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Joint Waveform Design for Multifunction
Radio Frequency Systems

1. Main objective and summary of the project.

Multi-Function Radio Frequency (MFRF) systems aim to integrate several Radio Frequency (RF)
functions, such as radar, communication, Electronic Warfare (EW) and navigation, on a shared set of
electronics and antenna to be more flexible and increase overall performance. With flexible software
and hardware, the system could change its role dynamically based on the task it is trying to solve. In
addition, a decrease in Size, Weight And Power (SWAP), reduction in integration and training time,
cost reduction and easier handling of electromagnetic interference and compatibility are potential
benefits for MFRF systems [1, 2].

As stated in [3], the challenge of a MFRF system is to meet the required performance but with the
energy and time budget available to undertake other roles. One approach to overcome this is to
combine several RF functions on a single joint waveform. Information could be embedded in the
radar waveform and vice versa, but this also comes at a cost. Several studies have shown how radar
and communication systems could operate on the same waveform, and in recent years they also
include EW. These studies are based on one basis RF functionality (e.g. only radar or communication)
whit some extra functionality added to the waveform. In this PhD project we want to embrace
multifunctionality from the start rather than considering it as a primary RF function whit added extra
functionality.

The PhD project will explore how a joint waveform can combine several RF functions on a single
transmitted signal by defining what makes a good radar, communication, EW and navigation
waveform. Based on this knowledge, several types of waveforms modulators will be analyzed to
determine their combined joint RF functionality and flexibility. The increased flexibility could
potentially increase the overall performance of distributed RF systems. Therefore, this project will
explore how distributed MFRF systems compare to other more traditional RF systems. Based on
these findings, a concrete application will be developed and tested. Both simulation and real-world
experiments will be conducted to verify MFRF systems flexibility and capability.

2. Project background and scientific basis.

Recent technological advances in direct RF digitization, increased processing power and broadband
RF components enable several RF functions to be integrated on a MFRF system. State-of-the art RF
System-on-Chip (RFSoC) integrated circuit architecture now combines high-accuracy digital and
analog converters, operating at Giga Samples Per Second (GSPS), with programmable heterogeneous
compute engines. Xilinx Zynq Ultrascale+ RFSoC Gen 3 can now digitalize RF signals up to 6 GHz
analog input frequency in 8 channels at 5 GSPS each in parallel [4]. Combined with powerful
programmable logic in form of Field Programmable Gate Array (FPGA), application and real-time
processing units (ARM processors), high speed embedded and external memory and high-speed
connectivity, several RF functions can now be integrated on a single chip.

MFRF systems originate from the development of Active Electronically Scanned Array (AESA) antenna
technology, which made it possible to perform a large number of RF functions from a common, low
signature aperture [5]. In its early stage this made it possible to develop Multi-Function Radars (MFR)
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which integrate multiple radar functions, such as track-while-scan, into one single system [3].
Modern broadband AESA architectures are reconfigurable and gives the opportunity to form
simultaneous transmit and/or receive beams in independent directions with different beam patterns
and waveforms, hence enabling MFRF systems to combine radar, communication and EW (Electronic
Support (ES) and Electronic Attack (EA)). A conceptual diagram form [1] is often used to describe a
general MFRF system, shown in Figure 1.
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Figure 1: Conceptual diagram for MFRF system [1]

In Figure 1, a digital processing chain close to the antennas is used to digitalize and compute different
RF waveforms, and a resource allocation manager is used to orchestrate and control the different RF
functions. In [3] it is stated that the key to MFR operation is the management of time and energy
budget, often called Radar Resource Management (RRM). RRM is a large research field, whit a large
number of publications [6-8], but according to [3] there seems to be a lack of open literature
regarding general resource allocation managers capable of managing other RF functions in addition
to radar.

Despite the lack of studies on general resource allocation managers, there are several studies on how
different RF functions can operate together [9-12]. Chiriyath et al. described in [13] how radar and
communication can be combined either via co-existence, cooperation or co-design. Co-existence
means that the RF functions are uncoordinated and share no information and treat each other as
interferers. Cooperative means that separate RF functions share some information to mitigate
interference and mutually optimize their performance. In [14] the authors showed how cooperative
radar AESA system and EW system could minimize the radar interference by using information to
predict the EW system's behavior and compromise the radar waveform. Cooperative systems also
have their challenges, both [3] and [15] point out the difficulty of a communication protocol to
seamlessly integrate to radar operation. Co-design means that the system is designed from the
ground up to maximize their joint performance. This means that they operate in a coordinated
manner and share technologies such as antenna, waveform, amplifiers etc., as shown in Figure 1.

In co-designed MFRF systems the digital waveform generator can either generate RF waveforms
separately or jointly. In separate waveform generation each RF function is individually generated and
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separated in either time, frequency, code, antenna or a combination of these. Figure 1 is an example
of separate digital waveform generation where each RF function is separated by the AESA antenna.
When several RF waveforms operate in parallel they may interfere with each other. Therefore, an
idea is to combine several RF functions on a single joint waveform to mitigate the interference
problem.

Several studies have looked into the possibility of combining radar and communication on a joint
waveform. It was already described back in 1963 by [16], but the data rate achieved then was low.
Whit increased processing power the idea has regained its interest in recent years. Barrenechea et al.
showed [17] how information could be encoded onto a Frequency Modulated Continuous Wave
(FMCW) radar. Both [18] and [19] showed that Orthogonal Frequency Division Multiplexing (OFDM)
and Direct Sequence Spread Spectrum (DSSS) have suitable properties as a joint waveform, and
Sanson et al. [20] showed how Filter Bank Multicarrier (FBMC) can be used to improve spectral
efficiency and radar performance. OFDM has also been used in recent studies to combine radar,
communication and EW in form of jamming (EA) [21, 22].

In [12] the authors introduced the concept of collaboration in addition to co-existence, cooperation
and co-design. Collaboration means that units geographically separated do not regard each other as
interferers but exploit their joint knowledge and geographical separation to promote overall
performance. There are several studies that show how distributed RF systems can increase
performance when sharing information and collaborating. In [23] the authors showed how a
distributed radar sensor network increased detection performance of fluctuating targets compared
to a standalone system by sharing and comparing target information. The authors of [24] studied
how distributed phased array radars can improve reaction time against threats when using a
coordinated RRM compared to an independent RRM, at the expense of sharing data across a
communication channel.

Collaborating across RF functions could also increase overall system performance. As described in
[15] modern communication systems need to perceive the environment to optimize performance
and throughput. Both radar, ES and positioning via navigation systems could give situational
awareness to communication systems, hence enhancing system performance. This is one of the
reasons why the authors of [25] promotes a co-designed waveform that combines communication
and radar sensing for beyond 5G and 6G communication systems. EW could also benefit from using
and collaborating with other RF functions as mentioned in [3], where ES has the possibility to assist
search and track radars and EA could benefit the high gain and power antenna of radars.

3. Research questions and scientific challenges.

The PhD project aims to explore how several RF functions can be integrated on a joint waveform and
how this flexibility can be utilized in distributed MFRF systems. The ultimate goal of this research is to
understand when, how and in which scenarios a joint waveform for MFRF systems could and should
be used. This leads to a central research question.

How can MFRF systems combine and trade off RF functions on a joint waveform to obtain operational
functionality and flexibility ?

The major scientific challenge is to quantify each RF function requirements and understand how

these can be combined and traded off on a joint waveform and used in a distributed system. Several
types of waveforms have been shown in the literature to combine RF functions, but none have been
used to combine radar, communication, electronic warfare and navigation. In addition, there seems
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to be a lack of studies exploring how the flexibility of a MFRF system can be utilized in a distributed
system.

The PhD project is proposed to be divided into three research parts, where each part will answer
different nuances of the central research question.

Research part 1 - Theory and quantification of joint waveform

In the first part of the study each fundamental RF function requirements will be quantified. The goal
of this research is to gain insight into what makes a good radar, communication, EW and navigation
waveform. Based on this common nomenclature, different waveforms modulations will be studied
and analyzed to understand its flexibility and trade off capabilities whit regards to all RF functions.
Results of this study will be published in a conference paper, marked as paper 1.

Relevant research questions:

e  Which RF functions are more suitable to be combined on a joint waveform?

e What are the main challenges when combining several RF functions on a joint waveform?

e What are the tradeoffs for standard waveform modulations, like FMCW, OFDM, DSSS and
FBMC, when used as a joint waveform signal?

Research part 2 —Joint waveform in distributed systems

This research part will explore how the increased flexibility of a joint MFRF waveform can be utilized
in distributed systems. Whit the ability to adapt to its surroundings and change its role accordingly, a
joint waveform can be crucial for maintaining safe and functional operation in scenarios with little or
unknown prior information. By analyzing and comparing a distributed system with and without MFRF
capabilities, the research will explore if there exist scenarios where MFRF systems outperform
systems with fixed RF capabilities. Results of this study will be published in a journal, marked as
paper 2.

Relevant research questions:

e In which scenarios does a distributed MFRF system outperform other RF systems?

e What are the general rules of thumbs when designing a distributed MFRF system?

e  Which RF functions and flexibility of a joint waveform is beneficial in a distributed MFRF
system?

Research part 3 - Concrete application and implementation of joint waveform

Next, based on findings in research part 1 and 2, a concrete concept for a joint waveform MFRF
system will be developed. The study will involve simulating and optimizing a joint MFRF waveform
suited for implementing on a real-world demonstrator. The theory and simulation of this research
part will be published in a conference paper, marked as paper 3. Results and findings from paper 3
will be further analyzed and implemented in a real-world demonstrator. The findings from real-world
experiments will be published in a journal marked as paper 4.

Relevant research questions:

e What optimization techniques can be used to optimize a joint MFRF waveform?

e  Which challenges do we encounter when implementing a joint MFRF waveform in a real-
world demonstrator?

e Does simulation and real-world experiments on MFRF systems match each other?
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4. Scientific method.

In the PhD project, the different research parts and papers will answer parts of the central research
question. Figure 3 shows how each paper will have different focus areas on theory, real-world
experiments, distributed systems and joint waveform. The figure also shows how each paper will
contribute to each other (via arrows) and describes the main scientific method each paper will use.
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Figure 3: Paper overview, contributions and focus areas

As shown in Figure 3, paper 1 and 2 will focus on theory and simulation and lay the foundation for
paper 3 and 4. Paper 3 will simulate and optimize a joint waveform for a concrete application, which
will be implemented and tested in a demonstrator using real-world experiments documented in
paper 4.

The papers will be published in peer-reviewed conferences and journals. MFRF systems have a broad
approach on different RF functions, therefore a wide variety of conferences and journals suit the
research topic in this project. Relevant places could be IEEE Access, IEEE Transactions on Radar
Systems, IEEE International Conference on Phased Array Systems and Technology or IEEE Radar
Conference to name a few.

Available hardware and software

To complete paper 1 a simulator software needs to be developed from the ground up. The focus on
this simulator will be high level characteristics of different RF functions. Code of separate RF
functions are available for use in the project and can be used as a basis for the simulator.

For studying distributed MFRF systems in paper 2 the simulator described in [26] will be used. This
simulator needs to be further developed to include MFRF capabilities. When implemented, this
simulator will be a good foundation to analyze if distributed MFRF systems can outperform systems
with fixed RF capabilities.
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The simulator used for paper 1 will be extended to optimize a waveform for the concrete application
studied in paper 3. Broadband AESA antennas, filters and different RFSoC hardware from Xilinx, in
addition to several software modules, are available to be used in this PhD project. It is likely that
some new hardware and software need to be developed for the demonstrator used for paper 4, but
this will depend on the concrete application and therefore has not been decided yet.

5. Expected impact.

The PhD project is expected to have an impact on how to approach MFRF systems in future studies.
As mentioned, earlier studies often treat MFRF systems as a basis RF function whit some ad-on
functionality. This project will aid for a broad approach and define all the possible RF functions that
be implemented on a joint waveform.

MFRF systems will use its resources more efficiently and ensure good use of resources. If multiple RF
functions can be implemented on a shared hardware, both consumption and production will
decrease compared to stand alone systems for each RF function. Therefore, it’s expected that this
PhD project will impact Sustainability and Development Goal (SDG) 12 titled "responsible
consumption and production”.

SDG 11 “sustainable cities and communities” is to make cities and human settlements inclusive, safe,
resilient, and sustainable. MFRF systems are expected to have an impact on safe and resilient cities
and communities. The flexibility to change its role or function during unexpected events, like
disasters or war scenarios, could make MFRF systems crucial for safe operations in the future.
Distributed MFRF systems could provide navigation in areas without global navigation system
coverage, they could search for people or objects using radar or ES capability and provide local ad-
hoc communication for safe operation.

MFRF systems are also expected to have an impact on SDG 3 “good health and well being”. Internet
of Things (IoT) enabled health is expected to have a huge impact on ensuring good healthy lives and
promote well-being for all at all ages. Today's IoT sensors often include one RF function, but future
loT sensors could also be MFRF systems. Indoor communication could provide navigation and
information for healthcare robots. The same waveform could monitor patients' rooms and measure
vital health parameters like breathing frequency as a radar. Distributed MFRF loT sensors could
collaborate and prioritize functions that promote human — machine teaming in healthcare.

6. Ethics.

How MFRF systems prioritize and choose different RF functions could have ethical implications. In
traditional RF systems operators often have control and decide how and when each function should
operate. If decisions are made by computers and moved further away from humans, we need to
make sure they follow guidelines and policies set by humans. Therefore, we aim to develop
explainable systems with expert judgment where simulations will be validated by testing whit known
theory and real-world experiments.

Real world experiments whit MFRF systems will involve transmitting electromagnetic energy in a
frequency band. The project team will ensure that all electromagnetic radiations will be in
accordance with regulations set by the Norwegian Communications Authority (Nkom).
Electromagnetic energy collected in the project will not include descriptive data that could identify
objects of persons and potentially violate their privacy.
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9. Cooperation with external parties.

No external partner is planned to contribute to the project. However, there might be initiatives and
collaboration forums, e.g. established NATO groups, at FFl that might find this research interesting. In
this case, collaboration will most likely be in the form of knowledge transfer or assistance.

10. Literature references.
[1] P. W. Moo, D. J. Difilippo, “Overview of Naval Multifunction RF Systems,” Proc. 15th
European Radar Conference (EURAD), 2018, pp. 178-181.

[2] M. Otten, J. de Wit, F. Smits, W. van Rossum, A. Huizing, “Scalable multifunction RF system
concepts for joint operations”, 2010 IEEE International Symposium on Phased Array Systems
and Technology, 2010

[3] J. Kellett, W. Dawber, W. Wallace, J. Branson, “Multifunction Maritime Radar and RF Systems
—Technology Challenges and Areas of Development”, IEEE Aerospace and Electronic Systems
Magazine, 2021

[4] https://www.xilinx.com/products/silicon-devices/soc/rfsoc.html#gen3

[5] P. K. Hughes, J. Y. Choe, “Overview of Advanced Multifunction RF System (AMRFS),” Proc.
IEEE International Conference on Phased Array Systems and Technology, 2000, pp. 21-24.

[6] R. Watson, "Radar resource management modelling," RADAR 2002, 2002, pp. 562-566, doi:
10.1109/RADAR.2002.1174783.

[7] M. Schikorr, U. Fuchs and M. Bockmair, "Radar resource management study for multifunction
phased array radar," 2016 European Radar Conference (EuRAD), 2016, pp. 213-216.

[8] T. Miiller, P. Marquardt and S. Briiggenwirth, "A Load Balancing Surveillance Algorithm For
Multifunctional Radar Resource Management," 2019 20th International Radar Symposium
(IRS), 2019, pp. 1-9, doi: 10.23919/IRS.2019.8768139.

[9] M. Labib, V. Marojevic, A. F. Martone, J. H. Reed, and A. |. Zaghloui, “Coexistence between
communications and radar systems: A survey,” URSI Radio Science Bulletin, vol. 2017, no.
362, pp. 74-82, Sep. 2017.

[10] E. Yousif, F. Khan, T. Ratnarajah, and M. Sellathurai, “On the spectral coexistence of
colocated MIMO radars and wireless communications systems,” in 2016 IEEE 17th
International Workshop on Signal Processing Advances in Wireless Communications
(SPAWC), July 2016, pp. 1-5.

[11] F. Liu, C. Masouros, A. Li, and T. Ratnarajah, “Robust MIMO beamforming for cellular and
radar coexistence,” IEEE Wireless Communications Letters, vol. 6, no. 3, pp. 374-377, June
2017.

[12]  Z.Feng, Z. Fang, Z. Wei, X. Chen, Z. Quan and D. Ji, "Joint radar and communication: A
survey", China Commun., vol. 17, no. 1, pp. 1-27, 2020

[13]  A.R. Chiriyath, B. Paul, D. W. Bliss, “Radar-Communications Convergence: Coexistence,
Cooperation, and Co-Design,” IEEE Transactions on Cognitive Communications and
Networking, vol. 3, no. 1, 2017, pp. 1-12.



p Uio: Faculty of Mathematics and Natural Sciences
University of Oslo

[14] S. Celentano, A. Farina, L. Timmoneri; G. Foglia, “Co-existence of AESA (Active Electronically
Scanned Array) radar and Electronic Warfare (EW) systems on board of a military ship”, 2020
IEEE Radar Conference (RadarConf20), 2020

[15]  J. A.Zhang, M. L. Rahman, K. Wu, X. Huang, Y. J. Guo, S. Chen, et al., "Enabling Joint
Communication and Radar Sensing in Mobile Networks - A Survey", IEEE Communications
Surveys & Tutorials, vol. 24, no. 1, January 2022

[16] R. M. Mealey, "A method for calculating error probabilities in a radar communication
system", IEEE Trans. Space Electron. Telemetry, vol. 9, no. 2, pp. 37-42, Jun. 1963

[17] P. Barrenechea, F. Elferink, and J. Janssen, “FMCW radar with broadband communication
capability,” in 2007 European Radar Conference.lEEE, 2007, pp. 130-133.

[18]  C.Sturm and W. Wiesbeck, “Waveform design and signal processing aspects for fusion of
wireless communications and radar sensing,” Proceedings of the IEEE, vol. 99, no. 7, pp.
1236-1259, 2011.

[19] Y. Liu, G. Liao, Z. Yang, and J. Xu, “Multiobjective optimal waveform design for OFDM
integrated radar and communication systems,” Signal Processing, vol. 141, pp. 331-342,
2017.

[20]  J.Sanson, A. Gameiro, D. Castanheira and P. P. Monteiro, "24 GHz QAM-FBMC radar with
communication system (RadCom)", Proc. Asia—Pacific Microw. Conf., pp. 678-680, Nov. 2018.

[21]  S.Zhu, R.Yang, X. Li, J. Zuo, D. Liand Y. Ding, "An optimizing method of OFDM radar
communication and jamming shared waveform based on improved greedy algorithm", IEEE
Access, vol. 8, pp. 186462-186473, 2020

[22] S. Zhu, X. Li, R. Yang, Y. Ding, “Adaptive waveform optimization method for OFDM radar
communication jamming”, 2021 IEEE International Conference on Consumer Electronics and
Computer Engineering (ICCECE), 2021

[23]  P. Moo and Z. Ding, “Coordinated radar resource management for networked phased array
radars,” IET Radar Sonar Navigation, pp. 1009-1020, Sep. 2015. Accessed: Aug. 06, 2019.

[24] ). Liang and Q. Liang, "Design and analysis of distributed radar sensor networks", IEEE Trans.
Parallel Distrib. Syst., vol. 22, no. 11, pp. 1926-1933, Nov. 2011.

[25] T. Wild, V. Braun and H. Viswanathan, "Joint design of communication and sensing for
beyond 5G and 6G systems", IEEE Access, vol. 9, pp. 30845-30857, 2021

[26] M. Minos-Stensrud, H. J. F. Moen, J. D. Bjerknes, “Information sharing in multi-agent search
and task allocation problems”, 2021 IEEE Symposium Series on Computational Intelligence
(SSCl), 2021



