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The Chairs’ Column 

 
 We are very pleased to present 

to you the latest issue of ISAC-
Focus, the newsletter of the 

IEEE ComSoc ISAC-ETI. 

Time flies. Winter goes to 
Spring. We are about to cele-

brate the 1st birthday of the 

ISAC-ETI in this May. We 

have been fortunate to witness 
the flourishing development of 

the ISAC technology, in both 

the academia and industry. 

Hosted by Prof. Gerhard P. 
Fettweis and his brilliant team, 

the 2nd IEEE Symposium on 

Joint Communications and Sensing (JC&S) was suc-

cessfully held in In Seefeld (Tirol), Austria in early 
March. This is the currently biggest IEEE conference 

event dedicated to ISAC, with most of the attendees 

coming from the ISAC-ETI. More interestingly, the 

3GPP SA1 group has formally established the 1st work 
item on ISAC in February, 2022, entitled with "Study on 

Integrated Sensing and Communication", targeting on 

Rel-19. This is a great move towards the standardization 

of ISAC in 5G-Advanced and 6G, which again proves 
that we are on a correct and promising path.    

In the next several months, the ISAC-ETI will continue 

to serve for our members by organizing various aca-
demic and industrial events. The most recent ones 

would be one ICASSP Special Session and two ICC 

Workshops related to ISAC, organized by three teams 
from the ISAC-ETI. In the meantime, we are also or-

ganizing several ISAC Special Issues in premier IEEE 

journals. Please see inside pages for more details. In ad-

dition to promoting the ISAC research within the Com-
Soc and the SPS, it is equivalently important to broaden 

our areas by collaborating with colleagues from other 

communities, e.g., radar and computer science. Accord-

ingly, our plan is to put more emphasis on organizing 
workshops and sessions in flagship conferences such as 

RadarConf and MobiCom. 

As a final remark, it is always inspiring and joyful to 

know that our work helps people, especially when a re-
spectful colleague told us recently that the initiatives and 

activities organized by the ISAC-ETI were quite motivat-

ing for many researchers and PhD students. Our hope is 

that the relevant knowledge and useful information can 
be passed to more people who need it, growing our com-

munity, and eventually making this world a better place. 
 

          Fan Liu, Academic Chair of the IEEE ComSoc ISAC-ETI 
          Tony Xiao Han, Industrial Chair of the IEEE ComSoc ISAC-ETI
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Radar Centric ISAC  
A Note from the Editor-in-Chief, Prof. J. Andrew Zhang 

 
It is my great pleasure to present to you the third issue of ISAC-
Focus, the newsletter of the ISAC-ETI. 
 
ISAC-Focus is the quarterly newsletter of the Integrated Sens-
ing and Communication Emerging Technology Initiative (ISAC 
ETI) of the IEEE Communications Society. The aim of this ETI 
is to explore and support a wide variety of research directions 
and standardization opportunities related to Integrated Sensing 
and Communication (ISAC). ISAC refers to the design para-
digm and corresponding enabling technologies that combine 
sensing and communication systems to utilize resources effi-
ciently and even to pursue mutual benefits. As the ETI’s news-
letter, ISAC-Focus aims to promote effective communications 
between academic and industrial communities in ISAC and fast 
disseminate the latest development of ISAC technologies to its 
members and the broader societies. ISAC-Focus generally in-
cludes four major components: a video interview, technical ar-
ticles/highlights, industrial activities and standardization pro-
gress, and ISAC Events. It will be published as an online multi-
media newsletter. Excluding the video Interview, the other parts 
will be in an electronic booklet. 
 
The focus of this issue is on Radar-Centric ISAC. In this issue, 
we feature the following sections:  a video interview with Dr.  

Kumar Vijay Mishra hosted by Prof. Nuria Gonzalez Prelcic; 
several technical articles from Elias Aboutanios, Dr. Kai Wu, 
and Prof. Emanuele Grossi; industrial activities in IMT2030 
Task Group in China; and general news on events, funding in-
formation, and open positions. 
 
I would like to sincerely thank all the authors, contributors, and 
ISAC-Focus editors for making this happen. Hopefully, this can 
provide an excellent platform for all members and the wider re-
search community for disseminating and promoting the ISAC 
technologies. 

 

EiC Assistant: Dr. Kai Wu 
 
Video Editors: Prof. Nuria Gonzalez Prelcic, and Prof. Jonathan Manton 
 
Technical Article Editors: Dr. Le Zheng, Dr. Xinping Yi, Prof. Shashikant Patil, Dr. Munyaradzi Munochiveyi, Dr. Pad-
manava Sen, Dr. ZhongXiang Wei. 
 
Standardization Progress Editors: Dr. Pu (Perry) Wang and Dr. Fei Gao 
 
Editor for ISAC Events and other news: Dr. Yuanhao Cui 
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ISAC Newsletter Video Interview 
Summary March 2022

In this interview Dr. Nuria Gonzalez Prelcic discussed with Dr. 
Kumar Vijay Mishra, at the US Army Research Lab, about ra-
dar-centric joint sensing and communication.  
 
Dr. Mishra provided interesting insights on the benefits of using 
reconfigurable intelligent surfaces, either active or passive, for 
joint radar and communications. He also discussed the feasibil-
ity of MIMO architectures based on low resolution 
DACs/ADCs for joint radar and communication systems oper-
ating at millimeter wave, given the history of radar operating 

traditionally with high resolution converters to maximize per-
formance.   Finally, Dr. Mishra provided his perspective on the 
challenges and opportunities related to the interaction of 
weather radar and communications, discussing aspects related 
to spectrum sharing, redesign of current weather radar systems, 
and communication-aided sensing in weather radar. 
 
Link: 
https://www.youtube.com/watch?v=Z90wvtwwnMA

  
 

Technical Articles  

 

 DFRC – Communications Hitch-
ing a Ride on Radar 

Elias Aboutanios 
University of New South Wales, Australia 

 

Abstract 

Dual function radar communications (DFRC) aims to achieve 
integrated sensing and communications by incorporating the 
communication function into the radar platform. In this context, 
the radar is recognised as the primary function with communi-
cations hitching a ride on the radar waveform. Information em-
bedding schemes are then designed to have minimal or no im-
pact on the radar performance. In this article we provide a brief 
overview of DFRC and discuss information embedding in slow 
time versus fast time. Furthermore, we present a recently pro-
posed generalised frequency-hopped MIMO radar signal model 
that provides for various information embedding schemes in 
fast time, thus permitting vastly increased data rates. 
 

Introduction 

The proliferation of wireless services, whether communications 
or sensing, is putting considerable pressure on the available 
spectrum and causing significant spectral congestion [1]. At the 
same time, sensing is seen as a key enabler of enhanced com-
munication services of the future [2]. The convergence of these 
factors is precipitating a concerted drive to integrate the sensing 
and communication functions. 
 

A communication-centric strategy to achieve this takes commu-
nications as the primary function and uses the communication 
signals to carry out the sensing. On the other hand, radar as a 
mature sensing modality is enjoying widespread application due 
to advances in radio-frequency hardware. Therefore, an alterna-
tive approach to ISAC, referred to as dual function radar com-
munications (DFRC), aims to integrate the communication 
function into the radar system [1]. DFRC considers radar as the 
primary function and proceeds to embed information into the 
transmitted waveforms. Illustrations of DFRC systems are 
shown in Fig. 1, where for instance, vehicles use their radars to 
detect other objects, and to share information on the scene with 
other vehicles.  
Hardly a new concept, DFRC goes back to the early days of 
radar. A patent from 1946 describes a method for embedding 
communications information into radar signals where the car-
rier frequency is modulated by a small amount that can be 
picked up at a tuned receiver [3]. What is remarkable about the 
patent is how strikingly similar the reasoning behind it is to to-
day’s ideas. The need for the system is explained as follows: 
 
When several ships or other carriers equipped with such radars 
are operating in a given region, such as a war combat zone, it 
is desirable to provide some means of communication between 
them to transmit information on the location of targets, or cruis-
ing or other instructions… 
 
Furthermore the patent specifies that 
 
The amount of frequency modulation is made small in order not 
to appreciably interfere with the normal function of the radar… 
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While communications and radar utilise very similar hardware 
and signalling resources, these two functions are effectively di-
ametrically opposite to each other. Whereas the goal of the com-
munication function is to convey information from the transmit-
ter to the receiver, treating the channel as a nuisance, the sensing 
modality places the emphasis squarely on the channel itself.  
 
As shown in figure 2, a radar system transmits a series of pulses 
and the reflections are used to image the scene or to detect tar-
gets. Each pulse comprises the radar waveform which is com-
pletely known at the receiver, thus enabling the “channel infor-
mation” to be extracted. Moreover, the radar needs to maintain 
the same waveform across a number of pulses in what is referred 
to as a coherent pulse interval (CPI). This permits the radar to 
suppress the clutter returns and effectively detect targets. Sig-
nificantly modifying the waveform between pulses can cause 
adverse effects such as clutter modulation, which result in deg-
radation of the clutter mitigation and lead to detection perfor-
mance loss [4]. These requirements place constraints on the in-
formation embedding schemes and express the trade-offs be-
tween the achievable communication rate and radar perfor-
mance. 

 
Figure 1 – illustration of DFRC operating in various scenarios. 

 

 
Figure 2 – Operation of a radar system, showing the structure of the 
FH-MIMO pulse. 

 

Slow-time Or Fast-time? 

As shown in figure 2, the radar transmits a series of pulses at a 
given pulse repetition interval and with each pulse having width 

𝑇  and comprising a waveform 𝜑(𝑡). The time index within a 

waveform in a single pulse is referred to as the fast time while 
the time covering the pulses in a CPI is called the slow time. 
Early DFRC strategies operated in slow time in order to mini-
mise the impact on the radar main beam, e.g. the approach of [5] 
to embed information in the sidelobes [5], or to avoid any im-
pact on the radar operation, e.g. the waveform shuffling scheme 
of [6]. By operating only in slow time these techniques largely 
preserved the waveform structure within the pulse. However, 
they achieved only modest data rates that are limited by the 
pulse repetition frequency. 
 
The limited data rates of the slow-time approaches are over-
come by permitting information embedding in fast time. While 
this opened the way for more sophisticated information embed-
ding schemes and higher data rates, the necessary variations of 
the radar waveform within each pulse and from pulse-to-pulse 
exacts a greater impact on the radar’s ability to mitigate clutter 
as well as on the detection performance. Issues such as in-
creased sidelobes of the ambiguity function and range sidelobe 
modulation should be carefully considered and their impact mit-
igated. 
 

A Generalised FH-MIMO Embedding Scheme 

Frequency-hopped MIMO radar, which uses a set of frequency-
hopping waveforms, provides an ideal platform for information 
embedding in fast-time. Consider a system with 𝑀 antennas and 
𝑀 associated waveforms. The pulse structure for a FH wave-
form is shown on the lower axis of figure 2. The pulse is divided 
into 𝑄 chips with the 𝑞th chip of the 𝑚th waveform having fre-
quency from a set of available hops 𝑘Δ𝑓  for 𝑘 ∈ 𝕂 =

{0, 1, … , 𝐾 − 1}. Here Δ𝑓 = 𝐵𝑊/𝐾  is the frequency spacing 
and 𝐵𝑊  is the available bandwidth. This structure was ex-
ploited in [7] where a frequency hopping code selection (FHCS) 
scheme was proposed to deliver communication symbols to a 
communications user. Looking at figure 3, we see that this is 
done by taking the 𝑀 hops in the 𝑞th chip as a communication 
symbol, thus delivering 𝑄 symbols per pulse. This scheme was 
studied in various works, such as [8] where FHCS was com-
bined with PSK and the channel estimation problem was ad-
dressed. 
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Figure 3 – Illustration of the Frequency Hopped MIMO waveforms 
showing the individual frequency hops and the communication symbols.  

 
A generalised signal model that encompasses various infor-
mation schemes that can be devised using FH waveforms has 
recently been presented in [9]. Specifically, we express the vec-
tor of 𝑀 FH waveforms in the 𝑛th pulse as 

𝛟(𝑡; 𝑛) =  𝐙
( )

𝐏
( )

𝐒
( )

𝐡(𝑡)Π (𝑡) 

Where, in the 𝑞th chip, 𝐙( ) is a diagonal matrix comprising the 

complex amplitudes of the 𝑀 hops, 𝐒( ) is a selection matrix 

that determines which 𝑀 hops are chosen from the set 𝕂 and 

𝐏
( ) is a permutation matrix that dictates the permutation of the 

hops, or equivalently the association between the selected hops 
and the 𝑀 antennas. Each of these parameters can then be re-

cruited to carry communication information; 𝐙( ) provide for 

QAM embedding; the selection matrix 𝐒( ) embodies the FHCS 

scheme; and the permutation matrix 𝐏( ) implements an index 

modulation scheme, referred to as Index Modulation via Permu-
tations (IMP). Note that amplitude modulation is not desirable 
in the radar context and only PSK was considered in [9]. 
 
These The individual modulation schemes can further be com-
bined into hybrid strategies that further increase the data rates. 
Thus, PSK together with FHCS give the phase over code selec-
tion (POCS) scheme. Similarly, combining frequency hopping 
code selection and permutation yields the frequency hop selec-
tion and permutation (FHSP) scheme. Finally, we point out that, 
apart from PSK modulation, these schemes have symbol dic-
tionaries are not necessarily a power of 2 and must be truncated. 
 
The various schemes are summarised in Table 1 where we give 
their achievable data rates and the number of chips as well as 
the required 𝐸 /𝑁  for a BER of 10 . The size of the PSK con-
stellation is denoted by 𝐽, and 𝐿 is used for the cardinality of the 
symbol dictionaries with the tilde referring to the truncated dic-
tionaries. Notice that the FHCS scheme requires the highest 
𝐸 /𝑁  out of all schemes. More detailed analysis and compari-
son of the schemes, including plots of their achievable bit rates, 
the BER curves, and their impact on the radar ambiguity func-
tion can be found in [9]. 
 
Table 1 – Comparison of the individual and hybrid FH-MIMO-
based embedding schemes 

Information 
Embedding 
Scheme 

Achievable Bit Rate  
{∙ 𝑓 ∙ 𝑄} (Mbps) 

Required 𝐸 𝑁⁄ (dB)  
for BER = 10  
𝐾 = 12, 𝑀 = 8, 𝑄 = 16  

PSK 𝑀 ∙ log 𝐽 8.4 (BPSK) 

FHCS log 𝐿  13.67 

IMP log 𝐿  11.6 

POCS log 𝐿 + 𝑀 ∙ log 𝐽 10.69 

FHSP log 𝐿  9.22 

 

Conclusions 

In a dual function radar communications (DFRC) platform, em-
bedding information into radar waveforms serves to alleviate 
spectral congestion while at the same time permitting commu-
nications to take advantage of the high-quality hardware of the 
radar platform. This, however, must be done in a manner that 
incurs minimal or no loss in radar performance.  
 
DFRC information embedding can be done either in slow or fast 
time with the latter permitting increased data rates compared to 
the former. In this article we presented a recently proposed fast-
time signal model based on frequency-hopped MIMO wave-
forms. This generalised signal model reveals a number of infor-
mation embedding schemes that can then be combined into hy-
brid schemes, vastly increasing the achievable data rates. Yet 
various issues and open problems remain to be addressed in or-
der to realise the promise of these approaches. These include 
mitigation of their impact on the radar performance as well as 
the practical implementation of the communication links, which 
requires synchronisation and channel estimation issues to be 
solved.  
 

References 

[1] A. Hassanien, M. G. Amin, E. Aboutanios and B. Himed, “Dual-
function radar communication systems: A solution to the spectrum 
congestion problem”, IEEE Signal Process. Mag., vol. 36, no. 5, pp. 
115-126, Sep. 2019. 
[2] F. Liu, Y. Cui, C. Masouros, J. Xu, T. X. Han, Y.C. Eldar, and S. 
Buzzi, “Integrated Sensing and Communications: Towards Dual-func-
tional Wireless Networks for 6G and Beyond”, 2021, [online] Availa-
ble: https://arxiv.org/abs/2108.07165. 
[3] E.E. Crump, “Combined radar and communication system,” U.S. 
Patent 2542182A, Feb. 20, 1951. 
[4] X. Zhang, X. Wang and E. Aboutanios, "Effect Analysis of Spatial 
Modulation on Clutter Mitigation for Joint RadCom Systems and So-
lutions," 2020 IEEE Radar Conference (RadarConf20), 2020, pp. 1-6. 
[5] A. Hassanien, M. G. Amin, Y. D. Zhang, and F. Ahmad, “Dual-
function radar communications: Information embedding using side-
lobe control and waveform diversity,” IEEE Trans. Signal Process., vol. 
64, pp. 2168–2181, Apr. 2016. 
[6] E. BouDaher, A. Hassanien, E. Aboutanios and M. G. Amin, "To-
wards a dual-function MIMO radar-communication system," 2016 
IEEE Radar Conference (RadarConf), 2016, pp. 1-6. 
[7] W. Baxter, E. Aboutanios, and A. Hassanien, “Dual-Function 
MIMO Radar-Communications Via Frequency-Hopping Code Selec-
tion,” in 2018 52nd Asilomar Conference on Signals, Systems, and 
Computers, Oct. 2018, pp. 1126–1130. 



7

ISAC-Focus, Issue 3, 2022 

 

 

[8] K. Wu, J. A. Zhang, X. Huang, Y. J. Guo and R. W. Heath, "Wave-
form Design and Accurate Channel Estimation for Frequency-Hopping 
MIMO Radar-Based Communications," in IEEE Transactions on 
Communications, vol. 69, no. 2, pp. 1244-1258, Feb. 2021. 
[9] W. Baxter, E. Aboutanios and A. Hassanien, “Joint Radar and Com-
munications for Frequency-Hopped MIMO Systems,” in IEEE Trans-
actions on Signal Processing, vol. 70, pp. 729-742, 2022. 
 

Biography 

 Elias Aboutanios (elias@ieee.org) re-
ceived his bachelor degree in electrical en-
gineering in 1997 from the University of 
New South Wales, Australia, and his Ph.D. 
degree in 2003 from the University of 
Technology Sydney, Australia. From 2003 
to 2007, he was a research fellow with the 

Institute for Digital Communications, University of Edinburgh. 
He is currently associate professor at the University of New 
South Wales, Australia. He is an associate editor of IEEE Trans-
actions on Signal Processing and IET Signal Processing. He is 
a member of the IEEE Sensor and Multichannel Technical 
Committee. His research interests are in statistical signal pro-
cessing, in particular signal detection and parameter estimation, 
for applications such as radar, the Global Navigation Satellite 
System, smart grids, and nuclear magnetic resonance spectros-
copy. He established and led the University of New South 
Wales EC0 CubeSat Project, which culminated in the launch of 
the satellite in 2017. 

 

 
 

Secure, Reliable and High-
Speed ISAC Employing FH-

MIMO Radar 

Kai Wu and J. Andrew Zhang 
University of Technology Sydney, Australia 

{Kai.Wu; Andrew.Zhang}@uts.edu.au 
 

Abstract 

Integrating communications into radar platforms, known as the 
radar-centric integrated sensing and communications (ISAC), 
has been an interesting topic. A historical standpoint states that 
the radar-centric ISAC can suffer from low data rates and se-
crecy issues. This, however, may need a re-evaluation, particu-
larly with modern radar platforms introduced to ISAC. This ar-
ticle reviews several interesting ISAC designs that achieve se-
cure, reliable, and high-speed data communications using fre-
quency-hopping MIMO radars.    
 

Background 

The background of ISAC has been well introduced in several 
latest overview/tutorial papers, such as [1-4]. Here, we only fo-
cus on the background of the frequency-hopping multiple-input 
and multiple-output (FH-MIMO) radar-based dual-function ra-
dar-communications (DFRC). Radar-centric ISAC is more 
known as DFRC in the literature. Hence, we continue following 
this convention.  

 
Fig. 1 A promising scenario of FH-MIMO DFRC, where an FH-MIMO 
radar is placed in a high-altitude platform to perform air surveillance 
and meanwhile communicate with an aircraft that can be an unmanned 
aerial vehicle (UAV), a civilian airplane (CAP) or a high-altitude plat-
form (HAP). The figure is from []. 

A potential scenario of FH-MIMO DFRC is illustrated in Fig. 1 
[5]. An FH-MIMO radar, as placed on a high-altitude platform 
(such as a mountain), performs air surveillance and data com-
munications with an airborne user end in the meantime. Poten-
tial airborne platforms that can benefit from FH-MIMO DFRC 
are also highlighted in Fig. 1. These platforms are under exten-
sive research for future 6G [6].  
 
The FH-MIMO radar considered here is a pulsed radar, as illus-
trated in Fig. 2. After each pulse emission, the radar transmitter 
is paused, allowing the receiver to pick up echo signals. Each 
pulse is further divided into multiple sub-pulses, called hops. 
Moreover, as a MIMO radar, it has multiple transmitter anten-
nas, the same for the receiver. In the FH-MIMO DFRC re-
viewed in this article, a single-tone signal is transmitted by each 
antenna in each hop. The tone frequency changes over hops and 
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antennas. However, other signals, e.g., chirp, may also be used, 
which is rarely explored in the literature.  

 
Fig. 2 Signal structure of an FH-MIMO radar. The figure is from []. 

 
FH-MIMO DFRC has some unique features benefiting DFRC, 
as described below.  
 
Feature 1 (F1), unlike most conventional pulsed radar-based 
DFRC with one communication symbol embedded per pulse, 
FH-MIMO DFRC can carry multiple symbols, one per hop. In 
this way, the symbol rate of FH-MIMO DFRC can be greater 
than the pulse repetition frequency (PRF), a restriction suffered 
by many traditional radar-centric DFRC designs [5].  
 
F2, the signals transmitted by different antennas can be made 
perfectly orthogonal in a hop, provided that BT/K is an integer 
and different frequencies are assigned to the antennas [7]. Here, 
B is the radar bandwidth, K is the number of total hopping fre-
quency candidates, and T is the hop duration. This feature is de-
pendent on the use of sinusoidal signals. When other signals, 
e.g., chirps, are used, orthogonality conditions need further in-
vestigation. 
 
F3, there are numerous degrees of freedom in an FH-MIMO 
radar that can be exploited for information embedding. The sig-
nal phase at any hop/antenna can be used for modulating phase 
shift keying (PSK) signals. In fact, applying PSK modulations 
has been shown to help suppress periodic spikes in the range 
ambiguity function of the radar [7]. Moreover, as mentioned 
above, the radar bandwidth 𝐵 is divided into 𝐾 parts, each act-
ing as hopping frequency candidate. If there are 𝑀 < 𝐾 trans-
mitting antennas, the number of combinations of selecting 𝑀 
out of 𝐾 frequencies is 𝐶 , these combinations can be used for 
information as well. In addition, not only combinations, permu-
tations of selected frequencies can also carry information. More 
details will be provided later.  
 
Remark 1: Modulating amplitude-varying constellations onto 
radar hops may also be performed, which, however, would de-
stroy the constant-modulus property of the radar waveform. 
That is, the communication data rate can be further improved at 
the cost of degraded radar ranging capability. How much deg-
radation would be incurred is yet to be investigated. In the spirit 

of ISAC, if a design can cause a slight degrading on one func-
tion but yields a much-improved performance of another, it may 
not be totally undesirable.  
 
F4, as unveiled in [8], re-ordering the hopping frequencies over 
antennas in the same hop does not change the range ambiguity 
function of an FH-MIMO radar. The re-ordering is illustrated in 
Fig. 2, where the third digits in the table units denote the index 
of hopping frequency.  
 
While the features F1 and F3 show great potential of achieving 
high data rate in FH-MIMO DFRC, F2 and F4 are handy in en-
suring high reliability and efficiency of data communications. 
This point is demonstrated through some interesting FH-MIMO 
DFRC designs reviewed next.  
 

New Progress of FH-MIMO DFRC 

 
Fig. 3 (a) the system diagram of an FH-MIMO DFRC; (b) a signal 
frame structure for downlink communication. The figure is from [9]. 

 
The first work [8] reviewed here is illustrated in Fig. 3, where a 
single-antenna user end is considered. It is a first work employ-
ing a packet-based frame structure for downlink communication 
in FH-MIMO DFRC. It is also a first work designing estimation 
methods for both channel and timing offset in FH-MIMO DFRC. 
The key designs in of the work include: 

1. A signal frame is developed, enabling accurate channel es-
timation for DFRC yet with negligible impact on the radar 
performance. In the signal frame, as shown in Fig. 3(b), 
the first two hops employ identical hopping frequencies 
for each antenna. This enables an accurate estimation of 
the timing offset. As seen from the figure, the identical 
hops make the receiver see a cyclically shifted hop in the 
presence of timing offset.  

2. The work also unveils the multiplicative coupling between 
channel response and timing offset effect on each antenna. 
By taking the ratio of the signals from adjacent antennas 
twice, the impact of the channel is suppressed, leaving 
only timing offset to deal with.  

3. The work further develops two estimators for the timing 
offset, catering to different hopping frequency sequences 
features. The analytical performance bounds for the two 
estimators are derived, further used to develop a sub-opti-
mal hopping frequency sequence for timing offset estima-
tion.  
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With the timing offset estimated and compensated, channel re-
sponse can also be accurately estimated, using low-complexity 
estimation methods, e.g., the one in [9].  
 
Noticing that a single-antenna receiver can suffer from deep 
fading in multi-path communications channels, the work [10] 
develops a multi-antenna-enabled reliable FH-MIMO DFRC. 
The system model of the work.  

 
Fig. 4 A signal structure designed in [9] for reliable FH-MIMO DFRC. 

 
As illustrated in Fig. 4, a new signal frame is designed in work, 
inserting zero hopping frequency so that each antenna takes zero 
in at least once. Here, for illustration convenience, we only con-
sider the case where the number of hops is greater than that of 
the radar transmitter antennas.  Since the timing offset is, in es-
sence a delay in the time domain, its frequency-domain impact 
is an exponential function with the exponent of the form 2π𝑓τ, 
where τ denotes the timing offset. When the frequency f is zero, 
the impact of the timing offset will diminish. This explains the 
insertion of zero frequencies shown in Fig. 4, as the signals re-
ceived at those antennas and hops are only affected by channel 
responses. This design removes the requirement of two identical 
hops, as shown in Fig, 3(b), further improving the data rate.  
 
The third work [11] reviewed here develops a secure and high-
speed FH-MIMO DFRC employing the permutations of hop-
ping frequencies per hop. For a single path, the permutations 
can be detected as follows: 

 Identify the hopping frequencies through the Fourier trans-
form of the received signal in a hop (some training would 
be necessary to know where the signal starts). Due to the 
feature F2 introduced above, the signals transmitted by 
different antennas are orthogonal under certain conditions 
given earlier. This enables the hopping frequencies to be 
detected in a relatively reliable way.  

 Extract the phase of each peak, which is solely dependent 
on the angle-of-departure (AoD) of the path (from radar to 
user end), the antenna index and the complex path gain. 
Thus, assuming that the path gain is known, which hop-
ping frequency is used by an antenna can be deduced from 
the peak phase.  

 
However, differentiating the phases associated with different 
antennas is not easy, particularly when the AoD is small. This 
is because the distance between the phases of any adjacent en-
tries in a steering vector decreases with AoD. Consider the ex-
treme case with a zero AoD. The entries in a steering vector 
become all ones, non-differentiable at all.  
 
This AoD-dependent detection of hopping frequency permuta-
tions is addressed by a technique proposed in [11]. It is called 
the element-wise phase compensation (EPC). In particular, the 
work assumes that the radar transmitter knows the AoD and 
then applies EPC such that the phase of the 𝑚-th entry in the 

steering vector becomes  (𝑚 = 0,1, ⋯ , 𝑀 − 1) . Here 𝑀 

denotes the total number of transmitting antennas. As such, EPC 
removes the AoD-dependence of the permutation detection. 
Moreover, EPC does not affect the detection of hopping fre-
quencies at a user end, as the frequencies are detected based on 
the magnitude of Fourier transforms without using phase infor-
mation.  
 
If an eavesdropper, Eve, is present, EPC becomes attackable, 
particularly when Eve knows the AoD of the legitimate com-
munication user, Bob. To further enhance the communication 
secrecy, the work proposes another technique called the random 
sign reversal (RSR). Several radar transmitting antennas are 
randomly selected per hop, and their signals are multiplied with 
−1 before being transmitted. As the antennas are randomly se-
lected, even Bob would not know their indexes. 
 
However, enabled by EPC, the signal received at Bob have 
some features that can be exploited for a low-complexity detec-
tion of RSR. Moreover, the randomness in RSR makes the sig-
nal received by Eve conform to a normal distribution statisti-
cally, substantially degrading the demodulation performance at 
Eve. Interested readers may refer to [11] for more details on this 
aspect.  
 

Concluding Remarks 

This article reviews several recent designs of FH-MIMO DFRC. 
These designs involve novel signal structures, accurate channel 
and timing offset estimation methods, and secrecy-enhance-
ment signal pre-processing methods. They make the downlink 
communications in FH-MIMO DFRC more efficient, reliable 
and secure. However, as a new emerging technology, there are 
also unsolved issues of FH-MIMO DFRC. 

 Although timing offset is considered, the other practical 
imperfections, e.g., residuals of carrier frequency offset 
compensation, front-end calibration errors, etc., are not yet 
treated for FH-MIMO DFRC; 
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 As mentioned earlier, one way to further improve the data 
rate is exploiting amplitude-varying constellations, e.g., 
QAM. The impact of using such constellations on radar 
needs some investigation; 

 Most FH-MIMO DFRC works published so far only con-
sider downlink communications. The uplink remains 
largely unexplored. This is a common problem in DFRC 
designs based on other radars.   
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Abstract 

This article reviews and comments on some recent results con-
cerning communication-enabled sensing through millimeter 
waves. The framework is that of opportunistic sensing, wherein 
a radar receiver is co-located with a communication transmitter. 
The key challenge posed by such a scenario is recognized to be 
the multi-target nature of the scene – aggravated by the range-
Doppler spread of the targets – with no control of the ambiguity 
function of the probing signal. Some ideas about possible fur-
ther research tracks are given in the conclusions. 
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Introduction 

Short-range sensing has become of crucial importance, espe-
cially in the framework of automotive applications and indoor 
detection/localization. This, along with the development of mil-
limeter waves (mmWaves) communications, has brought up the 
issue of designing sensing systems exploiting possibly modified 
versions of mmWave communications signals, thus implement-
ing a functional coexistence. Early contributions in this field in-
clude [1,2], wherein 802.11ad standard is considered; the basic 
idea is to co-locate a radar receiver and a communication trans-
mitter – whence information exchange between the two is pos-
sible – and elaborate the signal scattered by the surrounding en-
vironment so as to detect and localize prospective targets. Two 
key issues unresolved by these early studies were: 

1. The ambiguity function (AF) of the probing signal is not 
under the radar designer’s control, whereby matched-fil-
tering-based receivers turn out to be inadequate; 

2. At mmWaves, the large transmit bandwidth entails a range 
resolution in the order of decimeters or lower, whereby 
most of the “targets” (in this context, just obstacles that 
need to be detected and located) are range-spread. Addi-
tionally, collecting enough energy may require longer pro-
cessing windows, which may result in a measurable Dop-
pler frequency and, eventually, in a Doppler spread for 
composite targets with independently moving parts. 

 
In the above context, this column aims to shed some light on the 
countermeasures proposed to the above issues and outline pos-
sible further developments to define operative mmWave com-
munication-enabled sensing systems. 
 

The point-like target scenario 

The radar AF depends on the segment of the communication 
data packet 𝑠(𝑡) that the receiver chooses to elaborate for mak-
ing its decisions. Indeed, upon defining [𝑇 , 𝑇 ]  such a pro-
cessing window, it is given by the modulus of the following 
function 

𝜙(𝜏 , 𝜏 , 𝜈; 𝑇 , 𝑇 ) =
1

𝜙
𝑒 𝑠(𝑡 − 𝜏 )𝑠(𝑡 − 𝜏 )𝑑𝑡 

 

 
Figure 1 Zero-Doppler cut of the radar ambiguity function when a seg-
ment of 512 symbols of the CEF in the SCPHY packet of the 802.11ad 
standard is elaborated. 

 

 
Figure 2 Radar ambiguity function when a segment of 80 symbols of 
the CEF of the 802.11ad standard is elaborated in 6 consecutive 
SCPHY packets spaced apart of 0.2 ms, when 𝒄𝝉𝟐/𝟐 = 𝟕 m. 

 

where 𝜙0is a normalization factor. Unfortunately, simply using 

the packet structure of communication signals may lead to very 
unfavorable radar AFs, even with a careful choice of the pro-
cessing interval. For example, consider the single carrier physi-
cal (SCPHY) packet used in the 802.11ad standard, which con-
tains a preamble, a header, and a payload. In this case, the trans-
mit bandwidth is 𝑊 = 1.76GHz, corresponding to a symbol in-
terval 𝑇 = 0.57 nsec; also, the preamble contains 3328 known 
symbols, obtained from the concatenation of a pair of comple-
mentary Golay sequences and comprising the Short Training 
Field (STF) and the Channel Estimation Field (CEF). 
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Figure 3 Evolution of the IIC-AMF proposed in [3] over 8 iterations. The red dashed horizontal line is the detection threshold; the blue dashed vertical 
lines denote the target positions; the red circle marker denotes the detection in each iteration. 

 
The rest of the packet contains unknown control and informa-
tional bits that are scrambled, encoded, modulated, and trans-
mitted in blocks of 448 symbols interleaved by a Golay se-
quence of length 64. Consider now two point-like targets with 
delays τ1 and τ2, respectively. Figure 1 shows the cut of the AF 
versus 𝑐𝜏 /2 and 𝑐𝜏 /2, where 𝑐 is the speed of the light, when 
𝑓 = 0 and a segment of 512 symbols of the CEF is elaborated 
in a single packet; also, Figure 2 shows the AF versus 𝑐𝜏 /2 

and 𝜈𝜆 /2, where 𝜆𝑜 is the carrier wavelength when = 7 m 

and a segment of 80 symbols of the CEF are elaborated in 6 
consecutive packets spaced apart of 0.2 ms. It is seen that large 
subsidiary peaks are present in both cases; similar results are 
obtained by considering different, possibly longer, segments of 
the communication signal, due to the presence of a periodic 
structure in the preamble and the guard internals in the remain-
ing part of the packet [3]. Notice in passing that when a portion 
of the header and/or payload is elaborated the height and the 
location of the subsidiary peaks of AF becomes data-dependent. 
 
All in all, even assuming point-like targets, a Matched Filter 
(MF) followed by a standard peak detector cannot cope with the 

detection and localization of multiple targets. Under these cir-
cumstances, the only option at the radar engineer’s disposal to 
cope with the presence of an unknown number of objects is to 
transfer the complexity to the radar receiver chain, giving up 
simple matched-filter-based processing. 
 
To illustrate further, we start with the detector-estimator – de-
rived in [2] through a Generalized Likelihood Ratio Test (GLRT) 
– which boils down to partitioning the whole set of delays-Dop-
plers of interest in a finite number of resolution cells. For each 
resolution cell, the instantaneous power at the output of a noise-
whitening MF normalized by the average output noise power is 
computed and the maximum over all of the resolution cells is 
compared to a detection threshold: a detection thus also yields 
an estimate of the target range and velocity, which can be fur-
ther refined through post-detection operations. As explained 
above, this procedure is GLRT-optimal under the single point-
target case, but cannot deal with multi-target situations.  
 
A viable solution to this problem is the one proposed in [3]. 
Here, the single-target GLRT framework and its inherent Con-
stant False Alarm Rate (CFAR) nature are leveraged to build up 
an iterative detector-estimator. The proposed procedure is 
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named Adaptive Matched Filter with Iterative Interference Can-
cellation (IIC-AMF), as it detects the targets one by one after 
removing the interference caused by the previously-detected 
ones. In Figure 3, we show the evolution of this iterative algo-
rithm when 8 point-like targets are present. For the p-th iteration, 
we plot the scoring metric versus the inspected range. At the 
first iteration, the scoring metric is simply the output of the MF 
outlined in [3], it is seen that many spurious peaks occur as a 
consequence of the signal spillover at ranges different from 
those occupied by a target; hence, a standard multi-peak detec-
tor would generate many false detections here; instead, the IIC-
AMF just implements the GLRT in [3] and detects the highest 
peak (indicated by the red circle marker), which is likely to cor-
respond to the target with the largest absolute amplitude (in this 
case, the closest one). At the second iteration, the detected target 
is included in the disturbance covariance matrix (by exploiting 
the estimates undertaken at the previous step) and a new GLRT 
is thus implemented which detects the highest peak of the up-
dated scoring metric again. The effect of the interference re-
moval is visible as a notch is present at the range occupied by 
the previously detected target. As we proceed, all targets except 
the one at 26 m are found; also, no false detection is present. At 
iteration 8, the procedure is stopped as there is no threshold 
crossing. Overall, the IIC-AMF can substantially restore the 
performance of the GLRT-optimal receiver in the presence of a 
single point-like target. Needless to say, the estimates of the pa-
rameters (in particular, range and velocity) of the detected tar-
gets can be subsequently refined through post-detection opera-
tion, if required. 
 

Range-Doppler Spread Targets 

As anticipated, using mmWave communication signals may re-
sult in range-Doppler spread targets. A possible approach could 
be to apply a post-detection association algorithm to the proce-
dures described in the previous section: this is per se sub-opti-
mum (in that splits into two steps a detection-estimation proce-
dure) and results in any case in an increase of the complexity. 

 

Figure 4 Probability of detection the target of interest (left) and nor-
malized root mean square error (right) in the reconstruction of its echo 
(right) versus the number of targets present in the scene. 

 

 
Figure 5 Average number of detections (left), percentage of detections 
within one resolution bin from a target (middle), and normalized root 
mean square error (right) in the reconstruction of  their echoes (right) 
versus the target separation 𝜹𝝉  normalized by the range resolution 
𝜟𝝉 = 𝟏/𝑾. 
 
A fairly new approach is proposed in [4], wherein echoes from 
range-Doppler spread targets are deemed subspace signals. As 
a consequence, the problem of multi-target detection and local-
ization is recast as the identification of an unknown number of 
active subspaces in a large family of subspaces, accounting for 
the possible positions of potential targets in the delay-Doppler 
domain: the resulting testing problem is a composite and multi- 
hypothesis one. The approach chosen in [4] is to first resort to a 
Generalized Information Criterion (GIC) [5] to solve such a 
multi-hypothesis problem, then to show that it is akin to a se-
quence of GLRTs, and finally to come up with two sub-opti-
mum, reduced-complexity implementations thereof: the two al-
gorithms have been named Matched Subspace Detector with an 
iterative estimation of the Interference Subspace (MSD-IS) and 
Matched Subspace Detector with an iterative estimation of the 
Interference Covariance Matrix (MSD-ICM), respectively. Fig-
ure 4 reports the achievable detection and localization perfor-
mance for a reference target embedded in P-1 interfering targets: 
as a benchmark, the performances of a genie-aided detector 
which cleans the data from the echoes of the interferers (GLRT-
CD) and of a detector assuming knowledge of the interference 
covariance matrix (GLRT-KC) are also reported. The measure 
in the rightmost plot is the normalized root mean square error in 
the estimated position of the detected target, while the false 
alarm probability is 10-6. Notice that Figure 4 refers to the situ-
ation of “widely spaced targets” i.e., the clusters of detections 
between competing targets are well separated in the range-Dop-
pler plane. In Figure 5 we study the effect of varying the target 
separation when only two targets are present: needless to say, 
closely-spaced targets are less distinguishable than widely 
spaced ones. 
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Conclusions 

The solutions reviewed in this article exploit existing commu-
nication signals to undertake sensing. A fairly promising devel-
opment of this idea is to leverage the concept of a commensal 
radar [6]. In accordance with the results in Figure 1 of the cur-
rent paper, these studies recognize that periodicities of the 
packet structures (for [6], the cyclic prefix of the OFDM format 
in LTE standard) are responsible for subsidiary peaks in the AF 
and eventually prevent simple radar processing schemes. A 
promising approach is to determine packet structures which, 
while preserving the performance of the communication links, 
take into account the need for a careful waveform design for a 
dual-sensing function: in other words, the idea is to move from 
the co-design of independent transmitters of spectrally overlaid 
systems to the co-design of a unique waveform under con-
straints concerning two complementary functions.   
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Industrial Activities and Standardization Progress  
IMT2030 Task Group in China issues first version technical paper about JCAS.

Established on April 15th, 2021, IMT2030 Joint Communication 
and Sensing (JCAS) work group issued a technical paper in Sept. 
Facing the future 6G wireless network, communication ability 
and sensing ability will merge and coexist, and evolve into 
“Joint communication and sensing” technology. The JCAS 
technology can enable 6G network with the ability to perceive 
the physical world all the time and everywhere, which not only 
realizes the multi-dimensional sensory interaction connectivity, 
but also effectively supports the wide expansion of communi-
cation capacity, and open up the application space beyond the 
traditional mobile communication network connection. 
 
In the technology development, JCAS will evolve in stages and 
hierarchically. IMT2030 JCAS WG defined three stages:  "busi-
ness coexistence, in-capability mutual assistance and in-net-
work mutual benefit" 
 

 

In-network mutual benefit 
 Deep information fusion 
 Multipoint sensing, network coordination 

In-capability mutual assistance 
 Integrated waveform design 
 Joint signal processing algorithm 

Business coexistence 
 Share spectrum, share hardware  
 Interference management, hardware design 

 
Current technical contributions focus on the following topics: 

 Use cases 

 Basic theory of JCAS 

 JCAS air interface 

 Integrated architecture and network design for JCAS 

 Hardware architecture and design for JCAS 
 
 

  

JCAS 

 Business  
coexistence 

 In-capability  
mutual assistance 

In-network  
mutual benefit 
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and-communications-multi-

functional  

May, 15 

February 2023 
IEEE Wireless Communication Maga-

zines Special Issue / 

Christos Masouros, J. An-
drew Zhang, Fan Liu, Le 

Zheng, Henk Wymeersch, 
Marco Di Renzo 

https://www.comsoc.org/publica-
tions/magazines/ieee-wireless-
communications/cfp/integrated-
sensing-and-communications-6g 

June 1 

Fourth Quarter 
2022 

IEEE Transactions on Green Communi-
cations and Networking Special Issues / 

Weijie Yuan, Derrick Wing 
Kwan Ng, Henk Wymeersch, 
Pingzhi Fan, Yuanhao Cui, 

Octavia A. Dobre 

https://www.comsoc.org/publi-
cations/journals/ieee-

tgcn/cfp/integrated-sensing-
and-communications-future-

green-networks 

June, 15 

March 2023 
EURASIP Journal on Advances in 

Signal Processing Special Issue / 
Yimin D. Zhang, Elias 
Aboutanios, Wei Liu, 

Tsung-Hui Chang 

https://asp-eurasipjour-
nals.springeropen.com/integrated-

senscomms 
July 1 
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/ 
EURASIP Journal on Wireless Com-

munications and Networking Special Issue / 
Tingting Zhang, Yuan Shen, 

Pan Cao, Jiancun Fan, 
Xiangwei Zhou 

https://jwcn-eurasipjour-
nals.springeropen.com/integration-
of-radar-sensing--localization-and-

communications 

 November 

30 

April 10-13, 
2022 

3rd Workshop on Integrated Sensing 
and Communications: Toward Future 

Dual-Functional Network 
Workshop Austin, USA 

(Hybrid) 

Tenali Riihonen, Weijie 
Yuan, Yongzhe Li, and Yu-

anhao Cui 

https://wcnc2022.ieee-
wcnc.org/authors/call-work-

shop-papers  

December 
31 

* Only ETI members are mentioned. 



19

ISAC-Focus, Issue 3, 2022 

 

 

Community News 

Job Description 

Research Fellow on Learning-Based  
Communications (EPSRC LeanCom)  
Reference: 1883307  
Department of Electronic and Electrical  
Engineering  
  
Grade: 7 -  £36,770 - £44,388 per annum inc. London Allow-
ance Location: London  
  
Reports to  
Prof. Christos Masouros 
 

Context  

As part of our work in Wireless Communications, the UCL 
Electronic and Electrical Engineering, Information and Com-
munication Engineering Group, invites applications for one (1) 
postdoctoral research position on Signal Processing for Inte-
grated Sensing and Communications. The scope of this pro-
ject is to develop new fundamental waveforms and signal pro-
cessing techniques for carrying out both sensing (radar) and 
communications functionalities through a joint transmission.  
 
We are looking for a talented postdoctoral researcher to join our 
team and help us fulfil the project’s goals, producing quality re-
search.  The work will involve signal processing design for dual 
functional radar-communication transceivers including algo-
rithm development, machine-learning based design, simulation 
and testing, and publishing high quality research papers in high-
ranked journals.  The successful candidate will work within an 
established research team led by Prof Christos Masouros.  
 
The post is available from April 2022 for 12 months in the  first 
instance. Further funding to extend the duration of the post may 
be available. The project end date is 3rd November 2023 so if 
the postholder starts after the 3rd November 2022, the contract 
duration would be shorter than 12 months. 
 

Main purpose of the job  

Undertaking research, design and development of new wave-
forms and signalling techniques for communications and radar 
transmission. This will involve new fundamental transceiver de-
sign by developing waveforms for radar transmission that also 
communicate information. The successful candidate will work 
closely with a team of experts in UCL. 
 

Best Readings in ISAC 

 
The “Best Readings in Integrated Sensing and Communication 
(ISAC)” is recently published and available from here. 
 
This collection of Best Readings provides a panorama of ISAC, 
including recent advances and applications in information the-
ory, signal processing, mobile computing, aerospace and elec-
tronic systems, and vehicular technology/intelligent transporta-
tion systems. To this end, the reading list includes four special 
issues and links to four web-based resources that are all dedi-
cated to ISAC. The overview section aims to provide a systemic 
view for newcomers. The Best Readings then organizes the 
most active topics within this field into twelve categories, in-
cluding fundamental theory, physical layer designs, spectrum 
sharing solutions, networking technologies, security aspects, 
applications, and demonstrations.  
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On 2nd IEEE JC&S Symposium The recently completed 2nd IEEE International Hybrid Sympo-
sium on Joint Communications & Sensing is a huge success 
https://jcns-symposium.org/. The following figure shows some 
facts of the symposium. 
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Call for Articles: ISAC for Mobile Networks 
 
 
  
This is the call for technical articles for the fourth issue of 
ISAC-Focus. The technical theme of this issue is ISAC for mo-
bile networks. ISAC is being considered as a major candidate 
technology for 6G mobile standard. The article shall focus on 
the latest development of ISAC technologies for the integration 
of sensing into the current communication-only cellular/mobile 
networks, creating perceptive mobile networks. The article can 
be a review of the latest technologies on the focus of this issue, 
or an introduction of specific development of the authors’ own 
group in this area. Technologies can be published or non-pub-
lished, but shall be no more than one year old from the date of 
being made to the public.  
 
We are particularly interested in articles discussing the latest 
development of the following techniques: 

 Networked sensing 

 Full-duplex downlink sensing 

 Uplink sensing with clock offset removal 

 Networked joint resource allocation  

 Sensing-assisted communication 

 Joint waveform optimization 

 Networked “sensing capacity” 

 Demonstrators and novel applications 
 

When possible, we will also consider putting these articles 
together, extend and submit it to a leading journal. If you 
are interested, please let us know before you start, and we 
will coordinate the writing. 
 
The article is required to be rewritten in MS Word two-column 
format for easy edition. The article shall be written in the style 
of a tutorial, and optimized for online reading. Each article shall 
not be more than 1500 words, 6 figures and tables, and 10 ref-
erence papers. Up to 3 simple equations are allowed. The Ab-
stract is limited to 200 words. Author photos and affiliations are 
needed, together with an optional short biography (up to 150 
words). 
 
The submitted articles will be reviewed by one or more of the 
ISAC-Focus editors. We aim for fast publication of the results. 
Hence, there will generally be only one-round of review. 
 
The deadline for the article submission of this issue is 10th June. 
2022. Please submit your articles to Dr. Kai Wu 
(Kai.Wu@uts.edu.au), and cc to Prof. Andrew Zhang (An-
drew.Zhang@uts.edu.au). Please use the subject: Article Sub-
mission for ISAC Focus (Issue Four). You may contact Andrew 
Zhang if you have any questions on ISAC-Focus. 
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