JCAS beamforming strategies need to be
investigated in order to satisfy the requirements for commu-
nication and sensing. As it is desired to use the same spectral
resources for both functionalities, efficient allocation of the
spectrum for the sub-systems needs to be also considered,
which gives rise to waveform optimization for JCAS systems.

In this article, we explore the challenges in advanced JCAS
systems and two major solutions that would enable a trade-off
between both systems’ functionalities. First, a novel multibeam
solution is presented to optimize the TX and RX beamform-
ing weights enabling multiple communication beams while
a separate beam simultaneously senses the environment. The
optimization minimizes the SI stemming from the direct TX–
RX coupling and the clutter due to receiving reflections from
the communication direction. Secondly, joint waveforms are
designed to minimize the error variance of the distance and
velocity estimates of the sensing system while also ascertain-
ing satisfactory capacity for the communication system.

Furthermore, potential JCAS applications at different fre-
quency ranges are analyzed, including mobile networks and
autonomous vehicles, for which the recent research has co-
incidentally already enabled IBFD communication capability.
Finally, we evaluate two JCAS systems through RF measure-
ments, for vehicle detection and indoor mapping scenarios. In
conclusion, the results of this paper demonstrate the feasibility
of the presented advanced JCAS system, providing an optimal
trade-off that would maximize the performance of both com-
munication and sensing functions.
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Fig. 1. Considered joint communication and sensing network architecture.

APPLICATIONS AND CHALLENGES OF FUTURE JOINT
COMMUNICATION AND SENSING SYSTEMS

In this section, we describe the considered architecture and
highlight different applications that can be supported by a
heterogeneous JCAS network, while identifying their main
specifications and requirements, as illustrated in Fig. 1.

Potential Applications

The center frequency of the system essentially defines the
propagation characteristics, and consequently the potential
JCAS system performance, which is basically governed by
the transmit bandwidth. Wider channel bandwidths provide
higher data rates from the communication perspective, but
also improve the radar resolution, which is proportional to
the total transmit bandwidth. Sub-6 GHz frequencies have
been normally preferred for communication and long-range
radar applications due to their low unity-gain path loss and
penetration properties, but millimeter-wave (mm-wave) fre-
quency bands (30–300 GHz), although having higher unity-
gain path loss as well as reduced penetration and diffraction,
also provide great opportunities for short-range communi-
cation and sensing applications due to the large available
bandwidth and possibility to implement multi-element antenna
arrays in relatively small space [5]. Traditional sub-6 GHz
JCAS systems provide range resolutions in the order of meters,
whereas mm-wave systems are able to achieve resolutions of
few centimeters, supported by transmit bandwidths in the order
of gigahertz.

One major application for JCAS technology (at both sub-
6 GHz and mm-wave frequency ranges) is the mobile cellular
network, which can integrate different sensing operations [6].
We identify two main operational modes depending on which
transmit signal is utilized to sense the environment, i.e., the
downlink or uplink one.

• In downlink sensing, the same transmit signal from a base
station (BS) to multiple user equipment (UE) devices is
used to sense the surroundings [3]. With this approach, a

BS can operate either as a monostatic radar or a passive
radar, exploiting the reflections from its own transmitted
signal or the reflected signals from neighbouring BSs, re-
spectively. It has also been demonstrated that integrating
sensing information, e.g., potential user tracking, into the
cellular network will improve the overall communication
performance, by facilitating more efficient beam manage-
ment and handover techniques [6].

• Similarly, the transmitted signal from the UE can be used
for uplink sensing [7]. Mobile devices of emerging 5G
New Radio (NR) networks incorporate directional an-
tenna arrays with very small form factor allowing narrow
beamwidths and beamforming for novel uplink sensing
techniques. Especially, the adoption of the mm-wave
technology, together with the future 5G UEs, enables new
interesting applications, e.g., indoor mapping.

Automotive mm-wave radar technology is used extensively
in vehicular applications, e.g., to implement adaptive cruise
control and collision avoidance. The emergence of autonomous
cars and the integration of JCAS systems in vehicular tech-
nology has received increasing interest in the recent years.
The IEEE 802.11ad-based mm-wave technology, operating at
77 GHz band, has been investigated as a possible candidate to
integrate communication and radar functionalities in the same
vehicular platform [8].

Digital health monitoring, unmanned aerial vehicles, resi-
dential security and building analytics are further good exam-
ples, where JCAS can be beneficial. A mm-wave JCAS system
to track the motion and actions of multiple persons in home
and eldercare facility environments is presented in [9]. In this
context, Wi-Fi communication signals at 2.4 GHz have been
investigated to detect small body movements for signs of life
detection based on Doppler detection algorithms.

It is clear that integrating sensing and communications
represents a timely research area that will enable disruptive
applications. This demands challenging system modifications
which need to be addressed for efficient JCAS operation.



Architecture and Design Challenges
In typical JCAS architectures, a single device is used si-

multaneously as a communication TX and a radar transceiver.
Thus, the reflected echoes of the communication signal are
received by the same IBFD device. With the above applications
in mind, we can identify the main research challenges for joint
system design as follows.

Simultaneous transmission and reception: Due to the
sensing requirements, a STAR operational mode must be
adopted in order to collect the target reflections while the
communication link is already established [3], [10]. Sufficient
TX–RX isolation must be facilitated to prevent RX saturation
and enable enough dynamic range to receive the reflections
from the sensed targets. However, the reflected signal should
not be canceled completely as will be discussed shortly.

Multibeam design: Existing JCAS research has mainly
focused on single-beam systems, limiting the sensing and
communication directions to be the same. To overcome this
problem, an advanced JCAS system needs multibeam design,
where the joint system integrates separate simultaneous beams
for communication and sensing functionalities by considering
antenna arrays with multiple elements [11].

Waveform optimization: The same waveform is ideally
utilized for both radar and communication systems. In doing
so, the performance of each system is proportional to the
bandwidth/power allocated to it. Therefore, the joint waveform
should be designed by considering the performance metrics
of both systems, estimation accuracy and total power of the
communication subcarriers, for the sensing and communi-
cation system, respectively. It has also been demonstrated
that cyclic-prefixed single carrier and orthogonal frequency-
division multiplexing (OFDM) waveforms, which are already
used in LTE-Advanced, IEEE 802.11ad and 5G NR, are good
candidates towards this [1], [3], and thus the same waveform
can be utilized by both systems.

SYSTEM DESIGN FOR DUAL-FUNCTIONAL JOINT
COMMUNICATION AND SENSING

Full-Duplex Operation
In order to integrate sensing functionalities into communica-

tion systems, some operational modifications are required. In
general, a sensing RX must operate simultaneously as the TX
to collect the targets’ reflections, and subsequently, estimate
their range and relative velocity. This STAR operation has been
extensively studied under the IBFD context mainly focused
on sub-6 GHz bands [4], at different communication areas
which encompass wireless relays, military jammer systems,
and bidirectional communication links. However, STAR op-
eration at mm-wave frequency bands is a challenging and
timely research area. This challenging operational mode can
be successfully implemented only if the transmitted signal is
suppressed below acceptable levels to prevent the RX chain
saturation. The IBFD system normally combines different
SIC techniques in antenna, analog RF and digital baseband
domains to achieve typical required cancellation levels in
excess of 100 dB [4].

In typical IBFD systems, the SI signal comprises all the
possible coupling paths, which usually include direct and
multipath reflections from different objects in the environment.
From the JCAS perspective, however, only the direct coupling
should be canceled, while the reflections from the true tar-
gets must be preserved. These target reflections are normally
highly attenuated due to the propagation losses and do not
compromise the sensing RX performance. Therefore, merging
sensing to already developed IBFD communication systems
does not require major changes in hardware and processing
domains. A JCAS system with particular focus on the 5G
NR mobile network, incorporating intelligent analog RF and
digital SIC to suppress the direct coupling while preserving
the target reflections is presented in [3]. It is demonstrated that
moving targets are more robust against the SI, whereas limited
TX–RX isolation is a concern for static target detection.

The joint operation of communication and sensing systems
that support multiple beams requires new SIC techniques
that consider multiple TX and RX antennas. A STAR digital
phased-array architecture for communication and radar appli-
cations demonstrates that adaptive beamforming is important
for future JCAS multi-antenna systems [10]. In particular, the
considered TX beamformer creates a null in the TX pattern
and RX beamformer rejects the remaining SI while providing
a high beamforming gain in the direction of interest.

Related Multibeam Design Concepts

Conventional JCAS systems have mostly focused on single-
beam approaches that are especially used in automotive ap-
plications, where the communication and sensing directions
are limited to be the same. In contrast, recent studies have
proposed to integrate simultaneous separate beams for each
functionality to overcome this limitation [11]. Moreover, al-
ternative beamforming algorithms need to be investigated in
order to satisfy different communication and sensing require-
ments, some of which are having stable and high-gain beams
for communication and providing direction varying scanning
beams to enable sensing over the area of interest.

In [11], a multibeam JCAS framework using steerable
analog antenna arrays is used for different multibeam design
methods. A low-complexity method is analyzed first, which
generates the communication and radar sub-beams separately,
and these are combined coherently. This is presented as the
preferred solution due to its flexibility to update the sensing
sub-beam direction. Alternatively, joint design of the overall
multibeam pattern can be also considered, but at the expense
of increased complexity.

In general, two main beamforming techniques have been
utilized in the radar context: phased-array and multiple-input
multiple-output (MIMO) radars. The phased-array radar trans-
mits phase-shifted copies of the same signal from each antenna
element, using a single RF chain, as discussed in [10], [11]. In
contrast, MIMO radars transmit independent waveforms from
each antenna element using a fully digital architecture, which
facilitates more degrees-of-freedom to achieve better sensing
performance, at the cost of increased hardware complexity



[12]. In [2], a hybrid phased-MIMO architecture is identified
as an important element for JCAS technology due to its
similarities with the commonly known hybrid massive MIMO
techniques used in mm-wave communication. Recent studies
investigate the co-design of MIMO radar and IBFD MIMO
communication systems operating at the same frequency band
to optimize both functionalities’ performance [12].

In JCAS systems, developing efficient interference manage-
ment techniques is essential, so that communication and sens-
ing can operate simultaneously without interfering each other.
Particularly in multibeam JCAS systems, TX communication
beams can produce unwanted reflections that are received by
the sensing beam, known as clutter in the radar literature, that
can degrade the radar performance. Thus, the impact of both
beams need to be considered for efficient and robust operation.

Multibeam Full-Duplex JCAS System

A novel multibeam concept is developed to overcome the
challenges of integrating sensing and communication func-
tionalities into the same device. This approach simultaneously
optimizes the TX and RX beamformers to provide multiple
beams for communication and a separate beam for sensing,
while simultaneously suppressing the SI leakage due to the
required STAR operation. To further improve the sensing
performance using multiple beams, the reflections due to the
communication beams, e.g., sensing clutter and false targets,
are suppressed by reducing the combined peak side-lobe level
(CPSL) of the effective sensing pattern, which refers to the
equivalent radiation pattern for the sensing system and can be
expressed by multiplying the TX and RX radiation patterns.

In general, multibeam JCAS systems sacrifice a part of the
communication beamforming gain to incorporate an additional
sensing beam. The amplitudes of both beams can be controlled
in the design phase to jointly balance the communication and
sensing performance.

Figure 2(a) shows the trade-off between both functionali-
ties, in terms of the communication capacity and maximum
sensing distance, when communication and radar beams in
the directions of −30◦ and 20◦ are considered, respectively.
These metrics, expressed in percentages, represent the obtained
performance in comparison with systems designed to perform
communication or sensing functionalities independently using
a single beam. In these results, a realistic simulated patch
antenna array with 2 × 16 elements (where the upper and
lower row are used by the TX and RX correspondingly)
incorporating the mutual coupling effects operating at 28 GHz
is considered, but the presented multibeam solutions can be
extended to any array architecture.

An unoptimized multibeam algorithm without side-lobe
suppression, similar to [11], is analyzed first. In this case, the
TX is designed to provide two beams, while the RX provides
a single beam in the sensing direction. This produces strong
side-lobes in the effective sensing pattern, which degrade
the overall sensing performance. To overcome this problem,
the TX and RX radiation patterns are jointly optimized to
mitigate any unwanted reflections, by reducing the CPSL of
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Fig. 2. (a) Trade-off between communication and sensing performance for
the considered multibeam JCAS system. (b) Trade-off between CPSL of the
effective sensing pattern and the average SIC for different estimation errors.

the effective sensing pattern. Adopting the effective sensing
pattern, instead of the TX and RX patterns separately, is
necessary for analyzing the overall sensing performance of
the considered JCAS system. This approach can achieve a
considerable improvement of the CPSL, at the expense of a
slight degradation of the overall capacity and sensing range.

Figure 2(a) additionally illustrates the radiation patterns
for the two analyzed cases. It can be observed that the
optimized multibeam design substantially improves the CPSL,
and consequently reduces the clutter reflections, achieving a
CPSL of −45 dB that improves the detection performance,
in comparison with the −20 dB of the unoptimized case. In
addition, we can observe a compromise between the CPSL
and the sensing range for the optimized multibeam approach.
Decreasing the latter metric will provide more flexibility in
choosing the TX and RX beamforming vectors during the
optimization, and subsequently better CPSL for the same
communication capacity, as illustrated with the two markers
for a capacity of 85%.

Considering that the mutual coupling channel between TX
and RX elements is measured by multichannel observation
receivers, null-space projection (NSP) beamforming can be



effectively implemented to suppress the SI [2], [10]. For this,
the RX beamforming weights are selected such that they are
projected to the null-space of the TX, and vice versa. Due to
the wideband nature of JCAS waveforms, a wideband NSP
constraint is jointly integrated with the multibeam approach.

Figure 2(b) shows the performance of the average SIC and
the CPSL of the effective sensing pattern when the considered
NSP–multibeam approach is implemented using the same
phased-array architecture. The final performance is analyzed
for different levels of error in estimating the mutual coupling
channel between TX and RX elements, showing their Pareto
frontiers that represent the optimal system performance. An
efficient method to suppress the wideband SI signal is to
incorporate nulls at some selected frequencies. In this case,
the TX and RX beamforming vectors are optimized to null SI
at 27.85 GHz and 28.15 GHz.

Finally, the SI frequency responses of selected Pareto fron-
tiers’ points illustrate the overall cancellation for different
estimation errors in Fig. 2(b). It can be seen that the average
SIC improves when the estimation error decreases, while the
CPSL performance remains around the same level for all the
considered error levels. Moreover, a trade-off between the
CPSL and the SIC is observed, for all the estimation errors.
This is due to the multi-objective optimization problem, which
minimizes the CPSL while constraining the SIC. Therefore,
it has been demonstrated that the presented JCAS design
effectively addresses the multibeam and SI challenges and is
a core solution for this novel technology.

Waveform Optimization for Full-Duplex JCAS Systems

Waveforms for JCAS systems are typically optimized by
considering the performance metrics of both systems. For the
radar system, these can be the signal-to-noise ratio (SNR) at
the radar RX, range/velocity resolution, mainlobe width and
integrated or peak side-lobe level of the autocorrelation func-
tion [13], detection probability and estimation performance,
whereas for the communication system, they are usually the
capacity or the spectral efficiency. In [14], a joint waveform
is designed by maximizing the spectral efficiency of the
communication system and improving the accuracy of velocity
estimation. This always yields a trade-off between the two,
i.e., radar performance can be improved by sacrificing the
communication performance, and vice versa. The upper and
lower bounds for the achievable communication rate and the
radar estimation of a JCAS system are discussed in [15].

In communication systems employing OFDM as the trans-
mit waveform, the communication TX is not fully loaded at all
times and there usually exist subcarriers that are not utilized,
depending on the number of communication users served by
the system. For 5G NR systems, these subcarriers exist in the
physical downlink shared channels. Another instance is during
the synchronization signal block burst, where only a subset of
OFDM symbols is used, and the rest are empty. These can
be filled up with optimized symbols, so that it improves the
performance of the radar system. Once filled, these subcarriers
are known as radar subcarriers. The communication RXs
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Fig. 3. The PAPR and the RMSE of the unoptimized and optimized
waveforms for different loadings of the communication subcarriers.

will simply discard them, without affecting communication
subcarriers. The radar subcarriers also become important in
mm-wave JCAS systems, where the communication system
may not require the entire bandwidth, and the rest could be
used by the radar subcarriers. However, some power from
the communication subcarriers needs to be reallocated to the
radar subcarriers, and as such, communication subcarriers will
experience a loss of SNR at their RX, and thus the improved
performance of one is at the expense of the other.

After detecting targets, distance and velocity estimation can
be performed using maximum likelihood estimation (MLE),
where the variance of estimation errors is limited by the
Cramer–Rao lower bound (CRLB). The symbols for the radar
subcarriers can be found through an optimization procedure
such that they minimize the CRLBs of either of the estimates.
Total power allocated to the radar subcarriers is dependent
on the proportion of them in the whole waveform, while a
constraint is set to limit the power of the radar subcarriers,
in frequency domain. Further, the peak-to-average power ratio
(PAPR) of the waveform can be also minimized along the same
process. High PAPR values are evident in OFDM systems due
to the increased number of subcarriers, which degrades the
efficiency of power amplification, and it is thus beneficial to
minimize the PAPR.

The solution for CRLB minimization is derived analytically
and it is observed that it specifies only the power values of
the individual subcarriers. For the distance estimate, allocating
more power to the edges of the spectrum and less to the center
maximizes the root mean square bandwidth, thus minimizing
the CRLB. Similarly for the Doppler estimate, the optimal
solution allocates most power to a subframe’s first and last
OFDM symbols’ radar subcarriers for minimizing its CRLB.

Modifying the phases of the subcarriers is used to minimize



the PAPR in OFDM systems, e.g., in partial transmit sequences
and selective mapping techniques. Conveniently, the phases of
the radar subcarriers can be modified freely as this does not
change their power values and will not affect the CRLBs.

The performance of the optimized waveform is evaluated
for distance and velocity estimation. The optimized 5G NR
waveform consists of 560 OFDM symbols and 264 physical
resource blocks encompassing a bandwidth of 400 MHz
with carrier spacing of 120 kHz, total transmit power of
30 dBm, and maximum power spectral densities of −103.8
and −113.3 dBm/Hz for each radar and communication
subcarrier, respectively. Here, the communication subcarriers
are divided into data and control. The radar and data subcar-
riers are randomly distributed among all the symbols in the
subframe, while the control subcarriers are at fixed locations.
A target with varying velocity is placed at multiple distances,
and MLE is used to estimate these parameters of the target,
with an SNR of −20 dB at the radar RX. Finally, by iterating
this for many random realizations, the root mean square error
(RMSE) is calculated for the two estimates.

Figure 3 depicts the effect of phase optimization on the
PAPR minimization for the optimized waveforms for distance
and velocity estimation. In the ‘phase unoptimized’ cases,
the phases of the radar subcarriers are uniformly distributed
between 0 and 2π. Through phase optimization, the phases
of the radar subcarriers are chosen to further minimize the
PAPR. Here, the phases of radar subcarriers of each OFDM
symbol are separately optimized to minimize the PAPR. The
phase optimization has allowed to reduce the PAPR of both
the waveforms optimized for distance and velocity estimation.
This also shows the PAPR for the unoptimized waveform,
where the radar subcarriers are empty and all the power is
used by the communication subcarriers.

The RMSE results are also shown in Fig. 3 for comparing
the performance of the optimized and unoptimized waveforms.
For both cases, the optimized waveforms perform better than
the corresponding unoptimized waveforms. Therefore, the
waveform optimization has allowed to decrease the errors of
distance and velocity estimates, while minimizing the PAPR
of the resulting waveform. The PAPR and the RMSE are
dependent on both communication and radar subcarriers, and
the availability of more radar subcarriers allows to improve
both measures more. When the communication loading is
near zero, it works as a dedicated radar—comparing with
higher loading, it can be observed that this is where the radar
performance is also the best as expected.

OVER-THE-AIR EXPERIMENTS AND RESULTS

We evaluate the sensing performance of two JCAS systems
at different operating frequencies through RF measurements.
In the measurements, STAR operation is implemented on top
of a 5G NR system to sense the environment while providing a
communication link, considering a single-beam configuration
and a standardized 5G NR waveform.

Firstly, a similar vehicular sensing scenario as in [3] using
an OFDM-based radar at the 2.4 GHz band is presented. This
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Fig. 4. Automotive radar measurements at 2.4 GHz band using a 5G signal
with channel bandwidth of 40 MHz. The error bars illustrate the 3 dB variance
in distance estimation from the range–velocity profiles.

case represents a typical example of downlink sensing operated
by a BS. In this experiment, a single horn antenna is shared
between the TX and RX through a circulator. In addition, both
analog and digital SIC schemes are incorporated, providing an
overall isolation of ca. 100 dB. The considered JCAS system is
tested in a suburban vehicular traffic scenario with four moving
cars using a 5G NR waveform with 40 MHz bandwidth, which
provides a distance resolution of about 4 m.

Figure 4 shows the estimated range of the four vehicles in
relation to time. It can be observed that all the vehicles have
trajectories with similar relative velocities around ±10 m/s.
The vehicle range is estimated by applying a detection thresh-
old test to the range–velocity profiles as illustrated at t1 and
t2 for reference.

The considered radar processing enables to easily distin-
guish between moving and static targets. It can be observed
that all the vehicles are sensed with different relative velocities,
despite the strong reflections of the surrounding buildings
and the residual SI. In summary, we have demonstrated that
also sub-6 GHz frequencies are good candidates to implement
JCAS functionalities when sensing relatively large objects,
e.g., cars, due to the limited bandwidth and distance resolution.

Secondly, the sensing prospects of the 5G NR UE-side are
investigated to demonstrate the potential for joint communica-
tion and environmental mapping [7]. The considered mobile
device senses its environment by steering its beam pattern
towards different directions and collecting the target reflections
in order to reconstruct a map of its surroundings.1

Figure 5 shows the indoor uplink mapping results when
a measurement setup at 28 GHz, with two horn antennas
emulating the UE phased-array operation, is utilized. In this
case, measurements were carried out at different locations of
a corridor while the TX and RX antennas were steered from
−50◦ to 50◦ with 2◦ steps. In this measurement campaign, a
5G NR waveform with a 400 MHz bandwidth was utilized,
which provides much finer resolution of about 0.4 m compared

1The sensing data are available at https://doi.org/10.5281/zenodo.3754175



Fig. 5. Uplink indoor mapping measurements at mm-wave frequency using a 5G signal with channel bandwidth of 400 MHz.

to the previous setup. It can be seen that the considered JCAS
system is able to accurately sense the fairly complex environ-
ment, making mapping reconstruction that clearly represents
the main scenario layout. The obtained indoor map especially
highlights the walls that are perpendicular to the sensing beams
(A and B) as well as some metal lockers (C and D) due to
their large radar cross section. Additional Doppler processing
would be advantageous to identify between the sensed static
environment and potential moving targets such as humans.

CONCLUSIONS AND FUTURE CHALLENGES

In this article, prospects and challenges for the emerging
full-duplex joint communication and sensing/radar systems
were investigated. The main solutions to implement highly
efficient advanced JCAS systems were explored, including
simultaneous transmission and reception, multibeam beam-
forming, and joint waveform optimization. A novel system
that integrates the multibeam design while suppressing the SI
leakage due to the required STAR operation was discussed. In
addition, a joint communication–radar waveform was designed
to simultaneously optimize both functionalities. Combining
them enables the operation of MIMO JCAS systems, which is
a future research challenge. Finally, proofs of different JCAS
concepts were presented through over-the-air RF experiments.
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