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Abstract

In the recent Multiple Input Multiple Output (MIMO) system, numerous studies have demon-
strated the theoretical and simulation-based advantages of Rate-Splitting Multiple Access (RSMA),
showcasing its potential to enhance system performance across various scenarios. However, a gap
remains in the form of experimental studies. These are essential to bridge the divide between
theoretical models and practical implementations. This thesis bridges the research gap between

the theoretical foundations and practical implementation of RSMA.

First, a prototype test-bed is developed to evaluate RSMA’s performance, comprising a two-
transmit-antenna base station and two single-antenna users. The experimental results demonstrate
that RSMA outperforms Spatial Division Multiple Access (SDMA) and Non-Orthogonal Multiple
Access (NOMA) in terms of both sum throughput and fairness performance. Notably, the advan-
tages of RSMA become even more pronounced under practical conditions where the Channel State

Information at Transmitter (CSIT) is quantized.

The second part of this thesis explores RSMA’s performance in Non-Orthogonal Unicast and
Multicast (NOUM) scenarios. When compared to Multi-User Linear Precoding (MULP), RSMA
demonstrates superior flexibility in managing and utilizing both unicast and multicast streams.
This adaptability enables RSMA better to balance the demands of unicast and multicast commu-

nication.

The third part of this thesis investigates RSMA’s performance in overloaded scenarios. Specif-
ically, a base station equipped with two transmit antennas serves two groups of users using multi-
group multicasting. The results demonstrate that RSMA-based Multi-group Multicast (MGM)
outperforms both NOMA-based MGM and SDMA-based MGM in terms of max-min fairness per-

formance.

The final part of this thesis examines the application of RSMA in Integrated Sensing and Com-
munication (ISAC) scenarios, specifically addressing the question of whether a dedicated sensing
signal is necessary for ISAC. Both experimental and simulation results reveal that RSMA can
achieve superior sensing performance without requiring a dedicated sensing signal, all while meet-

ing the same throughput requirements.
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1.1 Overview

Multiple Access (MA) techniques serve an important role in the evolution of wireless communica-
tion systems, which enable the Base Station (BS) to allocate resources to users efficiently. These
methods are critical in maximizing spectrum efficiency while ensuring reliable wireless connections
across diverse applications [1]. The earliest MA techniques can be traced back to the 1970s [2]
when Frequency Division Multiple Access Frequency Division Multiple Access (FDMA) and Time
Division Multiple Access (TDMA) were introduced into wireless communication. FDMA and
TDMA divide the spectrum into frequency bands or time slots for users’ access. Since time and
frequency are naturally orthogonal, the inter-user interference is managed in an orthogonal way, so
both TDMA and FDMA are also called Orthogonal Multiple Access (OMA) [2]. Since OMA man-
ages the inter-user interference in an orthogonal way, there is no inter-user interference. However,
the disadvantage is also obvious: each orthogonal resource is allocated a dedicated user, which

limits the maximum number of supportable users and results in low spectrum efficiency. Later,
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to let multiple users access the cellular network simultaneously at the same frequency spectrum,
Code Division Multiple Access (CDMA) is introduced, in which unique spread-spectrum codes are
assigned to different users [3]. The exploring of code domain in CDMA increases the spectrum

efficiency, but the maximum number of users is still limited by the number of user-specific codes.

With growing user density and data rate requirements, the limitations of the above-mentioned
MA techniques met the capacity bottleneck and spurred the innovation in utilizing the spatial
domain in Long Term Evolution (LTE) [4]. The emergence of MIMO technology transformed
wireless communication by using multiple antennas at both ends of the link. By exploiting multi-
path propagation, MIMO increased the wireless system’s capacity via spatial multiplexing, a new
dimension—the Spatial domain [5]. In modern wireless communication systems (e.g., the Fourth
Generation (4G), LTE and the Fifth Generation (5G)), MIMO has evolved to support multiple
access schemes such as SDMA and Orthogonal Frequency Multiple Access (OFDMA) [6]. These
combinations enable the BS to allocate frequency-time resources to multiple users, which signifi-

cantly increases spectrum efficiency and wireless network capacity.

1.2 Multiple access in MIMO system

In the past decade, the prominent MA techniques that have been studied in literature are SDMA,
NOMA and RSMA [7]. Each of them employs unique principles to enhance the capability, efficiency

and flexibility of MIMO system. SDMA utilizes the spatial dimension in MIMO systems to distin-

Pow,
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Figure 1.1: Multiple Access Techniques in MIMO

guish users by assigning them different spatial beams based on their channel spatial orthogonality
or directions, as shown in Fig. 1.1a. The fundamental concept of SDMA lies in leveraging spatial
separation provided by multiple Transmitter (TX) antennas and beamformers to serve multiple

users simultaneously over the same frequency and time resources. SDMA can achieve high spectral
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efficiency through the simultaneous transmission to multiple users and minimize the inter-user in-
terference when users are spatially orthogonal. However, SDMA treats inter-user interference fully
as noise. This feature requires BS to rely heavily on the accuracy of CSIT to null the inter-user in-
terference effectively [8]. Also, SDMA cannot handle situations where users have highly correlated
channels, and the number of users is larger than the number of transmitter antennas (overloaded

situation).

Power domain NOMA, as shown in Fig. 1.1b, allows multiple users to share the same frequency
and time resources by differential them in the power domain. Unlike SDMA, NOMA BS serves
multiple users by superposition coding, which assigns different power levels based on their channel
conditions [9]. The users in NOMA MIMO system are required to have Successive Interference
Cancellation (SIC) receiver to decode inter-user interference. In a NOMA system, the power
allocation is based on the user channel strengths (stronger channels are allocated with lower power),
as shown in Fig. 1.1b, UE-k has the strongest channel and also required to decode all the inter-user
interference fully. The advantage of NOMA compared to SDMA is the capability of supporting
massive connectivity by overlapping users with the same time-frequency resources in different power
levels [10]. The drawbacks of NOMA are also obvious. First of all, NOMA can not efficiently
utilize the spatial domain, which causes a waste in multiplexing gain, as analyzed in [8], both sum
multiplexing gain and max-min fairness gain of NOMA are incompatible with MULP. Second,
NOMA requires the BS to acquire precise power control based on the CSI feedback, which is hard
to maintain in a dynamic environment. Last but not least, users with stronger channels tend to
receive lower power allocations, which can lead to unfair resource distribution, and this fairness is

a persistent challenge in NOMA [11].

RSMA is a flexible and generalized MA framework that splits the users’ messages into common
and private parts; the common parts from all the users combined into a common message intended
for all users, are decoded by all RXs [12]. The private messages are decoded by the specific users
only. This approach allows the inter-user interference to be partially decoded by the user and
partially treated as noise, which unifies two extremes (SDMA and NOMA) [13]. RSMA has proven
to be more effective in managing inter-user interference compared to SDMA and NOMA, both in
theoretical analyses [14] and experimental evaluations [15], [16]. The robustness of RSMA makes
it outperform both SDMA and NOMA in various scenarios: First, in an overloaded MGM system,
RSMA remains highest Degree of Freedom (DoF) among all three techniques [17], [18], and also
highest measured throughput in an overloaded experimental setup [19]. Second, RSMA also shows

its superiority in other applications, like NOUM [20], ISAC [21] and satellite communications [22].
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Thirdly, RSMA can also maintain the performance gain over SDMA and NOMA with imperfect
CSIT [23].

SDMA, NOMA, and RSMA represent distinct approaches to multiple access in MIMO sys-
tems, each tailored to specific challenges and scenarios. While SDMA excels in leveraging spatial
dimensions, NOMA provides power-domain flexibility for massive connectivity. RSMA, as a unified
framework, combines the strengths of SDMA and NOMA, offering enhanced flexibility and effi-
ciency in managing interference and meeting diverse user demands. This makes RSMA a promising

candidate for next-generation wireless networks such as the Sixth Generation (6G).

1.3 Research objectives and motivation

The evolution of wireless communication systems toward 6G necessitates innovative techniques to
optimize spectral efficiency, energy utilization, and interference management. RSMA has emerged
as a promising solution, offering enhanced flexibility and performance across diverse scenarios.
Even studies in the past literature have shown RSMA’s superiority in theory and simulations
[7], there are no experimental studies to compare RSMA with the conventional MA (SDMA)
and another potential candidate (NOMA). The research gap between theoretical simulations and
hardware implementation is waiting to be filled by prototyping research. This section consolidates
the prototype research objectives and motivations from four pivotal studies exploring RSMA’s

potential.

The first study focuses on building a 2x2 Multiple Users (MU)-MISO testbed for cross-
comparing RSMA, SDMA and NOMA'’s performance. This study confirms RSMA’s consistent
performance gains across various conditions, including Line-of-Sight (LoS) environments and im-
perfect CSIT. By achieving higher throughput and fairness simultaneously, RSMA is established

as a future-ready solution for handling multi-user interference in 6G.

Expanding RSMA’s application, the second study investigates its utility in NOUM scenarios.
This paradigm involves users simultaneously receiving shared (multicast) and unique (unicast)
messages, which are common in applications like live streaming and vehicular communications. By
leveraging RSMA’s ability to combine multicast and unicast streams flexibly, the study demon-
strates higher unicast sum rates compared to MULP and orthogonal approaches. These findings

underscore RSMA’s capability to enhance data rates in environments with channel correlation.

The third study extends the scope to Overloaded MGM setups, where the number of users ex-
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ceeds available antennas. Such configurations are critical for scenarios like satellite communications
and federated learning. RSMA’s hybrid strategy—partially decoding interference while treating
residuals as noise—achieves superior fairness and throughput compared to SDMA and NOMA.
The research highlights RSMA’s adaptability in balancing competing demands for fairness and

efficiency under complex network conditions.

The final study focuses on RSMA for ISAC. It addresses the pressing need to optimize pre-
coder designs for systems that simultaneously serve communication users and sense surrounding
targets. Unlike conventional SDMA, RSMA’s capacity to handle interference more effectively is
experimentally validated, revealing its superiority in scenarios with high inter-user interference lev-
els. The study establishes RSMA as a robust technique for achieving an optimal balance between
communication throughput and sensing accuracy, particularly without requiring dedicated sensing

signals.

1.4 Thesis outline and contributions

The structure of this thesis is as follows:

e Chapter 1: A short introduction of MA techniques in MIMO system, and the research

objectives and motivations.

e Chapter 2: A description of the system model of SDMA, NOMA and RSMA, and the
optimization method used in the precoder design. The standards (IEEE 802.11g and IEEE
802.11ac-VHT) applied in the prototyping testbed to generate the OFDM signal. The hard-
ware introduction about SDR equipment and instructions to build the testbed. In the last of

this chapter, the background knowledge of the application (ISAC) in this work is introduced.

¢ Chapter 3: The details of the first prototype of the RSMA testbed and the first experimental
comparison across SDMA, NOMA and RSMA. Through measurements using the prototype,
the modulation and coding scheme-limited sum throughput maximization problem is solved
empirically for RSMA, SDMA and NOMA for the two-user multiple-input single-output
(MISO) scenario over (a) different pairs of line-of-sight channels that vary in terms of their
relative pathloss and spatial correlation, and with (b) different channel state information
quality. The observations show that RSMA achieves the highest sum throughput across all

these cases, whereas SDMA and NOMA are effective only in some cases. Furthermore, RSMA
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also achieves better fairness at a higher sum throughput than both SDMA and NOMA. These

empirical results are consistent with theoretical predictions.

Chapter 4: This chapter studies one of the applications of RSMA, NOUM, which is a variant
of multi-antenna multi-user communications where the users desire a shared message (multi-
cast) in addition to their respective unique messages (unicast). The multicast rate is capped
in many emerging NOUM applications, such as live-event broadcasting, location-based ser-
vices and vehicular communications. Given this constraint, the prototype experimentally
shows that when the user channels are highly correlated, RSMA-based NOUM can meet the
multicast rate while supporting a larger unicast sum rate than MULP-based NOUM and

orthogonal unicast multicast.

Chapter 5: This chapter presents the first-ever experimental evaluation of RSMA-based
MGM, as well as the first-ever three-way comparison of RSMA-based, SDMA-based and
NOMA-based MGM. Using a measurement setup involving a two-antenna transmitter and
two groups of two single-antenna users per group, we consider the problem of realizing
throughput (max-min) fairness across groups for each of three multiple access schemes, over
nine experimental cases in a line-of-sight environment capturing varying levels of pathloss
difference and channel correlation across the groups. Over these cases, the observations show
that RSMA-based MGM achieves fairness at a higher throughput for each group than SDMA-
and NOMA-based MGM. These findings validate RSMA-based MGM’s promised gains from

the theoretical literature.

Chapter 6: This chapter studies a canonical use case of ISAC in MIMO systems involves
a multi-antenna transmitter communicating with K users and sensing targets in its vicinity.
For this setup, precoder design is of utmost importance, as the limited transmit power budget
must be efficiently directed towards the desired directions (users and targets) to maximize
both communications and sensing performance. This problem has been widely investigated
analytically under various design choices, in particular (a) whether or not a dedicated sensing
signal is needed, and (b) for different MIMO multiple access techniques, such as SDMA
and RSMA. However, a conclusive answer on which design choice achieves the best ISAC
performance, backed by experimental results, remains elusive. This chapter addresses this
vacuum by experimentally evaluating and comparing the performance of four different design
choices (i.e., with/without a dedicated sensing signal and using SDMA/RSMA) using SDRs
to communicate with two users (K = 2) and sensing (ranging) one target. Over three

scenarios that are representative of wehicular ISAC, covering different levels of inter-user
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interference and separation/integration between sensing and communications, we show that 1

RSMA without a dedicated sensing signal achieves better ISAC performance — i.e., higher sum
throughput for the same radar Signal to Noise Ratio (SNR) — than SDMA with a dedicated

sensing signal.

¢ Conclusion: The conclusion chapter summarizes the main achievements of this thesis. The

limitations of works in this thesis are also discussed and will lead to future works.

1.5 Published material

The work in this thesis included two published journal papers, one conference paper and one

ongoing journal paper.

Journal papers:

e X. Lyu, S. Aditya, J. Kim and B. Clerckx, “Rate-Splitting Multiple Access: The First Pro-
totype and Experimental Validation of Its Superiority Over SDMA and NOMA,” in IEEE
Transactions on Wireless Communications, vol. 23, no. 8, pp. 9986-10000, Aug. 2024, doi:
10.1109/TWC.2024.3367891.

e X. Lyu, S. Aditya and B. Clerckx, “Rate-Splitting Multiple Access for Overloaded Multi-

”

Group Multicast: A First Experimental Study,” in IEEE Transactions on Broadcasting,

early access, doi: 10.1109/TBC.2024.3475743.

e X. Lyu, S. Aditya and B. Clerckx, “Rate-Splitting Multiple Access for Integrated Sensing and
Communications: A First Experimental Study,” ongoing journal paper, submitted to IEEE

Transactions On Wireless Communications, (available: https://arxiv.org/abs/2412.12037).

Conference Paper:

e X. Lyu, S. Aditya and B. Clerckx, “Rate-Splitting Multiple Access for Non-Orthogonal Uni-
cast Multicast: An Experimental Study,” 2024 IEEE 25th International Workshop on Signal
Processing Advances in Wireless Communications (SPAWC), Lucca, Italy, 2024, pp. 591-595,
doi: 10.1109/SPAWC60668.2024.10694383.



CHAPTER 1. INTRODUCTION




Fundamentals of Multiple Access,

Applications and Test-bed

Contents
2.1 Fundamentals about Multiple Access . . . ... .. ... ......... 9
2.1.1 SDMA . . . 10
2.1.2 NOMA . . . . e 11
2.1.3 RSMA . . . . 12
2.2 Fundamentals about Communication Applications . .. ... ... ... 13
2.2.1 Basics about Unicast, Multicast . . . . .. .. .. ... ... ... ... 13
2.2.2  Non-Orthogonal Unicast and Multicast . . . . . . . ... ... ...... 14
2.2.3  Multi-Group-Multicast . . . . . . . .. .. Lo Lo 15
2.2.4 MIMO Integrated sensing and communications . . . . .. .. .. .. .. 18
2.3 Limitations of Theoretical Study and Challenges of Experimental Study 20
2.3.1 NOMA and its implementation . . . . . ... ... ... ... ...... 21
2.3.2 RSMA and its implementation . . . . .. ... ... ... ... .. 22
2.4 Experimentation design and test-bed implementation . ... ... ... 23
2.4.1 SDR test-bed implementation . . . . . . ... ... 23
2.4.2 1EEE 802.11 based frame structure . . . . . . .. ... ... ... .... 26

2.1 Fundamentals about Multiple Access

This chapter provides fundamental knowledge on various MA techniques, downlink system models,

experimental hardware setups, and the underlying principles of integrated sensing and communi-

cation.
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Figure 2.1: SDMA system model diagram

2.1.1 SDMA

The conventional MA, known as SDMA, is widely used in the modern wireless communication
system. This section considers a system model of one BS with two single antenna users. As shown
in Fig. 2.1, the transmitter (BS) schedules two users, W; and W5 are the dedicated message for
User (UE)-1 and UE-2, the message is encoded and modulated into streams s; and sa, respectively.
The two streams symbols s = [s1, s3], and the expectation of symbols are defined as E[ss?] = L.
Both streams are linear precoded by precoders P = [pi,p2] into two streams and transmitted
by two transmit antennas. The transmit power is constrained by the precoder power constraints

Ip1l? + [|p2]|?> < 1. After precoding, the transmit signals are given by
X = p1S1 + p2Sa. (2.1)
The channel vector of user-k is denoted as hy so the received signal of user-k is:
yr =hx +ny, Vke{1,2}, (2.2)

where ny ~ CN(0,02) is the Additive White Gaussian Noise (AWGN) for UE-k. On the receiver
side, each user decodes its own stream by treating other user’s signals as interference. The resulting

Signal to Interference Noise Ratio (SINR) of UE-k can be denoted as

b pr|?

R ERL vk e {1,2),] #k, 2.3
Arfpp e >

Ve =
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and by assuming Gaussian signalling, the capacity of UE-k is given by Ry = log,(1 + vx), the sum

capacity of SDMA in a two-users MISO system is Rgym = Zk:l,Q Ry.

2.1.2 NOMA

NOMA normally refers to power domain NOMA , which using superposition coding at the TX side
and the SIC receiver at the UEs’ side. In the NOMA system, at least one UE needs to decode all
other UEs’ messages fully. Fig. 2.2 shows a system diagram of a two-user MISO system as same as
Fig. 2.1, but the UE-1s’ receiver is replaced with a SIC receiver'. The received signal at UE-k can
also be expressed by (2.2). In UE-1’s decoding process, UE-1 decodes UE-2’s message W, first,
then removes the interference from the received signal to decode its message. As for UE-2, the
receiver decodes UE-2’s message directly. The corresponding SINR for UE-1 assuming perfect SIC
is expressed as:
hi'p:|?

"= 078’ (2-4)

and the SINR expression of UE-2 is :

hi 2
— & (2.5)

Y2 .
og + [hi'p:[?

By assuming Gaussian signalling, the capacity of UE-k is given by Ry = log,(1 + i), Vk € {1,2},

and the sum capacity of NOMA in a two-users MISO system is Rgym = Ek:1,2 Ry,.

n theory, both UEs are required to equip SIC receiver. In this system diagram, only UE-1 is required to perform
SIC, for simplicity, the diagram only shows the SIC decoder structure of UE-1
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Different from the previous two MA techniques’ TX architecture, RSMA’s TX contains a message
splitter. It splits the message scheduled for UE-k (W}) into common part (W, y) and private
part (Wp ). The message intends for UE-k can be expressed as Wy, = {W,, W}, which is
the combination of UE-k’s common part and private part. The message combiner combines the
common parts from two scheduled UEs into a common message W, which is encoded and precoded
into the common stream s.. Since s. contains both UEs’ messages, it must be coded by the same
codebook shared among those two UEs and decoded by both UEs. The private parts W), 1 and W, »
are encoded and precoded into private streams sy and s individually.The streams s = [s., s1, $2]

are precoded by precoders P = [p., p1, p2] separately, into transmit signal :
X = PcSc + P151 + Pase (2.6)

The expectation of streams symbols are defined as E[ss] = I, the transmit power constraints of the
precoder vector is ||pc||? + ||p1]/? + ||p2]|?> < 1. By assuming the channel between the BS and UE-k
is hy,, the received signal at UE-k can be denoted by (2.2). As shown in Fig. 2.3, each UE-k decodes
the common stream s, first into W, by treating the signal of the private streams as noise, then
the decoded common message is sent to the message splitter and the SIC module simultaneously,
the message splitter splits the decoded message W, to obtain the part of the common message
belongs to UE-k (ch) In the meantime, the SIC decoder subtracts the interference caused by
the common stream and decodes the private stream si by treating other UEs’ private stream as
noise, the decoded private message intended to UE-k is W%k. UE-k can reconstruct the message by

combining the common part (W, ) and the private part (W, ;). By assuming Gaussian signalling
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and perfect SIC, the SINR of the common stream of UE-k is

|h1€1p0|2
og + Ib'p1]? + b po|?’

Ve = vk € {1,2}, (2.7)

and the SINR of UE-k’s private stream is

2
k Pk‘ .
=t - Vke{l,2},j#k. (2.8)

og + [hfp;|?

The common stream is required to be decoded by both UEs, so the capacity is limited by the
minimum capacity among both UEs. By assuming Gaussian signalling, the capacity of the common
stream is

R, = min(logy (1 + 7¢,1),10go (1 + e 2))- (2.9)

The capacity of UE-1’s private stream can be denoted as Rp; = logy(1 + 7, %), then the sum

capacity of RSMA in a two-user MISO system is written as:

Roum =Re+ Y Ry (2.10)
k=1,2

2.2 Fundamentals about Communication Applications

This section introduces the five main communication applications studied in this thesis: unicast,
multicast, multi-group multicast, non-orthogonal unicast and multicast, and ISAC. This section
also reviews the performance of RSMA in providing different communication applications compared

to the conventional methods.

2.2.1 Basics about Unicast, Multicast

In wireless networks, when multiple users request content, the BS has two major methods to deliver

it: unicast and multicast.

Unicast involves the BS transmitting a unique copy of the message to each individual user. This
approach ensures a dedicated connection for each RX, providing personalized message delivery [24].
However, it can significantly increase the load on the BS and consume more network resources,
such as bandwidth and transmission power, especially when the number of RXs requesting the

same content grows.
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Multicast, on the other hand, allows the BS to send a single copy of the message that can be
received by all the users interested in that message. This method is highly efficient in scenarios
where multiple users are requesting the same message simultaneously, such as live video streaming
or public alerts [25]. By using multicast, the BS reduces redundancy, minimizes bandwidth usage,
and optimizes resource allocation. Multicast has also faced several challenges, such as unreliable

connections and limited throughput by the multicast group’s weakest user.

Choosing between unicast and multicast depends on various factors, such as the number of
users requesting the message, the nature of the data, and the network’s capacity to handle simul-
taneous transmissions. While unicast offers individualized service at the cost of higher resource

consumption, multicast is more scalable and efficient for delivering common data to multiple users.

2.2.2 Non-Orthogonal Unicast and Multicast

Non-orthogonal Unicast Multicast (NOUM) is a unique form of multi-antenna multi-user commu-
nications where users desire both multicast (shared) and unicast (unique) messages. These could
arise in live-event broadcasting (where the unicast messages could be social media interactions),
Vehicle to Everything (V2X) networks and Augmented Reality/Virtual Reality (AR/VR) appli-
cations (where the multicast message could be location-dependent information), etc. NOUM is a
spectrally efficient way to jointly realize (physical layer) multicast and unicast in multi-antenna
systems, with great potential for next-general wireless networks [26], provided adequate multicast

and unicast data rates can be guaranteed.

The conventional way of realizing NOUM is by extending MULP [27]-[30]; i.e., apart from one
precoder per unicast message, there is also a multicast precoder. The precoder design amounts
to superposition coding at the TX, with each user decoding two messages (the multicast message

followed by its unicast message) via SIC.

The above scheme closely resembles RSMA, which has been shown to improve the performance
of multi-antenna multi-user communications in several aspects, such as spectral efficiency, energy
efficiency, mobility etc. [7], [31]. In particular, unicast RSMA involves the creation of K + 1 data
streams and precoders for K users. The additional stream — known as the common stream — is
composed of parts of each user’s message, as illustrated in Table 2.1. Similar to MULP-based
NOUM, each user employs SIC to first decode the common stream (s.), followed by its so-called
private stream (s;,1 € {1,2}) to retrieve its desired message. This two-step retrieval process allows

each user to partially decode and subtract the inter-user interference (through the common stream),



2.2. FUNDAMENTALS ABOUT COMMUNICATION APPLICATIONS 15

Stream | MULP-based NOUM | RSMA unicast | RSMA-based NOUM
Sc Wo [Wc,h Wc,z] [WO, Wc,l, Wc,2]
S1 Wi WPJ Wp’l
So Wa WP,Q Wp,g

Table 2.1: Comparison between MULP-based NOUM, RSMA unicast and RSMA-based NOUM for
the two-user case. Wy is the multicast message, and W; is the unicast message for user i (= 1,2).
For RSMA, W; := [W.;, W, ;]. MULP-based NOUM is a special (and in general, suboptimal) case
of RSMA-based NOUM.

and partially treat it as noise (i.e., the private streams of other users). This, in turn, increases the

sum rate [15], [23].

In fact, MULP-based NOUM can be viewed as a special case of RSMA, where the common
stream carries only the multicast message instead of a mixture of unicast messages. However,
RSMA offers more flexibility for NOUM w.r.t the composition of the common stream, which
translates to better rate [20] and latency [32] performance. To see how, two points need to be

noted:

(a) In many NOUM applications, the multicast rate is capped (e.g., video streaming, V2X safety
messages, etc. [33]). Hence, a well-motivated objective is to maximize the unicast sum rate,

subject to satisfying the multicast rate.

(b) The common stream in RSMA unicast allows all users to partially decode and eliminate the

interference from other users.

In light of (a), MULP-based NOUM only allocates enough resources (e.g., precoder power) to
the common stream to meet the desired multicast rate. However, with RSMA-based NOUM,
the common stream can be resourced to support a higher rate than the multicast rate, with the
difference contributing to the unicast sum rate. This can be realized by designing the common
stream to be a mixture of the multicast message and parts of each user’s unicast message, as
shown in Table 2.1. Just like (b), the unicast message components in the common stream help
with interference suppression, which can increase the unicast sum rate beyond what is achievable

with MULP-based NOUM.

2.2.3 Multi-Group-Multicast

Multi-group multicast (MGM) is a special case of multi-user wireless communications, wherein a

multi-antenna transmitter (TX) jointly communicates with several groups of users simultaneously.
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The g-th group (integer g) has N, users, where N, > 1 in general, and each user within this
group desires the same message from the TX. The special case of a single group corresponds
to multicast/broadcast communications, whereas N, = 1 (for each g) corresponds to unicast

communications.

MGM is a key physical (PHY) layer enabler of several group applications, such as video stream-
ing, push-to-talk group radio communications, location-based services, safety-critical vehicular
communications, etc [34]. The importance of these applications in future wireless networks is driv-
ing ongoing standardization efforts on how best to support multicast/broadcast service (MBS) in

future wireless standards, most notably in the 3rd Generation Partnership Project (3GPP)) [35].

Analogous to unicast, MGM can be realized through linear precoding (beamforming) at the

TX, but with two key differences that need to be factored into the precoder design:

e MGM involves the additional constraint that each user within a group must be able to decode
its desired message. In general, a wide range of spatial geometries may be possible in terms
of group composition, resulting in a great variety of channels experienced by users in a group.
However, a special case of considerable practical interest is where users within a group are
closely situated and experience similar channels — spanning a spectrum from similar channel
strengths at one end, all the way to high spatial correlation/alignment at the other. This
could arise in applications like gaming, video conferencing, vehicular swarms, etc. Hence, we

focus on this special case in this thesis.

« Additionally, in many MGM applications such as satellite communications [36] and Internet-
of-Things (IoT) [37], the number of users typically exceeds the number of antennas at the
TX, which is often referred to as an overloaded scenario. Interference management is partic-
ularly challenging in overloaded scenarios, since the interference power at all users cannot be
suppressed to arbitrarily low levels through linear precoding? [17]. Hence, we further focus

on the overloaded scenario in this thesis.

The above factors have given rise to the following precoder design approaches in the literature,

motivated by well-known analogues for unicast:

a) SDMA-based MGM: Most of the existing literature [38]-[44] on MGM focuses on this ap-

proach, which is an extension of Space Division Multiple Access (SDMA) for unicast. Thus,

2For instance, with Ny antennas at the TX and zero-forcing precoding, the interference can be nulled at no more
than Np — 1 users.
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each group is treated as a super-user, resulting in one precoder per group, and the precoders
are designed to suppress the power of the inter-group interference so that it can be treated
as noise. While there are several well-motivated objectives for precoder design in MGM,
arguably the most popular in the literature is (max-min) rate fairness across the different
groups®. For SDMA-based MGM, this problem has been investigated analytically in many
settings, namely [38], [39] (with a sum power constraint), [40] (with a per antenna power
constraint), [41] (with low-complexity precoder design for large-scale transmit antennas) and
[42] (for line-of-sight groups), [43] (for satellite communications), [48] (for cooperative in-
tegrated terrestrial-satellite communications). However, to the best of our knowledge, an
experimental evaluation of SDMA-based MGM does not exist in the literature. The existing
experimental studies have focused on implementing MGM at higher layers [49], [50], instead
of the PHY layer.

NOMA-based MGM: This approach is an extension of power domain Non-Orthogonal Mul-
tiple Access (NOMA), and is guided by the principle that decoding the interference rather
than treating it as noise is more effective for overloaded scenarios, particularly for unicast
[61]. Like above, this approach also yields one precoder per group, but for the two-group
case, one of the groups employs successive interference cancellation (SIC) to decode and sub-
tract the interference, just like the stronger user in unicast NOMA. Precoder optimization*
for NOMA-based MGM was investigated in [55], [56] (objective: minimizing transmit power
subject to minimum rate constraints at each group). However, even for the overloaded sce-
nario, NOMA-based MGM exhibited significant gains over SDMA-based MGM only when
there is considerable disparity in channel strength across the groups [56]. Moreover, for
groups of closely-spaced users with large angular separation between groups, it is plausible
that SDMA-based MGM may still be effective in suppressing inter-group interference by ex-
ploiting the spatial domain, even in overloaded scenarios. The potential underperformance
of NOMA-based MGM relative to SDMA-based MGM in such scenarios, despite a higher
receiver complexity, is due to the former’s inability to exploit the multi-antenna multiplexing
gain [8], [17]. For a clearer picture of the circumstances under which NOMA-based MGM is
superior to SDMA-based MGM (in terms of realizing max-min rate fairness across groups,
say), an experimental study of the two schemes over a variety of group spatial geometries is

needed, something that is missing in the literature.

30ther objectives for MGM precoder design include (i) minimizing transmit power subject to minimum rate
constraints at each group [42]-[44], (ii) maximizing sum rate under a per antenna power constraint [45], [46], and
(ii) extending zero-forcing and MMSE precoding for MGM [47].

4Note: NOMA-based MGM has also been investigated for single-antenna systems [52] and multi-antenna systems
without precoder optimization [53], [54].
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¢) RSMA-based MGM: Rooted in the rate-splitting concept originally proposed for the two user
single-antenna interference channel [57], Rate-Splitting Multiple Access (RSMA) has emerged
as a powerful multiple access, interference management, and multi-user strategy for modern
multi-antenna communication systems (see [7], [31] and the references therein). Inspired by
its superiority over both SDMA and NOMA for unicast [13], [15], [58], RSMA-based MGM
bridges a) and b) above to address their limitations. Specifically, each group partially decodes
the inter-group interference and partially treats it as noise. All groups have the same signal
processing complexity for retrieving their desired messages (one stage of SIC, regardless of
the number of groups). Unlike a) and b), this approach yields one more precoder than the
number of groups (details in Section 5.2). Precoder optimization for overloaded RSMA-based
MGM?® was investigated in [17], [62], [63] (objective: max-min rate fairness across groups),
where it was demonstrated analytically that RSMA-based MGM achieved a higher minimum
rate than the other two approaches. This was validated using link-level simulations in[64],
[65] (under perfect CSIT) and [63], [66], [67] (for satellite communications). However, for a
clearer picture of the extent of such gains, an experimental comparison of the three MGM

approaches over a variety of group spatial geometries is needed.

Indeed, it is surprising that an experimental evaluation of MGM for any of the above multiple

access schemes is missing from the literature.

2.2.4 MIMO Integrated sensing and communications

ISAC is widely anticipated to be a prominent feature of future wireless networks, as evidenced
by standardization activities on ISAC for 6G [68]. One strand of ISAC that has been extensively
investigated by the research community is MIMO ISAC, as the MIMO paradigm is mature in both
communications (comms) and radar [69]. In particular, a problem that has been widely investigated
involves a multi-antenna TX simultaneously serving K comms users (UEs) and sensing targets in
its vicinity, as shown in Fig. 2.4. For this problem, the comms and sensing performance is closely
linked to the amount of power radiated towards the UEs and targets, respectively. As a result,
the choice of precoders (beamforming) and multiple access techniques used at the TX has a direct
bearing on ISAC performance. Indeed, in the context of ISAC, multiple access techniques make
use of the resource dimensions (e.g., time, frequency, power, antenna, code, message, etc) to serve

multiple physical users (communications) and virtual users (target to sense), ideally in the most

5Precoder optimization for overloaded RSMA unicast was investigated in [59]-[61].
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Figure 2.4: MIMO ISAC precoder design problem.

efficient way [70].

The ISAC precoder design problem in Fig. 2.4 to jointly optimize comms and sensing per-
formance metrics has been studied extensively under several well-motivated settings — conven-
tional MIMO with fully digital beamforming [71]-[75], massive Multiple Input Multiple Out-
put (mMIMO) [76]-[79], vehicular systems [80], [81], millimeter-wave with hybrid beamforming
[82]-[85], using low resolution analog-to-digital converters [86], etc., to name a few. There are two
implicit assumptions across these works. Firstly, they can all be viewed as adapting SDMA — the
prevailing multiple access technique used in 5G — for ISAC, and secondly, they either assume a
dedicated sensing signal [76], [78], [79], [82], or reuse comms signals® for sensing [72], [74], [75], [77],
[80], [81], [83]-[86] as pre-fixed design choices without scrutinizing the merits of each choice. As a

result, two fundamental questions can be posed w.r.t the ISAC precoder design problem, namely:

Q1. Are there alternatives to SDMA that could provide better ISAC performance”?

Q2. Are separate signals needed for comms and sensing for the best ISAC performance?

These are especially pertinent questions, as specifications related to the waveform and multiple

access technique are among the first to be decided in every new generation of standards.

Regarding Q1, RSMA, which generalizes SDMA (and NOMA), has been shown both analyti-
cally and empirically to outperform SDMA (and NOMA) w.r.t comms [15], [19], [31]. Briefly, using
RSMA to communicate with K UEs involves the design of K + 1 precoders to transmit K + 1

comms signals [31]. Likewise, using SDMA to communicate with K UEs and track a single target

6By this, we mean the data payload comprising channel-coded and modulated symbols.
7See Definition 1 in chapter 6 for our definition of ISAC performance.
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using a dedicated sensing signal also involves the design of K + 1 precoders®. These similarities

strongly motivate an RSMA v/s SDMA ISAC comparison.

As for Q2, it is important to clarify what sensing entails. For instance, if the sensing task
involves detecting the presence/absence of a target or direction finding, then clearly these can
be accomplished using comms signals with an energy detection receiver or subspace methods like
MUSIC, respectively. Importantly, the sensing signal processing for these tasks does not depend
on the content of the comms signal. For target ranging (i.e., distance estimation) on the other
hand, the signal content impacts estimation performance as the range estimator is a matched filter.
Since the answer to Q2 is non-trivial for ranging, we choose this as the sensing task in this thesis,
although the terms sensing and ranging shall be used interchangeably. However, it has been shown
that the ranging performance of comms signals matches that of dedicated sensing signals — e.g.,

Frequency Modulated Continuous Wave (FMCW) — asymptotically at large signal lengths [87].

Taken together, Q1 and Q2 motivate the following four-way ISAC comparison - RSMA /SDMA
with/without dedicated sensing signal. This has been investigated in [21], [88]-[91] with link-
level simulations indicating that RSMA without a dedicated sensing signal achieves the best ISAC
performance — intuitively, the extra precoder (i.e., K 4+ 1 precoders for K UEs) can be used for
sensing?. In particular, [21] was the first to theoretically show that RSMA can be used for the dual
purpose of boosting the communication sum rate of multiple users and simultaneously increasing
the sensing performance, hence enlarging the communication-sensing performance trade-off. This
is due to the common streams in RSMA that can be used to manage inter-user interference and
sensing targets. However, a conclusive answer on which design choice achieves the best ISAC
performance, backed by experimental results, is missing in the literature — experimental evaluations
of ISAC for single-antenna systems is presented in [92]-[94] and for multi-antenna ISAC (SDMA)

in [95].

2.3 Limitations of Theoretical Study and Challenges of Ex-

perimental Study

The evolutionary trajectory over successive generations of wireless networks has been towards

achieving higher spectral efficiency, greater user fairness and higher energy efficiency. For upcoming

8Essentially, the target can be viewed as a virtual UE.
9This works only because the comms signal carried by the precoder can also be used for sensing. Thus, Q1 and
Q2 in page 1 are closely related questions.
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6G in particular, improvements in spectral and energy efficiency of at least 2x over 5G have
been speculated [96]. To meet these targets, the underlying physical (PHY) layer multiple access
technique must be capable of offering greater efficiency and flexibility, while coping with much
higher levels of multi-user interference than SDMA — the state-of-the-art multiple access technique
used in current wireless standards such as 3GPP 5G New Radio (NR) and IEEE 802.11. The two
candidates widely believed to be capable of achieving this in future wireless networks are NOMA
and RSMA. Despite the theoretical studies showing the superiority of RSMA over both NOMA

and SDMA, there is no experimental study about the three-way cross-comparison.

2.3.1 NOMA and its implementation

NOMA is inspired by the fact that the capacity region of the K-user Single Input Single Output
(SISO) broadcast channel is achieved by superposition coding at the TX and SIC at the RXs
[97]. In SISO NOMA, users are ordered in decreasing order of their channel strength and the I-th
strongest user decodes and subtracts the interference from the K —1[ weaker users (i.e., SIC) before

decoding its desired signal. The interference from the [ — 1 stronger users is treated as noise!?.

The optimality of NOMA for the SISO broadcast channel (in terms of achieving capacity)
has been the driving force behind extensive investigations into NOMA for MIMO systems with
the aim of improving spectral efficiency [99], [100] and fairness [101] in 5G networks and beyond
[102]. However, for the multi-antenna broadcast channel, NOMA is not optimal, in general, in a
capacity-achieving sense [8]. This is because with multiple antennas at the TX, the spatial domain
can be used to suppress interference without SIC at the RXs through either MULP or non-linear
precoding at the TX. MULP is the common approach adopted by SDMA [103]. Essentially, SDMA
and NOMA represent two distinct interference management strategies; in SDMA, the interference
is treated as noise, whereas in NOMA the interference from the weaker users is decoded by the
stronger users [58]. Hence, NOMA provides substantial spectral efficiency gains over SDMA only
when MULP cannot suppress the interference to near-noise levels. This occurs either in overloaded
systems (i.e., more users than the number of antennas at the TX) or when the user channels in
underloaded systems experience high spatial correlation. On the other hand, in non-overloaded
systems where user channels do not experience high spatial correlation, NOMA can perform worse
than SDMA [8]. While it can be argued that under high user density, groups of users with highly

spatially correlated channels can be found with high probability, it does mean that MIMO-NOMA

10This is commonly referred to as power-domain NOMA to distinguish it from other variants, such as code-domain
and frequency-domain NOMA [98]. In this chapter, NOMA refers only to power-domain NOMA.
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requires a user grouping strategy based on their channels, which has given rise to two approaches

— beamforming-based and cluster-based NOMA [104].

In terms of experimental evaluations, several papers have focussed on SISO-NOMA [105, Ta-
ble 1]. MIMO-NOMA implementations are relatively fewer [106]-[108]. Link and system-level
simulations were carried out in [106], along with measurements over emulated fading channels.
Measurements involving over-the-air transmissions were carried out in [107], [108]. However, in
these papers, the NOMA performance is compared with orthogonal multiple access instead of
SDMA. To the best of our knowledge, no experimental comparison between NOMA and SDMA

exists in the literature.

2.3.2 RSMA and its implementation

Unlike NOMA with its SISO roots, RSMA was designed for multi-antenna communications from
the outset. For the K-user MISO case, RSMA produces K + 1 data streams (i.e., channel-coded
and modulated symbol streams) at the TX from the K user messages [23] (details in Section 3.2.2).
In contrast, both SDMA and NOMA generate K data streams. Similar to SDMA, each of the K +1
streams is linearly precoded (i.e., MULP) and transmitted over the air. At each RX, SIC is used
(like NOMA) to decode only two streams to retrieve the desired message, regardless of a users’s
channel strength relative to the other users. Hence, unlike NOMA, no user grouping mechanism

prior to data transmission is needed to realize spectral efficiency gains over SDMA.

RSMA’s spectral efficiency gains over SDMA and NOMA stem from the fact that it is DoF
optimal under perfect and imperfect CSI [8], [23]. Furthermore, RSMA has also been shown,
in theory, to achieve spectral efficiency gains over SDMA and NOMA under varying interference
levels, network loads and user deployments [58]. Apart from spectral efficiency, RSMA has also
been shown to achieve — again, in theory — performance improvements over SDMA and NOMA in
terms of other metrics such as energy efficiency, fairness, mixed-critical Quality of Service (QoS)
and tight latency requirements, etc. (see [7], [31] and the references therein for a comprehen-
sive survey). These performance improvements stem from RSMA’s unique interference mitigation
strategy, wherein each user partially decodes the interference and partially treats it as noise. In do-
ing so, RSMA generalizes both SDMA and NOMA [13], [58]. Taken together, all of these features
make RSMA an attractive candidate for PHY layer multiple access in 6G, provided the promised
gains can be demonstrated in practice. In particular, an experimental comparison between RSMA,

SDMA and NOMA is needed as a starting point to address the pressing question of which multiple
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access technique is best equipped to deliver the spectral efficiency enhancements expected from

6G.

Despite its impressive benefits, the practical implementation of RSMA is still in its infancy, with
the state-of-the-art focusing on the closely related issues of erroneous SIC, RX design, and Adaptive
Modulation and Coding (AMC) for RSMA to overcome the combined effects of imperfect /outdated
CSIT and finite blocklength [109]-[111]. Among these, RSMA link-level simulations were conducted
in [109]-[111], feedback-based RSMA link adaptation was investigated in [112], while [12] considered
a flexible variant of RSMA, where only a subset of the RXs employ SIC. Though significant, these
practical aspects have also been tackled only through theory/simulations, and no experimental

verification of RSMA’s benefits has been reported till date.

2.4 Experimentation design and test-bed implementation

The primary objective of this thesis is to experimentally validate the theoretical gains observed
in simulations. To achieve this, a testbed with MIMO testing capability is required. Specifically,
the base station must feature at least two transmit antennas with synchronized RF chains and
two single-antenna users. Each RF chain should allow for reconfigurable or customizable signal
generation to implement the RSMA architecture on the hardware. Additionally, the hardware
must meet the current wireless standards and criteria, such as bandwidth and carrier frequency
requirements. Taking these considerations into account, we selected SDR devices from National
Instruments (NI) and chose NI LabVIEW NXG 5.1 as the programming platform, running on a
desktop computer. This chapter provides an overview of the software, hardware configurations,

specifications, and the IEEE 802.11 family-based framework used for signal generation.

2.4.1 SDR test-bed implementation

The NI USRP is famous for its MIMO capability, one of the most famous prototypes is the mMIMO
prototype in [113]. The mentioned prototype consists of 128 TX antennas and achieved a world-
first spectral efficiency of 79.4 bits/s/Hz. NI provided some example software programs and the
compatible hardware drives in the LabVIEW NXG, which can be used in the transceiver signal
design to simplify the whole design procedure, Fig. 2.5 shows the UI of the software control panel
and Fig. 2.6 shows the function blocks in the software. The input parameters in the control panel

in Fig. 2.5 are sent and transferred through the building blocks in Fig. 2.6.
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Figure 2.7: Pictures of the MIMO test-bed. The left shows the front side of the hardware used in
this thesis. PC USRPs and antennas are on the top layer, a common clock reference distributor is
on the second layer, and the bottom layer is the data switch box. The right shows the back side of
the hardware and demonstrates the interconnection between the hardware. All USRPs reference
signal input ports are connected to a common reference signal clock distributor for synchronization
propose, and all the data transmitted /received from the USRPs are written/read through the PCle
cable to the switch box, the switch box schedule the data to be written/read by the PC.

[’ W [

In this thesis, we are using the same devices used in [113]. Fig. 2.7 shows the hardware used
in this thesis, the front side (Fig. 2.7a) of the test bed shows the name of the main devices in the

test bed and the back side (Fig. 2.7b) of the test bed shows the interconnection of main devices.

The main functions and specifications of the devices are listed below:

e A Host PC: Intel Core i7-8700 processor with a LabVIEW NXG 5.1 running on it. The
role of the Host PC is running the function blocks for signal generation and controlling the
configurable settings of the USRPs. After building the necessary blocks in LabVIEW NXG

5.1, the signals can be simply controlled in the UI of the software.

e USRP-2942R: One single USRP-2942R, consists of one motherboard and two daughter boards
(SBX-120), which provide 120 MHz bandwidth. The carrier frequency range of the RF front
is from 400 MHZ to 4.4 GHz. Each daughterboard provides one RF chain consisting of two
ports; one of those ports can be used as TX/RX, and the other can be used as RX only.

On the back side of the USRP, it has a reference clock input port, which is connected to a
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common clock distributor (CDA-2990) for synchronization purposes. The back side of the
USRP also has a PCle port for reading/writing the data from the PC via a switch box
(CSP-8910). By replacing the daughterboard of the USRP from SBX-120 to UBX-160, each

port in USRP is able to work in a frequency range from 10 MHz to 6 GHz and 160 MHz
bandwidth. This daughterboard swapping feature of USRP offers a high flexibility for USRP

to be able to test different wireless communication applications.

e« CDA-2990: An 8-channel clock distribution device helps to synchronize up to 8 USRPs in
the system. It generates a 10 MHz pulse-per-second signal and distributes it through those

eight ports.

e CPS-8910: A PCle switch box designed for MIMO expansion configurations. It provides one
PClex8 upstream port for data exchanging between it and PC, and 8 PClex4 ports for data

exchanging between the USRPs with the switch box.

o PXTIe-8381: An MXI-Express remote controller for CPS-8910 cabled over PCle from a com-

puter with a PCle slot.
e Yagi-antenna: The directional antenna for receiving radar echo signals.

e Tx array: Fach element on the transmitter antenna array is designed to work in a center

frequency of 2.4 GHz, and the spacing between each element is half-wavelength.

e Omni-directional antenna: The Omni-directional antennas with extended cables are used as

single antenna UEs.

2.4.2 IEEE 802.11 based frame structure

Wireless Local Area Networks (WLANS) play an important role in modern communication systems,
driven by the demand for seamless connectivity, high data rates and robust performance. The IEEE
802.11 family of standards, commonly refer as Wireless Fidelity (Wi-Fi), defines the protocols and
technologies underpinning WLANSs operations. Among these, we find IEEE 802.11g (20 MHz)
[114] and IEEE 802.11ac-VHT (160 MHz) [115] are the most suitable standards for our testbed,

which have been deployed in millions of products.

IEEE 802.11g, operating in the legacy 20 MHz channel bandwidth, laid the groundwork for
Wi-Fi technology by enabling reliable and efficient wireless communication. This configuration is

widely utilized in scenarios prioritizing spectrum efficiency and compatibility with a broad range



2.4. EXPERIMENTATION DESIGN AND TEST-BED IMPLEMENTATION 27

of devices [116]. Its channel bandwidth of 20 MHz provides a balanced trade-off between spectral
usage and data rate performance, making it suitable for dense deployment environments and

ensuring broad interoperability.

In contrast, IEEE 802.11ac introduced significant advancements to address the growing demand
for high-throughput applications, such as video streaming, cloud computing, and augmented reality
[117]. A key enhancement of IEEE 802.11ac is the Very High Throughput (VHT) mode, which
includes support for channel bandwidth up to 160 MHz. By utilizing contiguous or non-contiguous
channel bonding, IEEE 802.11ac-VHT (160 MHz) dramatically increases the available bandwidth,
enabling peak data rates exceeding 1 Gbps. Adopting advanced techniques, such as MU-MIMO and
higher-order modulation (up to 256-Quadrature Amplitude Modulation (QAM)), further amplifies

its capacity to deliver high-performance wireless connectivity in indoor and outdoor environments.

This evolution from 20 MHz channels to 160 MHz reflects the dynamic adaptation of IEEE
802.11 standards to the ever-expanding demands of wireless applications. Exploring the character-
istics, performance trade-offs, and application scenarios of these configurations provides valuable
insights into the optimization of WLANSs systems for diverse use cases. For demonstrating RSMA’s
advantage in different applications, we need both of them. For the cross-comparison with SDMA
and NOMA in unicasting, MGM and NOUM, we need the stability of IEEE 802.11g. For ISAC per-
formance comparison, we need the bandwidth from IEEE 802.11 ac-VHT to get a finer resolution

in target-ranging performance.
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3.1 Introduction

This chapter addresses the critical knowledge gap between the theoretical study and the experi-
mental study by realizing the first-ever RSMA prototype using SDRs. Using our prototype, the
study experimentally compares the throughput and fairness performance of RSMA, SDMA and

NOMA. Our contributions are as follows:

e implementing RSMA on SDRs using a two-stage protocol. In Stage 1, orthogonal pilot signals
are transmitted by the TX for CSI estimation at each RX. The estimated CSI is then fed
back to the TX, either unquantized or quantized to emulate perfect and imperfect CSIT,
respectively (Section 3.2.1). The CSIT is used to design the precoded RSMA signal that is
transmitted in Stage 2 (Section 3.2.2). This study uses OFDM signals largely based on IEEE
802.11g PHY layer frames to implement the data payload in the RSMA signal (Section 3.3).
The above two-stage protocol can also be used to implement SDMA and NOMA in our

prototype with appropriate changes to Stage 2.

e For the two-user MISO scenario, this study formulates the practically relevant MCS-limited
sum throughput mazximization problem for RSMA, and establish its relationship to the canon-
ical sum rate maximization problem that is widely analyzed in theory (Section 3.2.2). The
MCS-limited sum throughput maximization problem can also be formulated for SDMA and

NOMA (Table 3.1).

e Through measurements using the prototype, the study empirically solves the MCS-limited
sum throughput maximization problem for RSMA, SDMA and NOMA for the two-user MISO
scenario over line-of-sight channels in a lab environment, where the pair of channels differ in

terms of their relative strength and spatial correlation (Section 3.4). The results show that

— With unquantized CSI feedback, NOMA achieves significant throughput gains over
SDMA when channels have high spatial correlation. On the other hand, when the chan-
nels have low spatial correlation, the SDMA throughput is higher than NOMA. RSMA,
however, achieves the highest throughput not only under either extreme but also over
channels that lie in between in terms of their spatial correlation. These outcomes are

consistent with theoretical predictions in [13], [58].

— With quantized CSI feedback, NOMA achieves significant throughput gains over SDMA

even with channels having low spatial correlation, provided there is a sufficiently large



3.2. SYSTEM MODEL 31

disparity between the channel strengths. The NOMA throughput performance is also at
par with that of RSMA under these conditions. Essentially, the imperfect CSI dispro-
portionately diminishes the weaker user’s throughput for SDMA, whereas both RSMA
and NOMA provide higher throughput to the weaker user via the common stream (see
Section 3.2.2 for definition). However, when the channel strength disparity is not suf-
ficiently large, RSMA achieves throughput gains over NOMA as well. These outcomes

are consistent with theoretical predictions in [7], [8], [31].

— With both quantized and unquantized CSI feedback, RSMA achieves better fairness at
a higher sum throughput than both SDMA and NOMA. This too is consistent with

theoretical predictions in [7], [8], [31].

The rest of this chapter is organized as follows. In Section 3.2, this section introduces the
RSMA system model for the two-user MISO scenario and formulate the practically relevant MCS-
limited sum throughput maximization problem. In Section 3.3, the section provides a detailed
description of our SDR-based RSMA implementation. In Section 3.4, the mosel empirically solves
the MCS-limited sum throughput maximization problem for RSMA, SDMA and NOMA through
measurements using our prototype and compare the sum throughput and fairness performance of

the three schemes. Finally, Section 3.5 concludes this chapter.

3.2 System Model

Consider a two-antenna TX communicating with two single-antenna users/RXs, using OFDM!

signals over N, subcarriers. The communications takes place over two stages.

e Stage 1: First, the TX transmits orthogonal pilot signals for channel estimation at the RXs.

The estimated CSI is then fed back to the TX through a separate link.

e Stage 2: Using the CSI acquired in Stage 1, the TX designs the precoder and the transmit

signal to maximize the sum throughput.

This section describes each stage, in turn, in Sections 3.2.1 and 3.2.2.

n principle, RSMA can be used with any waveform. Our choice of OFDM is motivated by its prevalence in
modern communications systems. However, in the context of 6G, alternatives to OFDM, such as Orthogonal Time
Frequency Space (OTFS) have received considerable attention. RSMA for such waveforms — especially experimental
evaluations — is a relevant topic yet to be investigated.
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3.2.1 Stage 1: Channel Model and CSI feedback

Let h;[k] := [hi[k], hi2[k]]T € C**! denote the true frequency flat, slowly varying channel between
the TX and RX i (= 1,2) over the k-th subcarrier (k= 0,--- , N, — 1). Similarly, let h;[k] denote

the estimate of h;[k], obtained at RX 4 through pilot signals transmitted by the TX.

To reduce feedback overhead, let h; denote the wideband CSI evaluated at RX i by averaging

h;[k] over the subcarriers, i.e.,

N.—1

1
h; == o > b 1,2). (3.1)

k=0

For CSI feedback of h; to the TX in the experiments, it considers two cases to emulate perfect and

imperfect CSI at the TX.

o Unquantized feedback: Let hUQ [hUQ hUQ] denote the unquantized version of fli, where each
complex th (7,1 € {1,2}) is a 128-bit representation of it (i.e., a 64-bit double-precision
floating-point number for the real and imaginary parts). This is intended to emulate perfect

CSI at the TX.

o Quantized feedback: Let hQ [h?l hQ} denote the quantized version of hl, where each complex
hflg (i,1 € {1,2}) is an 8-bit representation of h; (i.e., 4 bits for the real and imaginary parts).
The quantization mechanism is described in Appendix A, and is based on IEEE 802.11n [118].
It results in a more than 90% reduction in the CSI feedback overhead, and is intended to

emulate imperfect CSI at the TX.

The fedback CSI is used by the TX to design the precoders, as described in the following subsection.

3.2.2 Stage 2: RSMA Signal Design

For the two-user MISO scenario, Fig. 3.1 depicts RSMA in operation. Let W; and W5 denote the
messages corresponding to RX 1 and RX 2, respectively. At the TX, each W; (i = 1,2) is split into
common and private portions — denoted by W, ; and W, ;, respectively — by the message splitter.
The common portions of each RX’s message (i.e., W, 1 and W, ) are combined into a common
message, which is then encoded and modulated to form a common stream, s.[k] (k =0,--- ,N.—1)

over the subcarriers. On the other hand, the private portion of RX ¢’s message is separately encoded
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Figure 3.1: RSMA block diagram for the two-user MISO scenario.

and modulated to form a private stream, s;[k]. All three streams (i.e., s.[k], s1[k] and s3[k]) are

linearly precoded to form the OFDM frequency domain transmit signal as follows:
x[k] = pesc[k] + p1s1]k] + pasa[k] (k=0,--- ,N. — 1), (3.2)

where p. is referred to as the common stream precoder, and p; the private stream precoder of

RX 4.

After appropriate Discrete Fourier Transform (DFT)-based processing, the received OFDM

frequency domain signal, y;[k], at RX ¢ is given by:

yi[k] = WH [K]x[k] + ng[k], (k=0,--- ,N.—1; i =1,2)
= h{[k]pcs.[k] + b} [k]p1s1[k] + h{ [k]p2sa k]

+n; UC], (3.3)

where n;[k] ~ CN(0,0?) is the thermal noise. This study assumes that precoded pilot signals have
been interspersed in some of the subcarriers of x[k] to help RX i estimate hi![k]p. and h¥ [k]p; upon
receiving y;[k]?. Then, after suitable equalization (e.g., Minimized Min Square Error (MMSE)),
RX i first decodes s.[k] to recover W,, while treating the interference from the s1[k] and sa[k] as

noise. The decoded estimate of W, at RX i, denoted by Wc(i), is simultaneously sent to:

(a) the message splitter to extract WCJ — the decoded estimate of W, ;, and

(b) the SIC module, which generates an estimate of hf [k]p.s.[k] and subtracts it from y;[k].
The residue is once again subjected to equalization, this time to decode s;[k] by treating the
interference from the other private stream as noise. Let Wp’i denote the decoded estimate of

Wi

2These pilots play a role similar to the demodulation reference signals (DM-RS) used in LTE and 5G NR.
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Combining Wc,i and VAVW (i.e., the inverse of the splitting operation at the TX), RX 4 obtains an

estimate, Wi, of its desired message, W;.

Let P = [p. p1 p2]- As a function of P, from (3.3), the achievable rate (in bits/s/Hz) for

error-free decoding of s.[k] at RX ¢, denoted by R.;(P), is given by:

(3.4)

W []p, |2
R.,(P)= Ir%finlog2 <1 + |h;" [k]p.| ) ,

0? + [hf[k]p1[* + b [k]p2/?

where the minimum over k arises because the encoded and modulated common stream is embedded
over subcarriers in the frequency domain. Additionally, since both RXs must first decode s.[k], it
follows that the achievable rate for error-free decoding of s.[k] at both RXs, denoted by R.(P), is

given by:
R.(P) = min(R.1(P), Rc2(P)). (3.5)

Assuming perfect SIC operation, the achievable rate for error-free decoding of s;[k] at RX 4, similar

to (3.4), is given by:
. [h{ [k]p;|? ) .,
R;(P) = minlo 1+ —=—, i. 3.6
(®) = o, (1+ L) 2 (36)
Thus, the achievable rate at RX i for error-free recovery of W;, denoted by RESMA(P), is given by:

RISMA(P) = ([Wel /[Wel)Re(P) + Ry (P) (3.7)

where the first term in the RHS captures the fraction of the common message, W,, intended for
RX i (|W,;| and |W,| denote the size of W, ; and W, respectively). Consequently, the achievable

RSMA sum rate, denoted by RESMA(P), is:

RRSMA(P) _ R?SMA(P) + RgSMA(P)

= Rc(P) + R1(P) + R2(P) (3.8)

The canonical sum rate maximization problem, where the precoders at the TX are optimized to
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maximize RESMA(P) is formulated as follows:

OPRSMA - max RRSMA(Pp) (3.9)
ST P

s.t. tr(PP) < P, (3.10)

where (3.10) restricts the transmit power to P;. Through the well-known Rate-Weighted Mini-
mized Min Square Error (WMMSE) relationship [119], the non-convex problem in O PRSMA can
be transformed into a sequence of tractable sub-problems that can be iteratively solved till conver-
gence to a local optimum. This is commonly known in the literature as the WMMSE method and
despite only guaranteeing local optimality, it is widely recognized as a benchmark solution for the
PRSMA

family of MIMO precoder design problems, of which O is a specific instance corresponding

to RSMA. Let PRSMA " denote the precoders obtained by applying the WMMSE method to solve

wmimse

RSMA
OPRSMA,

Remark 1 (Imperfect CSI at the TX) OPXSMA contains a slight abuse of notation for the
sake of simplicity. Let H™ := [aTX hIX] denote the CSIT, where hTX € {hY? hQ}, as described
in Section 8.2.1. Strictly speaking, to obtain the objective function of OPESMA at the TX, hy[k] in
(3.4) and (3.6) should be replaced by hTX, so that the solution to OPRSMA becomes a function of

the CSIT.

In this chapter, the main performance metric in our measurements is the throughput (measured
in bits/s). Over an effective bandwidth®, B, the achievable RSMA sum throughput, denoted by

TRSMA(P) is related to RESMA(P) in (3.8) via TRSMA(P) = BRESMA(P). Hence, it follows that

TRSMA(PRSMA

wminse

) is a good benchmark in terms of the maximum achievable RSMA sum throughput.

However, this benchmark is hard to realize in practice because:

1. In state-of-the-art communications systems, PHY-layer transmissions are restricted to a finite
collection of modulation and coding scheme (MCS) levels (e.g., QPSK, rate 1/2), which caps

the maximum achievable sum throughput, and
2. Error-free decoding of the transmitted messages at the RX cannot be guaranteed due to finite

block length effects, which further diminishes the realized throughput.

This section addresses these two points by first characterizing the MCS-limited throughput. An

MCS level can be defined by a pair (m,r), where positive integer m denotes the bits per constel-

3The effective bandwidth is the portion of the total bandwidth available for data transfer, after accounting for
signaling overheads (e.g., cyclic prefix in the case of OFDM).
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lation symbol (e.g., 2 for QPSK) and r € (0, 1] denotes the code rate. Hence, the achievable rate
(in bits/s/Hz) for MCS level (m,r) equals mr, and the corresponding throughput is Bmr. Let
M = {(me,7r¢), (Mm1,71), (Mm2,72)} denote the MCS levels chosen for s.[k], si[k] and sa[k]. Then,
the MCS-limited RSMA sum throughput, denoted by TRSMA (P A1), is given by:

mcs

TRSMA (P M) = Bmro(pe) x P(WY = W, W2 = W,)

mecs

+ Bmyri(p1) X P(Wp1 = Wp 1)

+ Bmg’l’g(pg) X P(Wp’g = Wp’g). (311)

The RHS of (3.11) indicates that the MCS levels of the streams are, in general, a function of the
corresponding precoders. The probability terms capture the loss in throughput due to decoding

errors — specifically, P(Wc(l) =W,; VAVC(Q) = W.) denotes the probability that W, is correctly decoded

at both RXs, while P(W,, ; = W), ;) denotes the probability that W), ; is correctly decoded at RX 1.
Thus, similar to OPRSMA in (3.9)-(3.10), the MCS-limited RSMA sum throughput mazimization

problem, which is of considerable practical relevance, can be defined as follows:

mcs wmmse’

OPESMA . ax TRSMA(PRSMA ) 1) (3.12)
PM mcs

)

MeM, (3.13)

where M denotes the collection of permissible MCS levels for the three streams, which is typically

OPRSMA

mcs

pre-determined through standards (see Table 3.3 for the M used in our measurements).

does not have a closed form solution, as the message decoding probabilities in (3.11) are difficult to

PRSMA

characterize in terms of P>V -2

and M. However, these probabilities can be empirically evaluated

PRSMA

through measurements. This motivates us to empirically solve OP >

through a brute force
search® over M, which is the focus of our measurements in Section 3.4 using our SDR-based RSMA

prototype. We conclude this subsection with the following remark:

Remark 2 (Wideband precoders) In principle, narrowband precoders for each subcarrier (i.e.,
Pc[k], p1[k], p2lk]: k=0,--- ,N.— 1) could increase the achievable rate in (3.4)-(3.8) by adapting
to channel variations at subcarrier-level granularity. However, this would involve huge signalling
overhead in both directions, as: (a) narrowband CSI (i.e., h[k] for several, if not all, k) would
need to be fed back to the TX for precoder design, and (b) more demodulation reference signals

would have to be embedded in the transmit signal to estimate h’[k]p.[k] and h¥ [k|p;[k] at RX i

4 A more sophisticated empirical approach involves link adaptation, where the most suitable MCS level is deter-
mined by an ARQ-based mechanism [112]. This is left for future work.
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for all k. Thus, to reduce the signalling overhead, we assume the same precoders, P, across all the

subcarriers.

3.2.3 RSMA v/s SDMA v/s NOMA

In general, the splitting of the user messages in Fig. 3.1 need not be equal (i.e., 50-50) between
the common and private portions, nor does the ratio between the common and private portions
need to be fixed across both messages. In fact, SDMA and NOMA are special cases of RSMA

corresponding to specific choices of message splitting, as explained in the following remarks.

Remark 3 (SDMA as a special case of RSMA) For the special case where the common stream
is turned off — i.e., W; = Wp,; (i =1,2) in Fig. 3.1 — RSMA reduces to SDMA [13].

Remark 4 (NOMA as a special case of RSMA) Without loss of generality, suppose RX 2
has a weaker channel than RX 1. For the special case where the private stream of RX 2 is turned
off, and no portion of Wi is allocated to the common stream — i.e., Wi = Wy 1, Wo = W0 =W,
in Fig. 3.1 - RSMA reduces to NOMA [13].

This flexibility in message splitting provided by RSMA characterizes its interference management

philosophy, as follows:

¢ SDMA: In the absence of a common stream, the interference experienced at RX i due to

W, (j # 1) is treated as noise.

¢ NOMA: The common stream allows the stronger RX 1 to fully decode and subtract the
interference it experiences (from W5). The weaker RX 2 continues to treat the interference

it experiences (from W7) as noise, like SDMA.

o RSMA: The interference at RX i due to W; (j # 1) is partially decoded (W, ;) and partially
treated as noise (W, ;). This feature enables RSMA to softly bridge between SDMA and
NOMA depending on the channel conditions [13], [58]. Indeed, when the two channels are
quasi-orthogonal, the solution to O PRSMA in (3.9)-(3.10) is SDMA-like with very little power
allocated to the common stream precoder. Similarly, when the channels are highly spatially
correlated with one of them much stronger than the other, the solution to O PRSMA is NOMA-
like with considerable power allocated to the common stream precoder. Importantly, over

the vast majority of channels that do not fall in either extreme, RSMA is expected to provide
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significant gains over both SDMA and NOMA through judicious resource allocation between

the common and private streams. We aim to demonstrate this experimentally in Section 3.4.

Based on Remarks 3 and 4, the corresponding expressions for SDMA and NOMA in (3.2)-(3.13)
can be obtained by discarding p. (SDMA) and ps (NOMA). These expressions are provided in
Table 3.1 for clarity. In Sections 3.4.2 and 3.4.3, we provide an experimental RSMA v/s SDMA v/s
NOMA performance comparison by empirically solving OP™2 ' ma € {RSMA, SDMA, NOMA} us-

ing our SDR-based RSMA prototype. In the following section, we present details of our prototype,

including how the system model described above in Sections 3.2.1 and 3.2.2 is implemented.

3.3 RSMA Prototype using SDR

3.3.1 Hardware setup

— —_— e — e — — —
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| 1 Waveform Waveform | | |
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| |
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Figure 3.2: Block diagram of RSMA Prototype.

The RSMA prototype is built using National Instruments’ (NI) Universal Software Radio Pe-
ripherals (USRPs). As shown in Fig. 3.2, two USRP-2942 units are used to realize the two-user

MISO scenario. In particular, the RX antennas (TP-LINK TL-ANT2405C) are connected to its
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Quantity Expression
Message Wi =We; UWp; (i =1,2)
splitting We =We 1 UWeo
RSMA: We,i, Wp,i # 0, in general
SDMA: Wei=0,Wp;i=W,;
NOMA: We1 =0, Wp1 =Wy and We o = Wa, Wp 2 =0
Precoders RSMA: P = [pc p1 p2]
SDMA: P = [p1 p2]
NOMA: P = [pc p1]
Achievable RSMA: R i(P) = minlog, (1 + b, [KJpe|* >
; % T Ko ]? + (b [Fpa 2
common stream R.(P) = miin R.i(P)
rate SDMA: R:;(P) =R.(P)=0
at RX 4 NOMA: R. ;(P) = minlog, (1 + W)
’ k o? + [bf! [k]p: 2
R.(P) = ml_in R i(P)
Achievable pvt. RSMA: R;(P) = minlog, [ 1+ % (J#1)
k o +I~|Ihi [k]I;j\
stream rate SDMA: R;(P) = mkin logy [ 1+ % (J #1)
at RX 4 NOMA: Ri(P) = mkln log <1 + h{ﬂflpﬁ)
Ra(P) =0
Achievable RSMA: RRSMA(P) = R.(P) + Ri1(P) + R2(P)
sum rate SDMA: RSPMA(P) = R (P) + Ra(P)
NOMA:  RNOMA(P) = R.(P) + Ry (P)
Sum rate opRa . max R™2(P) (ma € {RSMA, SDMA,NOMA})
max. problem s.t. tr(PPH) < Py
Achievable T™2(P) = BR™?*(P),
sum throughput
MCS levels RSMA: M = {(me,re), (m1,7r1), (M2, 7r2)}
SDMA: M = {(m1,r1),(ma,r2)}
NOMA: M = {(mec,re), (m1,71)}
MCS-limited RSMA: RESMA(P M) = mere(pe) + miri(p1) + mara(p2)
sum rate SDMA: RSPMAP M) = myr(p1) + mara(p2)
NOMA: RYOMA (P, M) = mere(pe) +miri(p1)
MCS-limited RSMA: TESMA(P, M) = Bmgre(pe) x PWSY = W, Wi = w)
sum throughput +Bmiri(p1) X P(Wp1 = Wp.1)
+Bmara(p2) X P(Wp,2 = Wp,2)
SDMA: TSDMA(P M) = Bmiri(p1) X P(Wp1 = Wh)
+Bmara(p2) x P(W, 2 = Wa)
NOMA: TNOMA(P M) = Bmere(pe) x P(WY = Wa; W = Wa)

+Bmari(p1) x P(Wp1 = Wh)

MCS-limited
sum throughput
max. problem
(Experiments

in this chapter)

OPL& max Tés (P iimses M)
st. MeM

Table 3.1: System model differences between RSMA, SDMA and NOMA w.r.t the terminology in
Section 3.2.2.
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No. Name Units Description
1. Workstation Running LabVIEW NXG
2. NI USRP-2942 SDRs used to realize the TX and the RXs
3. NI CPS-8910 Provides additional PCle ports
4. NI CDA-2990 8 Channel, 10 MHz Clock Distribution Device
5. Linx Technologies ANT-W63WSx TX antennas
6. TP-LINK TL-ANT2405C RX antennas

Table 3.2: List of hardware components.
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Figure 3.3: (Top and middle): The two-stage transmission protocol; (Bottom): OFDM symbol
structure within the payload. In conventional 802.11g, every DATA symbol for an RX contains
four pilot subcarriers for FPS. However, for RSMA, this approach would cause the pilot subcarriers
in the common and private streams to interfere with each other. In particular, the inability to
do FPS effectively for the common stream leads to large phase noise. To avoid this, the common
(private) stream(s) carry non-zero pilots only in the odd (even) DATA symbols [120].

USRP using coaxial cables, which allows them to be moved around to create different channel con-
figurations (Fig. 3.4). The USRPs share a common timing source (CDA-2990), and are connected
to a workstation through which they are controlled using LabVIEW NXG. These connections are
through PCle cables, facilitated by a PCle bus (CPS-8910). The total transmit power, P;, is

23dBm. A list of hardware components is provided in Table 3.2.
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3.3.2 RSMA Implementation Details

The USRPs are capable of operating in the 2.4GHz Industrial Scientific and Medical (ISM) band.
Hence, we choose a center frequency of 2.484GHz for our transmissions®. For ease of practicalities
like synchronization and channel estimation, it is convenient to implement signals based on well-
known PHY layer standards (e.g., IEEE 802.11 frames) in a prototype. Hence, this prototype
adopts several features of the IEEE 802.11g PHY layer frames in our signal design. Following
contents describe in detail how Stages 1 and 2 from Sections 3.2.1 and 3.2.2, respectively, are

implemented in the prototype:

Stage 1 FEach TX antenna transmits a pilot signal orthogonally in time comprising a Short
Training Field (STF, 8us in duration) and a Long Training Field (LTF, 8us in duration), as shown
in the top portion of Fig. 3.3. The Short Training Field (STF) is used for synchronization and
coarse frequency offset estimation, while the Long Training Field (LTF) is used to obtain a least

squares estimate of the CST at each RX over all the subcarriers (i.e., h;[k] in Section 3.2.1).

Stage 2 Here, the transmitted signal consists of a preamble followed by the data payload, as

shown in the middle portion of Fig. 3.3.

¢ Preamble: The preamble consists of one STF and three LTFs. The function of the STF is
the same as in the first stage, while the LTFs are precoded in order to estimate the precoded
CSI for equalization at the RX; in particular, the first LTF is used to estimate hffp. at
RX i (= 1,2) for decoding the common stream, the second to estimate hi’p; to decode the
private stream meant for RX 1, and the third to estimate hi'p, to decode the private stream

meant for RX 2.

o Data Payload: For the payload, we use OFDM signals over a total bandwidth of 20MHz
with N. = 64 subcarriers (labeled DATA in Fig. 3.3) and a cyclic prefix (CP) of 16 samples
per OFDM symbol. Aligned with IEEE 802.11 frames, 52 subcarriers are used for commu-
nications while the rest serve as guard bands. Among these 52 subcarriers, 48 are used to

carry data symbols, with the remaining used for fine phase shifting (FPS)®. This yields an

5This corresponds to channel no. 14 in the IEEE 802.11 family of standards for the 2.4GHz band. This prototype
uses this channel to avoid ambient WiFi interference, as it is not commercially used in the UK.
SFPS is used to correct the common phase error across all subcarriers in one OFDM symbol [121].
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MCS Index Modulation (m) Code Rate, r Data Rate, Bmr (Mbps)
0 BPSK (1) 1/2 6
1 BPSK (1) 3/4 9
2 QPSK (2) 1/2 12
3 QPSK (2) 3/4 18
4 16QAM (4) 1/2 24
5 16QAM (4) 3/4 36
6 64QAM (6) 2/3 48
7 64QAM (6) 3/4 54
8 256QAM (8) 3/4 72
9 256QAM (8) 5/6 80

Table 3.3: MCS levels (largely based on IEEE 802.11g) implemented in our prototype. The data
rate in the last column is equal to Bmr, where B is the effective bandwidth given by (3.14).

effective bandwidth of:

B =20MHz x (64/80) x (48/64) = 12MHz (3.14)
~—— ~——

CP overhead  Guard band
overhead

The payload consists of three superposed streams (one common, two private), each comprising
50 OFDM symbols (labeled DATA 1 through DATA 50, as shown in the bottom portion of

Fig. 3.3).

MCS Implementation: Table 3.3 lists the MCS levels, M, implemented in our proto-
type. MCS indices 0 through 7 are identical to IEEE 802.11g, where 64-QAM is the largest
supported constellation. To allow for the possibility of higher data rates due to RSMA’s
enhanced interference suppression, this prototype implements two more MCS levels support-
ing 256-QAM (MCS indices 8 and 9). After the preamble, the first OFDM symbol (labelled
SERVICE in the bottom portion of Fig. 3.3) contains the MCS information of each stream.
Unlike the TEEE 802.11 family of standards, which uses Low-Density Parity Check (LDPC)
codes for error correction, this prototype implements Polar codes augmented with an 8-bit
cyclic redundancy check [122], [123], with successive cancellation list decoding [124] using a

list depth of 2.

An instance of Stage 1 and Stage 2, as described above and illustrated in Fig. 3.3, constitutes

a single measurement run. To empirically solve OP®2 (ma € {RSMA,SDMA,NOMA}) from

mcs

Table 3.1, we conduct 100 measurement runs. Let D% denote the number of runs in which the
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Figure 3.4: Layout of measurement cases. The RX antenna positions in the above snapshot
correspond to Case 6.

common stream is successfully decoded by both RXs. Similarly, let D{# (i = 1,2) denote the
number of runs in which RX ¢ successfully decodes its private stream. Consider the expressions
for the MCS-limited sum throughput in Table 3.1 (penultimate row). Replacing the decoding
probabilities therein with their empirical estimates, the measured sum throughput for each multiple

access scheme is given by:

RSMA 2 HRSMA
ngsMA(Pgihglée7 M) = %Bmcrc + ; %Bmiri (3.15)
SDMA DSDMA
Tri]cDSMA(ngEll\r/rll?m M) = ?SO Bmyry + 17(2)0 Bmars (316)
NOMA [ pNOMA soMA DYPMA
Tmcs (Pwmmse7 M) = 100 Bmere + 100 Bmlrl, (317)

where B is given by (3.14) and the MCS levels are chosen from Table 3.3.

3.4 Measurement Results

This section first describes our measurement campaign in Section 3.4.1. Then, Section 3.4.2
presents measurement results pertaining to OPR% through which compares the measured sum

throughput for RSMA, SDMA and NOMA. Then, in Section 3.4.3 presents a fairness comparison
between RSMA, SDMA and NOMA.
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Parameter Notation (where applicable) Value
Center frequency fe 2.484GHz
Transmit power P, 23dBm
TX antenna length 0.13m
Fraunhofer distance 0.28m
Total bandwidth 20MHz
Subcarriers Total (V) 64
Data 48
Pilot (FPS) 4
Guard band 12
CP length 16
Effective bandwidth B 12MHz
OFDM symbols in payload 50
Experiment runs (per case) 100
Distances RX1—-TX 0.8m
RX 2 — TX (Cases 1-3) 1.25m
RX 2 — TX (Cases 4-6) 2.10m
RX 2 — TX (cases 7-9) 3.30m
Channel coding Polar codes
List depth 2
Environment LoS

Table 3.4: List of parameters used in our experiments.

3.4.1 Measurement campaign

The measurements were carried out on a lab bench, as shown in Fig. 3.4. The TX position is
fixed, along with the antenna of RX 1 which is placed 0.8m away from the TX7. The antenna
position of RX 2 is varied as marked in Fig. 3.4 to create pairs of LoS channels with varying relative
strengths and spatial correlation. For NOMA in particular, RX 1 is treated as the strong user and
RX 2 the weak user. Every attempt was made to avoid any relative motion between the TXs and
RXs during the measurements. For easy reference, a full list of all the parameters relevant to our

measurements is provided in Table 3.4.

To capture the relative pathloss difference between the two channels, channel strength disparity

7As seen in Table 3.4, this is the closest TX-RX distance in our experiments. Since it exceeds the Fraunhofer
distance, we are operating in the far-field.
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Relative pathloss Spatial correlation
Cases « [dB] Cases p
Low 1 —7.6 1 0.15
2 —6.4 4 0.16
3 —8.8 7 0.24
Medium 4 —14.5 2 0.48
5 —13.0 5 0.46
6 —13.0 8 0.35
High 7 —23.6 3 0.95
8 —24.7 6 0.95
9 —22.1 9 0.85

Table 3.5: The cases marked in Fig. 3.4 yield pairs of channels that vary in terms of their relative
pathloss and spatial correlation, captured by « and p defined in (3.18) and (3.19), respectively.
The above table lists the empirical average of a and p over all measurement runs for each case.

parameter, «, is introduced and defined in dB scale as follows:

s
B

a [dB] = 101log,, (3.18)

where h; (i = 1,2) is given by (3.1). Hence, RX 2 has a weaker channel when « is negative.

Similarly, to measure the spatial correlation between the two channels, we introduce the corre-
lation parameter, p € [0,1], defined as follows:
h{'hy |

[y [ [[be |

Thus, p = 0 when the channels are completely aligned, whereas p = 1 when they are orthogonal.

Based on (3.18) and (3.19), we make the following remarks on the cases marked in Fig. 3.4.

Remark 5 For cases 1 through 3 in Fig. 3.4, we expect the relative pathloss difference between the
two channels to be low by design, as the two RX antennas are fairly close together. In contrast, for
cases 4 through 9, RX 2 is farther away from the TX than RX 1; hence, we expect o to be more
negative by design. This is validated in Table 3.5, which lists the empirical average of a over all

measurement runs for each case.

Remark 6 (Channels with high spatial correlation) In cases 1, 4 and 7, the channels are

expected to be highly spatially correlated (i.e., small p) by design, as the two RXs are nearly in a
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Case 1: Unquantized CSI feedback
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Figure 3.5: For Case 1, the large spatial correlation (i.e., small p, see Table 3.5) between the
RX channels induces high mutual interference. Under these conditions, RSMA and NOMA can
achieve significant throughput gains over SDMA with the help of the common stream, provided
its MCS level is not too aggressive. The highest measured sum throughput above are: 66.48Mbps
for RSMA, 56.16Mbps for NOMA, and 37.44Mbps for SDMA.

straight line to the TX. This is validated in Table 3.5, which lists the empirical average of p over
all measurement runs for each case. RSMA and NOMA are expected to provide large throughput
gains over SDMA in these cases, as the common stream allows for the decoding and elimination

of interference.

Remark 7 (Channels with low spatial correlation) Similarly, in cases 3, 6 and 9, the spatial
correlation between the two channels is expected to be relatively low (i.e., larger p) by design, due
to the larger angular separation between the RXs as seen by the TX. This is validated in Table 3.5.
The gain of RSMA over SDMA is expected to be modest, with the common stream being allocated
lower power relative to the cases in Remark 6. NOMA 1is also unlikely to yield significant gains
over SDMA; in fact, by forcibly imposing a common stream when the channels are not sufficiently

aligned, the NOMA throughput performance can even be worse than SDMA.
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3.4.2 RSMA v/s SDMA v/s NOMA: Sum Throughput Comparison

As an example measurement, the sum throughput performance for Case 1 as a function of the
MCS levels is plotted in Fig. 3.5 with unquantized CSI feedback. For RSMA/SDMA, the MCS

levels for the two private streams are chosen to be identical for ease of illustration®. For NOMA, 3

the z-axis corresponds to the MCS of RX 1, as only RX 1 has a private stream. We make the

following observations in Fig. 3.5:

1) For a given common stream MCS level for RSMA/NOMA, the sum throughput increases
with the private stream MCS level up to a point as expected, before dropping when the MCS
level is too aggressive. The same behavior is observed for SDMA as well, which does not

have a common stream.

2) For a given private stream MCS level, a similar trend as above can also be seen w.r.t com-
mon stream MCS level for RSMA /NOMA. Specifically, the RSMA /NOMA sum throughput
increases as the common stream MCS level is raised from QPSK rate 1/2 (MCS index 2 in
Table 3.3) to 16QAM rate 3/4 (MCS index 5 in Table 3.3). However, the very next MCS
level of 64QAM rate 3/4 for the common stream is too aggressive and due to the resulting
error propagation, the RSMA/NOMA sum throughput is lower than SDMA. To demon-
strate this, Fig. 3.6 shows the superposed received symbol constellation for RSMA at RX 1,
corresponding to the MCS levels marked by points ‘C’ and ‘A’ in Fig. 3.5. The MCS levels
at point C being conservative, a QPSK constellation (private stream) superposed on another
QPSK constellation (common stream) is clearly visible in Fig. 3.6a. In a similar vein, if the
MCS levels at point A were not aggressive, then we would expect to see 256 distinct sym-
bol clusters in Fig. 3.6b, corresponding to a superposition of 64QAM (common stream) and
QPSK (private stream) constellations. However, we only observe 81 distinct symbol clusters,

which leads to high error rates for the common stream.

3) Points 1 and 2 above highlight the role of MCS selection in realizing sum throughput gains
for RSMA and NOMA over SDMA. The highest measured sum throughput in Fig. 3.5 is
the empirical solution of OP2X% in Table 3.1, with the additional constraint that the MCS
levels for the two private streams in RSMA/SDMA are identical. For RSMA, this value is
equal to 66.48Mbps (marked with a solid red circle); for NOMA, it is equal to 56.16Mbps

(red square), and for SDMA it is only 37.44Mbps (dashed red circle).

8Since the two RXs are closely situated for this case, this is also an intuitively good choice. However, in general,
the MCS levels of the private streams can be different depending on the channel realizations.



CHAPTER 3. RATE-SPLITTING MULTIPLE ACCESS EXPERIMENTAL STUDY OF ITS
48 SUPERIORITY OVER SDMA AND NOMA

on® a0*

120° 60" 1200 60"

150° 30" 150° 30°

180° 0° 180° 0"
210° 330° 210° 4 330
2407 300° 240° 300°
2700 2700
(a) Common stream: QPSK 1/2, private (b) Common stream: 64-QAM 2/3, private

stream: QPSK 1/2 stream: QPSK 1/2

Figure 3.6: Superposed received symbol constellation for RSMA at RX 1 for the MCS levels in
Fig. 3.5 corresponding to: (a) point ‘C’, which is an example of a conservative choice of MCS levels.
Hence, the superposition of QPSK and QPSK constellations is clearly visible; (b) point ‘A’, which
is an aggressive choice of MCS for the common stream. Instead of 256 distinct symbol clusters
due to a superposition of 64-QAM and QPSK constellations, we only observe 81 distinct symbol
clusters, which leads to high error rates for the common stream.

4) Finally, for all data points bar one, the RSMA sum throughput exceeds that of NOMA.
Since RX 2’s channel is not much weaker than RX 1 for Case 1 (see o in Table 3.5), RSMA
provides additional throughput gain through the private stream of RX 2.

Fig. 3.7 plots the empirical solution of OP2  broken down in terms of the contributions of the

common and private streams. We make the following observations:

A. Unquantized CSI feedback:

1) As expected for RSMA, the contribution of the common stream (green bars) diminishes
with increasing p (Remarks 6 and 7); in particular, for cases 1, 4 and 7, the common
stream constitutes 51%, 62% and 62% of the sum throughput, respectively, whereas for
cases 3, 6 and 9, this drops to 22%, 34% and 17%, respectively.

2) Incases 1, 4 and 7, where the channels have high spatial correlation (low p, see Table 3.5),
SDMA’s sum throughput is significantly lower than those of RSMA and NOMA due to
the high mutual interference. The gains of RSMA and NOMA in these cases stem from
the decoding and elimination of interference through the common stream (Remark 6).
In particular, RSMA achieves gains of 82%, 103% and 134%, respectively, over SDMA
as shown by the up arrows in Fig. 3.7. In comparison, RSMA’s gain over NOMA for

these cases is quite modest (23% for Case 1, none for Case 4 and 19% for Case 7).
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3) In cases 3, 6 and 9, where the channels have low spatial correlation (high p, see Table 3.5),
RSMA’s gain over SDMA is modest due to the relatively lower mutual interference. On
the other hand, the NOMA sum throughput is significantly worse than both RSMA and
SDMA. In particular, RSMA achieves gains of 38%, 45%, and 19%, respectively, for
these three cases over NOMA. 3

B. Quantized CSI feedback:

1) Unsurprisingly, all three multiple access schemes experience a sum throughput loss due
to CSI quantization. However, SDMA and RSMA are more adversely affected than
NOMA, especially in cases 4 through 9, where there is a significant pathloss difference
between the two channels. For these cases, most of the throughput loss for RSMA and
SDMA can be attributed to the private stream of RX 2 — the weaker user. In contrast,
the robustness of NOMA to CSI quantization stems from the fact that RX 2 does not
have a private stream. Furthermore, due to the very low private stream throughput for

RX 2, the RSMA throughput performance is similar to NOMA for these cases.

2) However, in the absence of a large pathloss ([—8.8, —6.4] dB) difference between the
two channels — for instance, in cases 2 and 3 — the private stream throughput for RX
2 is still quite high, despite the loss from CSI quantization. Under these conditions,
NOMA with its missing private stream for RX 2 continues to perform worse than both

RSMA and SDMA, mirroring the performance seen with unquantized CSI feedback.

3) In all cases bar one, RSMA’s gain over SDMA is much larger when compared to un-
quantized CSI feedback. This is because imperfect CSI has a more adverse effect on
private stream throughputs due to the higher residual interference. Thus, via the com-
mon stream’s throughput contribution, which stays pretty steady even with quantized

CSI, RSMA’s throughput loss is lower than that of SDMA.

In summary, RSMA achieves the best throughput performance across (a) different RX channels
that vary in their relative strength and spatial correlation, and (b) different CSI quality. In some
cases, SDMA is effective while in others NOMA is effective. RSMA is effective in all the cases, and

thus effectively bridges between both SDMA and NOMA.
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Figure 3.7: The maximum measured sum throughput under unquantized (UQ) and quantized
(Q) CSI feedback for RSMA, SDMA and NOMA, which correspond to the empirical solutions of
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and NOMA.
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3.4.3 RSMA v/s SDMA v/s NOMA: Fairness Comparison

In the previous subsection, we saw that for RSMA, the private stream throughput of RX 2 is
severely diminished when there is a large pathloss difference between the two channels and imperfect
CSI (bullet point B1). To increase RX 2’s total throughput in such cases, a larger fraction (> 0.5)
of the common stream can be allocated to it. This would not alter the RSMA sum throughput?,

but would achieve better (max-min) fairness [7].
In this subsection, we experimentally verify this possibility of improved fairness afforded by
RSMA. This is done in the following manner for each case in Fig. 3.7:

S1) if Ry(PRSMAY _ Ry (PRSMAY < R (PRSMA) then the common stream is partitioned such

wmmse wmimse wmimse

that Ry (PRSMA) 4 (|Weal/|We) Ro(PRSMA) = Ry(PRSMA) 4 (W al/|Wel)Ro(PRSMA) 1o

wmimse wmmse wmimse wmimse

ensure that both RXs have the same throughput;

S2) otherwise, when R;(PRSMA)N _ R (PRSMAN ~ R (PRSMAY " the entire common stream is

allocated to RX 2. This is similar to NOMA, albeit RX 2 has a private stream as well.

Remark 8 (Fairness while maximizing throughput) User fairness in RSMA/SDMA/NOMA
1s often framed as an optimization problem, where the objective is to maximize the minimum user
throughput through precoder design. Hence, the optimal precoders for fairness are, in general,
different from the optimal precoders for sum throughput mazimization. The fairness strategy in
S1 and S2 differs from this viewpoint by trying to achieve fairness without changing the precoders.
In other words, we are trying to achieve fairness while still maximizing the sum throughput. This
ability to realize both objectives simultaneously is a unique feature of RSMA. S1 and S2 cannot be
realized for NOMA and SDMA because the former does not have a private stream for RX 2 and

the latter does mot have a common stream.

Fig. 3.8 compares the relationship between the sum throughput and the minimum throughput
for RSMA (subject to S1 and S2), SDMA and NOMA. The case number is indicated beside each
data point in the same color. The dashed y = 2z line represents max-min fairness and the region
above it is feasible for all three multiple access schemes. Thus, points that are closer (in terms of
Euclidean distance) to the dashed line represent fairer outcomes. Based on this insight, we make

the following remarks:

9For precisely this reason, the allocation of the common stream between the two RXs is not mentioned when
discussing the sum throughput results in Section 3.4.2.
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e When S1 is true, the corresponding RSMA point lies on the dashed line (i.e., achieves max-
min fairness), as seen for all cases bar one in Figs. 3.8a and b. Otherwise, for S2, the RSMA

point lies as close as possible above the dashed line, as seen for case 8 in Figs. 3.8a and b.

o In Fig. 3.8a, SDMA also achieves approximate fairness for some cases (namely 1, 2, 3 and 4),
as does NOMA (case 7). However, the RSMA points for these cases lie to the northeast of the

corresponding SDMA /NOMA points, which indicates fairness at a higher sum throughput.

In summary, RSMA is capable of achieving better fairness at a higher sum throughput than both
SDMA and NOMA, regardless of CSI quality, through a judicious allocation of the common stream

to the weaker RX.
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Figure 3.8: Fairness comparison between RSMA (subject to S1 and S2), SDMA and NOMA.
The number beside each data point indicates the measurement case from Fig. 3.4. The dashed
line (y = 2z) corresponds to max-min fairness and points that are closer (in terms of Euclidean
distance) to this line represent fairer outcomes.

3.5 Conclusion

In this chapter, we realized the first-ever RSMA prototype by using SDRs and modifying the
IEEE 802.11 standard. We implemented the key functions of the transceiver in the test bed, which
includes CSI estimation, CSI quantization, precoder maximization and SIC receiver. We also
solved the MCS-limited throughput maximization problem iteratively to validate RSMA’s promised
performance gains in the theoretical literature experimentally. To this effect, this study measured

the throughput and fairness performance of RSMA, SDMA and NOMA using our prototype for
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the two-user MISO scenario over (a) different pairs of channels varying in terms of their relative
strength and spatial correlation, and (b) different CSI quality. Across these different cases, RSMA
achieved the highest sum throughput, whereas SDMA and NOMA were each effective only in some
cases. This chapter also showed that RSMA achieved better fairness at a higher sum throughput
than both SDMA and NOMA. The imperfect SIC effects on the RSMA receiver are first observed
experimentally in the experiments. The importance of selecting the most suitable MCS levels in
MCS-limited throughput maximization problem is firstly considered in a RSMA prototype. As the
first-ever experimental comparison between RSMA, SDMA and NOMA, the efforts in this chapter
address the pressing question of which PHY layer multiple access technique is best equipped to
deliver the performance enhancements expected from next-generation networks like 6G. Thus, the
superior performance of RSMA in these experiments provides the impetus for further experimental

efforts at a larger scale and in more challenging operating environments.
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4.1 Introduction

NOUM is an important communication mode for providing both unicast (one-to-one) and multicast
(one-to-many) services simultaneously. Despite the benefits of RSMA-based NOUM have been
investigated analytically in [20], [32], an experimental validation of the same is absent in the
literature. This motivates our efforts in this chapter, where we first characterize the conditions
under which RSMA-based NOUM achieves a higher unicast sum rate than MULP-based NOUM

while satisfying a given multicast rate. We then validate this experimentally and find that the
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gains of RSMA-based NOUM are more pronounced with increasing channel correlation among the

users.

The rest of this chapter is organized as follows. In Section 4.2, this section introduces the
RSMA-based NOUM system model for a two-user MISO scenario and formulated into a MCS-
limited throughput maximization problem with low complexity precoder design. In Section 4.3,
the theoretical benefits of RSMA-based NOUM are analyzed. In Section 4.4, the description of the
measurements and the results of each measurement are plotted on both rate region figures and bar
chart figures. This section also compares the rate region achieved by RSMA-based NOUM and
SDMA-based NOUM. In the last, Section 4.5 summarizes the benefits of RSMA-based NOUM

and the key findings of this chapter.

4.2 System Model for RSMA-based NOUM

We follow the RSMA-based NOUM architecture of [20]. Consider the two-user MISO case. Let
Woy denote the multicast message, and W; (¢ = 1,2) the unicast message for user i. At the TX,
each W; is split into common and private portions, denoted by W.,; and W, ;, respectively (in
general, the splitting ratio need not be 50-50 nor does it have to be the same across both users).
Let W, := [Wy, W,,1, W, 2] denote the common message formed by concatenating the multicast
message along with the common portions of each unicast message. Through an appropriately
chosen MCS level, W, is transformed into a common stream, s.. Similarly, W, and W), are
separately encoded and modulated to form private streams, s; and s, respectively. All three

streams are linearly precoded to form the transmit signal:
X = PcSc + P1S1 + P2Se2, (41)

where p. denotes the common stream precoder, and p; the private stream precoder of user i. Let
h; denote the channel between the TX and the i-th user. The received signal, y;, at the i-th user

is given by:

yi:hf{x—i—ni (i=1,2)

= thpcsc + hz‘HP151 + hZ‘HP252 + n;, (4.2)



4.2. SYSTEM MODEL FOR RSMA-BASED NOUM o7

Rx-1 — ~
b W,
— w N — |'> } Equalizer ‘—v{ Polar Decoder }—r— 0
s =z S % L5 <
S W& s = & I
EU”— Weil 39 5 m = = SIC Encoder/Modulator ol 2 W, 1, W, 1)
5 @ =] = - o ¢l D,
@ = E 2 = o
Q. [0} _ [)
i % ez, 5 © % i 2 x 2 MIMO 69.—-{ Channel H Linear Precoder ‘ §
oq ~ @
N o w, S el o
p,1 2 118 o
& 'g 9 I Equalizer Polar Decoder 3
0] = Q. o
o = W, , c (S| 5 | Tx2 W,
a & P, s |%2) USER 1 D1
8 —

Figure 4.1: RSMA-NOUM block diagram for two-user MISO scenario

where n; is the receiver thermal noise. Upon receiving y;, the i-th user first decodes s., while
treating the interference from the s; and s, as noise. This enables the i-th user to recover Wy
and a part of its unicast message (W,,;). Then, through SIC, the i-th user decodes s; to recover
the rest of its unicast message (W, ;) by treating the interference from the other private stream as
noise. It is easy to see from (4.2) that the achievable multicast and unicast rates are a function of

the precoders and MCS levels chosen for each of the three streams. We describe these next.

¢ Precoder Design: Let fll denote the estimate of h; at the TX. Since s, must be decoded
by both users, p. must have sufficient gain along each h;. Thus, weighted Maximum Ratio
Transmission (MRT) precoding is a reasonable good heuristic choice for p,, i.e.,

(11 + 1)

p(t) = v P(1—1) T

(4.3)

where ; denotes the unit vector along h;. On the other hand, user i decodes s; by treating
the interference from s; (j # i) as noise. Hence, to suppress this interference as much as

possible, we consider Zero-Forcing (ZF) precoding for the private streams, i.e.,

pi(t) = VE(t/2)a5 (j #i5i=1,2), (4.4)

where u denotes the unit vector along the nullspace of h;. In (4.3) and (4.4), the parameter

t € [0,1] determines the allocation of the transmit power, P;, to the three streams.

e« MCS: An MCS level can be defined by a pair Z = (m,r), where positive integer m denotes
the bits per modulation symbol (e.g., 2 for QPSK) and r € (0, 1] denotes the code rate. In
general, the MCS level of each stream can be distinct. Hence, let Z. = (m.,r¢), Z1 = (m1,71)

and Zy = (ma, r3) denote the MCS levels chosen for s., s1 and sa, respectively.
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Let M = {Z.,7:,Z>}. As a function of ¢ and M, let R.(¢t, M) and R;(t, M) denote the

MCS-limited rate (in bits/s/Hz) for s. and s;, respectively. Their expressions are as follows:

R.(t, M) = mere x POWY = W, W = w,) (4.5)

Ri(t, M) = myry x P(W,; = Wp) (i = 1,2), (4.6)

where the probability terms capture the rate loss due to decoding errors. In particular, IP(WC(U =
W, W = W) in (4.5) denotes the probability that W, is correctly decoded at both users, while
P(W,; = W,,) in (4.6) denotes the probability that W,,; is correctly decoded at the i-th user.

These probabilities are difficult to characterize in closed-form, but can be evaluated empirically

(see Section 4.4).

Let RRS, (¢, M) denote the multicast rate and RS (¢, M) the unicast sum rate for RSMA-based

mult uni

NOUM. Their expressions are related to (4.5) and (4.6) as follows:

RES, (1, M) = 'Vvﬁ:m,m (4.7)
2
R (t, M) = (1 - IVV?D Re(t, M) + > Ri(t, M) (4.8)

i=1

where |W| denotes the size of message W.

Remark 9 For the special case when W, = Wy, RSMA-based NOUM reduces to MULP-based
NOUM (see Table 2.1). From (4.7) and (4.8), let RMULP(t, M) and RMYLP (¢, M) denote the

mult uni

corresponding multicast and unicast sum rate, respectively.

In the following section, we describe how RSMA-based NOUM can achieve higher unicast sum

rate than MULP-based NOUM, for fixed multicast rate.

4.3 Benefits of RSMA-based NOUM

From (4.3)-(4.6), the sum rate for RSMA-based NOUM, denoted by Rgum (t, M), is given by:

Rsum(t, M) = Rc(t, M) + R1 (t, M) + Rg(t, M) (49)
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Multicast rate

Unicast sum rate

Figure 4.2: An illustration of the achievable rate region for MULP-based NOUM (blue curve) and
RSMA-based NOUM (solid red line).

For fixed ¢, let

Roum(t) := max Reum (t, M) = R.(t) + R1(t) + Ra(t), (4.10)

where M denotes the collection of permissible MCS levels for the three streams, typically pre-

determined through standards.

The achievable pairs of multicast and unicast sum rates for MULP-based and RSMA-based
NOUM are shown in Fig. 4.2. The achievable region is convex due to time-sharing. Based on

Fig. 4.2, we make the following remarks.

Remark 10 (Purely Multicast) The y-azis points in the achievable region correspond to purely
multicast, where only the common stream is transmitted. Point A represents the peak multicast

rate, equal to Rsum(0) in (4.10).

Remark 11 (Unicast SDMA) The z-azxis from the origin till point B corresponds to unicast
SDMA, with only the two private streams being transmitted. Point B represents the peak unicast

SDMA sum rate, equal to Rgum(1).

Remark 12 (MULP-based NOUM) Fort € (0,1), three streams are transmitted. Assuming
perfect SIC and MCS levels of arbitrary granularity, the blue curve represents the rate boundary for

MULP-based NOUM. In particular, the following multicast and unicast sum rates are achievable
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(point C):
Ry (1) = Re(t) (4.11)
RMULP (1) = Ry (t) + Ra(t) (4.12)

Remark 13 (Max. Sum Rate) Let RY,,, denote the mazimum sum rate obtained at t*, corre-

sponding to point D, i.e.,

*
Rsum

= Ryum(t*) = Ro(t*) + Ry(t*) + Ra(t*). (4.13)

We now characterize the conditions under which RSMA-based NOUM achieves a higher unicast

sum rate than MULP-based NOUM for a fixed multicast rate.

Lemma 1 For t* € [0,1) and a multicast rate ro satisfying ro < Re(t*), RSMA-based NOUM
achieves a higher unicast sum rate than MULP-based NOUM.

From Remark 12, there exists ty that achieves the multicast rate, rg, through MULP-based

NOUM, with the resulting unicast sum rate equal to Ri(tg) + Ra(to), i.e.:

RyGe" (to) = Re(to) = 70 (4.14)
R (to) = Ra(to) + Ra(to) (4.15)

Alternately, by choosing ¢* and allocating — through (4.7) — only as much of the common stream

as needed to satisfy the multicast rate, RSMA-based NOUM achieves the following rates:

Rsum(t*) = Rc(t*) + Rl(t*) + RQ(t*)

= Ry (t) + Ry () (4.16)
where, RS, (t*) =r¢ (4.17)
RES(t7) = Re(t™) — ro +Ru () + Ra(t") (4.18)
—_———
>0

The rest of the common stream is allocated to the unicast messages. This scheme corresponds to
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point E in Fig. 4.2. Hence, we have

Rsum (tO) S Rsum(t*) (Remark 13)
ro + RMVEP (1) < ro + RES(t%) (from (4.14)-(4.18))
= Ry (to) < RG(H). (4.19)

Corollary 1 For rg = 0 (i.e., purely unicast), we obtain the well-known result that the RSMA
unicast sum rate is at least as large as the SDMA unicast sum rate, as captured by point F on the

x-axis in Fig. 4.2.

Corollary 2 When t* = 1, RSMA-based NOUM switches to unicast only (no common stream),
and RSMA-based NOUM coincides with MULP-based NOUM. The RSMA-based NOUM region
(red line) and MULP-based NOUM (blue line) coincide.

In the following section, we experimentally validate Lemma 1.

4.4 Measurement Results

We realize a 2 x 2 MISO scenario for RSMA-based NOUM using a pair of NI USRP-2942 software-
defined radios. We use OFDM signals for the three streams, with the MCS levels chosen from
Table 3.3. For details of our implementation (e.g., channel estimation, OFDM frame structure,

etc.), see [15]. We consider four cases as shown in Fig. 4.3, and described below:

e Cases 1-3: For the first three cases, the two users experience similar pathloss, but their
channel correlation progressively increases from Case 1 (least) to Case 3 (highest), as the

angular separation of the users w.r.t TX narrows.

e Case 4: To study the impact of different pathloss among users, we consider an additional
case where user 2 is placed 2m further away from the TX than user 1. The channel correlation

is similar to Case 3.

For each case and fixed (¢, M), we conduct 50 measurement runs, where each run involves trans-

mitting a payload of 50 OFDM symbols per stream.

The measured throughputs for the common stream and the i-th user’s private stream equals

BR.(t, M) and BR;(t, M), where B denotes the bandwidth (equal to 12MHz). The probabilities
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o
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Figure 4.3: Layout of measurement cases. The location of the user antennas corresponds to Case
4.

in (4.5) and (4.6) are evaluated empirically (i.e., the fraction of measurement runs in which the
common/private stream is successfully decoded by both/i-th user). The maximization in (4.10) is
done via brute-force search over the MCS levels in Table 3.3, and ¢ varies from 0 to 1 in steps of

0.1. A list of parameters used for our measurements is provided in Table 4.1.

Fig. 4.4 plots the measured NOUM rate region (i.e., the empirical version of Fig. 4.2) for each
case, and Fig. 4.5 plots the breakdown of the sum throughput in terms of the common and private

stream contributions. We make the following observations:

1. Across Figs. 4.4a-d, the gap between the rate regions of RSMA- and MULP-based NOUM
increases with the channel correlation. As per Lemma 1, RSMA-based NOUM yields higher
unicast throughput than MULP-based NOUM when the multicast data rate is less than 6
Mbps (case 1), 18 Mbps (case 2) and 36 Mbps (cases 3, 4).

2. Between Fig. 4.4c and d, the main difference occurs at ¢ = 1, which corresponds to unicast
SDMA (Remark 11). The corresponding sum throughput in Case 4 (30Mbps) is lower than

in Case 3 (36Mbps) due to the weaker channel of user 2 and the high interference from user
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Parameter Value
Center frequency 2.484GHz
Transmit power, P; 23dBm
TX antenna length 0.13m
Fraunhofer distance 0.28m
Total/Data/Pilot/Guard band subcarriers 64/48/4/12
Cyclic prefix length 16
Bandwidth, B (excl. overheads) 12MHz
OFDM symbols in payload 50
Experiment runs (per case) 50
Distances: User 1 — TX 1.25m
User 2 — TX (Case 1-3, 4) (1.25m, 3.30m)
Channel coding Polar

Table 4.1: List of parameters used in our experiments.

1 due to the high channel correlation. This is evidenced by the lower MCS for user 2 (Z = 2
in Fig. 4.5d v/s o = 3 in Fig. 4.5¢). For t # 1, the common stream helps the weaker user
2 to partially decode and cancel the high interference it experiences from user 1, leading to
improved sum rate performance. Thus, the rate-region for RSMA-based NOUM is identical
in Figs. 4.4c and 4.4d. This suggests that the channel correlation is a stronger indicator of
RSMA-based NOUM’s rate performance than the relative pathloss difference between the

user channels.

3. With increasing channel correlation, the highest sum rate is realized by allocating more power
to the common stream. This is evidenced by ¢* decreasing from 0.5 (case 1) to 0.3 (case 2)
to 0.2 (cases 3, 4). Consequently, the contribution from the common stream to the max.
sum throughput increases from 8% (case 1) to 33% (case 2) and then to 61% (cases 3, 4).
The more the common stream contributes to the max. sum throughput, the larger the gap
between the rate regions of RSMA- and MULP-based NOUM, as there is greater flexibility

in using the common stream for multicast and unicast.

4. For t approaching but not equal to 1, the measured throughput is 0 (e.g., ¢ = 0.9 in all the
cases). This is because the low power (only 10% of the power budget for t = 0.9) allocated
to the common stream is insufficient to decode even the smallest MCS level (Z = 0 in Table

3.3). This causes imperfect SIC and error propagation while decoding the private streams.

5. For several values of ¢ across Figs. 4.4a-d, the measured multicast and unicast throughputs
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Figure 4.4: The measured NOUM rate region (i.e., the empirical version of Fig. 4.2). RSMA-based
NOUM yields higher unicast throughput than MULP-based NOUM when the multicast data rate
is less than 6 Mbps (Case 1), 18 Mbps (Case 2) and 36 Mbps (Case 3, 4).

are below the time-sharing line. This is due to the limited granularity of the MCS levels.
As an example, consider the point corresponding to t = 0.5 for Case 2 in Fig. 4.4b. One
way to push this point above the time-sharing line is by increasing the multicast throughput
using a higher MCS level for the common stream. However, from Fig. 4.5b, the next highest
MCS level for the common stream (Zo = 2) is too aggressive, causing imperfect SIC and
error propagation. More broadly, points 4 and 5 underscore the importance of the dual

assumptions of perfect SIC and MCS levels of arbitrary granularity in Remark 12.
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Figure 4.5: The measured sum throughput broken down in terms of common and private stream
contributions. The number within each bar denotes the MCS index from Table 3.3 for the corre-
sponding stream.

4.5 Summary

This chapter characterized and experimentally investigated RSMA-based NOUM for the two-user
case. We saw that the benefits of RSMA-based NOUM are more pronounced with increasing
channel correlation. This is because the common stream contributes an increasingly larger share
to the sum throughput, which provides greater flexibility in using it for multicast and unicast. As
a result, the gap between the rate regions of RSMA- and MULP-based NOUM also increases with

the channel correlation.
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5.1 Introduction

The three main approaches for MGM precoder design: SDMA-based MGM, NOMA-based MGM
and RSMA-based MGM. SDMA-based MGM focuses on mitigating inter-group interference by
treating other groups’ interference as noise. The performance of SDMA-based MGM is investi-
gated analytically in [38]-[44], [46]-[48]. NOMA-based MGM based on the power domain NOMA
principle, which decodes the inter-group interference. NOMA-based MGM shows better perfor-
mance than SDMA-based MGM in overloaded scenarios [55], [56]. RSMA-based MGM improves
upon both by partially decoding and treating interference as noise, achieving superior fairness
and minimum rate [17]. Even the theoretical studies have shown RSMA-based MGM outperforms
SDMA-based MGM and NOMA-based MGM, experimental validation is still lacking. In this
chapter, we address this gap by conducting the first-ever experimental comparison of the fairness

performance of RSMA-, SDMA- and NOMA-based MGM. The contributions are as follows:

e For two groups with two users per group, we formulate the practically relevant MCS-limited
max-min throughput fairness problem for RSMA-based MGM. In the process, we explain
how RSMA-based MGM has an advantage over SDMA- and NOMA-based MGM in terms
of realizing max-min fairness through a flexible allocation of the common stream (Section

5.2.2).

o Using RSMA prototype (Section 5.3), this chapter empirically solve the above-defined MCS-
limited max-min fairness problem through measurements. In the experiments (Section 5.4),
we realize nine cases, with the intention of capturing a wide variety in terms of pathloss
difference and spatial correlation between the two groups (subject to closely situated users
in each group). Over these nine cases, we observe that RSMA-based MGM achieves fairness
at a higher minimum throughput than SDMA- and NOMA-based MGM. This is consistent

with theoretical predictions [17], [62], [64].

5.2 System Model

Without loss of generality, we consider MGM involving two groups, with each group comprising
two single-antenna users (i.e., Ny = No = 2). Each user belongs to exactly one group, and we
assume that the composition of the groups is known beforehand to the TX. For brevity, let (u, g)

denote user u in group g (u, g € {1,2}). All the users within a group desire the same message from



5.2. SYSTEM MODEL 69

Rl PRI
USER-(1,1) e W1}
Rx-2 P
R — ) |'> } Equalizer ‘—-{ Polar Decoder }—Wr—o . -
o) o "
E1A Wei | 82 |yl & % €2 — 3
o | 3o W 5 S =3 4
g < o[ m o SIC Encoder/Modulator 28 |72 & ~(2) 5(2)
S22, Ee = s 8B Wer| ® || Wey W13
2| @ . i
& = ° % 9‘_; 2 x 4 MIMO EH Channel H Linear Precoder ‘ g
[v] = 2 5
g Woa =[5 8 z
% W, g W, §_ B 3 -y ‘ Equalizer H Polar Decoder }7>
c [ P2 5 I3 USER-(2,1) Wy — | GRouP-1
o -
N S Q RX-1

USER-(1,2) {chzl), Wpfi’}
~(2) (2
USER-(22) | (W9, WD} Group-2

RX

/' S\/

Figure 5.1: An illustration of RSMA-based MGM.

the TX, which is communicated over two stages — in the first stage, the TX acquires channel state
information (CSIT), which is used in the second stage to design the RSMA-based MGM precoders

and transmit signal. The two stages are described in more detail next.

5.2.1 Stage 1: CSIT Acquisition

We consider data transmission using OFDM signals over N, subcarriers. Let Ny denote the number
of antenna elements at the TX, and let h,, 4[k] € CNt denote the slowly varying, flat fading channel
experienced by (u,g) over the k-th subcarrier (k = 0,...,N. — 1). Through orthogonal pilots
transmitted by the TX, (u,g) obtains an estimate (e.g., least squares) of h, 4[k], denoted by

h, 4[k]. To reduce CSI feedback overhead, (u, g) evaluates the wideband CSI by averaging fluvg[k}]

over the subcarriers, i.e.,

1 N.—1
hug=— > hyglk]. (5.1)
Ne k=0

5.2.2 Stage 2: RSMA-based MGM Signal Design

Fig. 5.1 depicts RSMA-based MGM in operation [17]. Let W; and W5 denote the messages
meant for groups 1 and 2, respectively. At the TX, each W, (¢ = 1,2) is split (by the message
splitter block) into common and private portions denoted by W, , and W, 4, respectively (i.e.,
Wy = We g UW,,). The two common portions — W, ; and W, o — are then combined (by the
message combiner block) into a common message, W.. The three message components — W, W, 1
and W, o — are then individually encoded and modulated to form data streams s.[k], si[k] and

so[k], respectively, over the subcarriers (k = 0,--- , N, — 1). s.[] is referred to as the common
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stream, whereas s1[-] (s2[]) is referred to as the private stream of group 1 (group 2).

The streams are then linearly precoded, giving rise to the transmit signal x[k] over the k-th

subcarrier, which can be expressed as follows:
x[k] = pesc[k] + p1si[k] + pasa[k]. (5.2)

where p.. is referred to as the common stream precoder and pgy the private stream precoder of group

g. Let P = [p., p1, p2] denote the collection of precoders.

Remark 14 P is designed as a function of the (imperfect) CSIT acquired in Stage 1 [see (5.8)-

(5.9)]. However, to avoid messy notation, this functional dependence is not shown explicitly.

Remark 15 Assuming unit symbol power (i.e., E[|s.[k]|?] = E[|s1[k]|?] = E[|s2[K]|?] = 1), ||pc|?
and Hpg||2 represent the power allocated to the common stream and group g’s private stream,
respectively. In (5.2), the same precoders are applied across all subcarriers, which translates to
uniform power allocation over the subcarriers. This suboptimal choice is driven by our use of
imperfect CSIT in (5.1) to design P. The optimal power allocation — dictated by waterfilling —

requires knowledge of h, 4[k] at the TX for all k.

The received signal at (u, g), denoted by y, ¢4[k], is given by:

Yug[k] = 0] [K]x[E] + 1 g [K]
= hf,g [k]pcsc[k] + hf,gpgsg (k] + huH7gp!]' Sg’ (K]

+ Ny g[K] (5.3)

From the perspective of (u, g), the first and second terms in (5.3) both contain useful information
— the former represents the common stream component, a part of which is meant solely for group
g users, while the latter represents the private stream component meant solely for group g users.
In contrast, the third term does not contain useful information, as it captures the private stream
component meant for the other group ¢’ # g. Finally, n, 4[k] ~ CN(0,0?) denotes the receiver

noise at (u,g).

We assume that precoded pilot! signals have been interspersed across some subcarriers of x[k]

to help (u, g) estimate hff [k]p. and hff [k]p, upon receiving y, 4[k], in order to decode the useful

IThese pilots play a role similar to the demodulation reference signals (DM-RS) used in LTE and 5G NR.
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information in the first two terms of (5.3). Using its estimate of hﬂ s[kpe, (u,g) first equalizes
(5.3) to decode s.[k] and recover W, by treating the second and third (interference) terms in (5.3)

as noise. The decoded estimate of W, is simultaneously sent to:

(a) the message splitter block to extract Wc(f;), which is the estimate of W, 4 at (u, g), and

(b) the SIC block, which generates an estimate of hf [k]p.sc[k] and subtracts it from y, 4[k].
Using its estimate of hff [k]pg, (u,g) then equalizes the resulting residue to decode s,4[-] and
recover W, ;, while treating the interference from the third term of (5.3) as noise. Let W,E,"g)
denote the decoded estimate of W, , at u. Hence, the estimate of W, at (u,g), denoted by
Wg(u), is given by Wg(“) =N c(f;) U W(z).

For the design of P, from the perspective of the TX, let R. 4(P) denote the highest (instan-
taneous) rate (in bits/s/Hz) supporting error-free decoding of s.[-] among the users in group g,

under the assumption that fluwg in (5.1) constitutes perfect CSIT. It has the following expression:

H p ‘2
R.,(P) = minlog, | 1+ S L L (5.4)
g w 2 o2 + \h{fgpl\z 4 \hﬁgpz\z

(g €{1,2}),
where the minimum reflects the fact that every user in group g must decode s.[].

Remark 16 (Achievability) Strictly speaking, R. 4(P) is not achievable as it may involve trans-
mitting at a rate that is not supported by the true CSI {hy 4[k] : Vk}. The ergodic rate, E, ;[Re 4(P)],
on the other hand is achievable, where the averaging is over the joint distribution of the true CSI
and the CSIT [25] (subscripts omitted for simplicity). Since this joint distribution is unknown
in practice, the ergodic rate is not a tractable metric for designing P. Hence, despite not being
technically achievable, R 4(P) [and similarly, R, 4(P) in (5.6)] is still useful® for designing P
[see OPums in (5.8)-(5.9)]. For such P, the empirically achievable rates in our experiments are

determined by a suitable choice of modulation and coding scheme (MCS) levels.

Since s.[-] contains useful information for users in both groups, it follows that both groups must

be able to decode s.[]. Hence, subject to (5.4), the highest rate supporting error-free decoding of

2The ergodic rate, ]Eh’];[Rc,g(P)]7 can be expressed as Ej [Ehm[Rc,g(P)H, where the outer expectation is w.r.t the
distribution of the CSIT, and the inner expectation is w.r.t the conditional distribution of the true CSI, given the
CSIT. As an alternative to the instantaneous rate Re,4(P), the term Ehlﬁ[Rc,g(P)} — known as the average rate (and
in general, not achievable) — can also be used to design P as a function of the CSIT [23]. However, like with the
ergodic rate, the average rate is also not a tractable metric in practice, since the conditional distribution is unknown
and obtaining an empirical estimate at the TX involves considerable overhead.
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sc[] by both groups — denoted by R.(P) and referred to as the common stream rate — is given by:

P)= mi P). .
R.(P) gg{lglz}Rc,g( ) (5.5)

Assuming perfect SIC (in other words, assuming R.(P) is achievable for all users), let R, ;(P)
denote the highest (instantaneous) rate supporting error-free decoding of s4[-] among the users in
group g, again under the assumption that (5.1) constitutes perfect CSIT. This is referred to as

group g’s private stream rate and has an expression similar to (5.4), given by:
by py|*
R, ,(P) =minlog, |1+ ——2 (5.6)
P,g W 2 o2 + |h5{gpg’|2

(g9e{1,2},4" #9).

Subject to (5.5) and (5.6), the highest rate supporting error-free recovery of Wy by all users in

group g — denoted by R, (P) and referred to as the net group g rate — is given by :

R,(P) = '%j'RC(P) Y R,,(P) (g€ {12} (5.7)

where the first term is the fraction of the common message (W,) intended for group g.

In general, the sizes of W, and W, (in bits) in Fig. 5.1 need not be equal, which can be
used to enable RSMA-based MGM to achieve better fairness. To illustrate this, suppose group 2’s
private stream rate is smaller than that of group 1 [i.e., R, 2(P) < R, 1(P)] because group 2 users
have weaker channels than group 1 users. In such a scenario, allocating a larger fraction of the
common stream to the weaker group 2 (by having |W. | > |W,1]) pushes the net group rates —
R;(P) and Ry(P) — towards equality, as captured by the right-hand side of (5.7). This motivates

the following scheme:

S1) if |Rp1(P) — Ry 2(P)| < R.(P), then the common stream is allocated by adjusting the sizes
of We,1 and W, 2 such that:

|WC-,1|
(Wl

|WC,2|

Rp,l(P) + |W |

Re(P) = Rp2(P) +

R.(P),

to ensure that both groups have the same throughput (i.e., achieving max-min fairness);

S2) otherwise, when |R, 1(P) — Rp2(P)| > R.(P), the entire common stream is allocated to the

group with the smaller private stream rate.
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The design of P to realize max-min rate fairness across the two groups yields the following

optimization problem:

OPpme max min{ Ry (P), R2(P)} (5.8)

s.t. tr(PPH) < P, (5.9)

where (5.9) is the TX power constraint. Due to the non-convexity of O P, a tractable algorithm
that converges to its global optimal solution does not exist. However, a locally optimal solution
that is widely recognized as the gold-standard can be obtained using the WMMSE method [17],
which takes advantage of the well-known relationship between the achievable rate and the post-
equalization symbol mean square error [119]. Let P¥™ = [p¥™, pY™, p¥™] denote the solution to
O Pyt obtained by the WMMSE method. However, the resulting max-min fair rate is difficult to

realize in practice because, in addition to Remark 16:

1. Data transmission is typically restricted to a finite collection of MCS levels, which caps the

achievable rate/throughput, and

2. Error-free decoding of the streams at any user cannot be guaranteed due to a combination
of finite block length effects and CSI estimation errors, which further reduces the measured

throughput.

To account for imperfect CSIT, discrete MCS levels and decoding errors, we consider the MCS-
limited throughput as the metric of interest throughout this chapter. An MCS level is defined
by a pair (m,r), where positive integer m denotes the bits per constellation symbol (e.g., 2 for
QPSK) and r € (0, 1] denotes the code rate. Let M = {(mc,7¢), (m1,71), (Mm2,72)} denote the set
of MCS levels chosen for s.[-], si[-] and sa[-], respectively. Then, the corresponding MCS-limited

throughputs (measured in bits/s) with WMMSE precoders are given by:

TS (PY™ M) = Bmere x P(W, = W), (5.10)

TR (PY™, M) = Bmyry x B(OWSY = WD =w,.),

T (PY™, M) = Bmary x P = W% = W,,).

p,

In the above expressions, B denotes the effective bandwidth3, and the probability terms capture the

loss in throughput due to decoding errors — specifically, the first expression denotes the probability

3The effective bandwidth is the portion of the total bandwidth available for data transferring, after accounting
for signalling overhead (e.g., the cyclic prefix in OFDM, pilot subcarriers and guard band in IEEE 802.11 standard)
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that W, is correctly decoded by all groups, while the second and third expressions denote the

probability that W, ; and W), » are correctly decoded by groups 1 and 2, respectively.

Remark 17 The message decoding probabilities in the right-hand side of (5.10) are a function of
the chosen MCS level, as well as the SINR at each user, which in turn, depends on P¥™. This

Sfunctional dependence is not shown explicitly to avoid messy notation.

Similar to (5.7), the MCS-limited throughput for group g with WMMSE precoders is given by:

1mecs wm ‘ch | 1mecs wm 1mecs wm
T (PY™, M) = |ch| T (PY™, M) + T (PY™, M) (5.11)

Thus, similar to O Py in (5.8)-(5.9), the MCS-limited max-min throughput fairness problem for

RSMA-based MGM, which is of considerable practical relevance, can be defined as follows:

OPy - max min{T{"(P™™, M), T3 (P™™, M)} (5.12)

st. M €M, (5.13)

where M denotes the collection of permissible MCS levels for the three streams, which is typically
pre-determined through standards (see Table 3.3 for the M used in our measurements). The
optimal M for OP is a function of PY™ that is difficult to characterize because the message
decoding probabilities in (5.10) do not have closed-form expressions in terms of P¥™ and M.
However, these probabilities can be empirically evaluated through measurements. This motivates

us to empirically solve OP™ through a brute force search? over M, which is the focus of our

measurements in Section 5.4.

We conclude this subsection by noting SDMA- and NOMA-based MGMs are special cases of
RSMA-based MGM, corresponding to specific choices of message splitting, as explained in the

following remarks.

Remark 18 SDMA-based MGM is a special case of RSMA-based MGM, where the common stream
is turned off —i.e., Wy =W, 4, (g = 1,2) in Fig. 5.1. The corresponding expressions in (5.2)-(5.13)
for SDMA-based MGM can be obtained by setting p. = 0. Essentially, without a common stream,

group g users treat the interference from Wy (¢’ # g) as noise.

4 A more sophisticated empirical approach involves link adaptation, where the most suitable MCS level is deter-
mined by an ARQ-based mechanism [112]. This is left for future work.
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Remark 19 NOMA-based MGM is a special case of RSMA-based MGM, where the private stream
message of one group (group 2, say) is turned off (i.e., Wy2 = 0), and no portion of the other
message is allocated to the common stream (i.e., W1 = W, 1,Wo =W, o = W, in Fig. 5.1). The
corresponding expressions in (5.2)-(5.13) can be obtained by setting po = 0. For this example,
group 1 users fully decode and subtract the interference from Ws, whereas group 2 users treat the
interference from W1 as noise. In contrast, for RSMA-based MGM, group g users partially decode

the interference from Wy 4 (We o) and partially treat it as noise (Wp 4 ).

Remark 20 The common stream allocation, as per condition S2 on page 4, is similar to NOMA-

based MGM, albeit the weaker group also has a private stream.

5.3 RSMA Prototype

5.3.1 Hardware setup

We implement RSMA-based MGM by using our Software Defined Radio (SDR) based RSMA
prototype [15]. The TX and RXs are realized using National Instruments’ (NI) USRP 2942 SDR
units, which have two antennas/RF chains. Hence, we use three USRP 2942 units, one to realize a
two-antenna TX (N; = 2), and the other two to realize four single-antenna users that are assigned
to two groups of two users each in our measurements in Section 5.4. In particular, the antennas of
group 2 users are connected to their USRP through coaxial cables, which allow them to be moved
around to realize different channel environments, as described in Section 5.4.1. The USRPs share a
common timing source (CDA-2990), and are controlled by a workstation running LabVIEW NXG,
through which the various blocks in Fig. 5.1 are realized. All connections (SDRs to workstation,
SDRs to timing sources) are through PCle cables, facilitated by a PCIe bus (CPS-8910). A list of

hardware components is provided in Table 5.1.

5.3.2 RSMA-based MGM Implementation

We adopt several features of the IEEE 802.11g physical layer frames to implement the system

model described in Section 5.2.

Stage 1 Each TX antenna transmits a pilot signal orthogonally in time comprising a Short

Training Field (STF, 8us in duration) and a Long Training Field (LTF, 8us in duration), as shown
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Name

Description

1. Workstation
2. NI USRP-2942 (3

units)

3. NI CPS-8910

4. NI CDA-2990

Running LabVIEW NXG

SDRs used to realize TX
and users

Provides additional PCle
ports

8 Channel, 10 MHz clock

distribution device

5. 8dBi RP-SMA TX antennas

Male Wifi Antenna

6. RP-SMA Male Wifi
Antenna

Group 1 users’ antennas

7. Mini-Circuits
ZAPD-2-272-S+

8. TP-Link TL-
ANT2405C

Power splitter

Group 2 users’ antennas

Table 5.1: List of hardware components.

STF
Tx 1Sync
LTFTx 1

STF
Tx 2 Sync
LTFTx 2

Time

Rx (1,1)
8us 8us
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Figure 5.2: Signal structure within the two-stage transmission protocol used to implement RSMA-
based MGM. In conventional (SDMA-based) 802.11g, every DATA (OFDM) symbol contains four
precoded pilot subcarriers used to correct phase errors in the estimate of a user’s precoded channel.
This provides protection against decoding errors caused by rotated constellations post equalization,
and is known as fine phase shift (FPS) [121]. However, in RSMA-based MGM, a user is associated
with two precoders in general. Hence, we use p. to precode the FPS pilots in DATA symbols 1,
4, 7 etc., p1 to precode the FPS pilots in DATA symbols 2, 5, 8 etc., and ps to precode the FPS
pilots in DATA symbols 3, 6, 9 etc. This is because the existence of the common/private stream
precoders is channel-dependent, and the above scheme ensures that a user can correct phase errors
at least once every 3 DATA symbols.
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in the top portion of Fig. 5.2. The STF is used for synchronization and coarse frequency offset
estimation, while the LTF is used for least squares based CSI estimation at each user (i.e., to

obtain h, 4[] in Section 5.2.1).

Stage 2 The transmitted signal consists of a preamble followed by the data payload, as shown

in the bottom portion of Fig. 5.2.

¢ Preamble: The preamble consists of one STF and three LTFs. The function of the STF
is the same as in Stage 1, while the LTFs are precoded in order to estimate the precoded
CST for equalization at the users. The first LTF is used by each (u, g) to estimate huH, gPc for
decoding the common stream. The second LTF is used by each user u in group 1 to estimate
hﬂ 1P1 to decode its private stream. Similarly, the third LTF is used by each user «’ in group

2 to estimate h5¢2p2 to decode its private stream.

e Data Payload: For the payload, we consider a total bandwidth of 20MHz with N, = 64
subcarriers and a cyclic prefix (CP) of 16 samples per OFDM symbol. Aligned with IEEE
802.11 frames, 52 subcarriers are used for communications while the rest serve as guard
bands. Among these 52 subcarriers, 48 are used to carry data symbols, with the remaining
are pilot subcarriers for FPS, which are used to correct the common phase error across all
subcarriers in one OFDM symbol [121]. This yields an effective bandwidth of 12 Mhz, based
on (3.14). The payload consists of three superposed streams (one common, two private),

each comprising 50 OFDM symbols.

¢ MCS Implementation: Table 3.3 lists the MCS levels, M, implemented in our prototype.
For channel coding, we implement Polar codes augmented with an 8-bit cyclic redundancy
check [122], [123], along with successive cancellation list decoding [124], with a list depth of
2. After the preamble, the first OFDM symbol (labelled SERVICE in the bottom portion of

Fig. 5.2) contains the MCS information of each stream.

An instance of Stage 1 and Stage 2, as described above and illustrated in Fig. 5.2, constitutes
a single measurement run. To empirically solve OP2. we conduct 100 measurement runs. Let
D, denote the number of runs in which the common stream is successfully decoded by all users.
Similarly, let D, (g € {1,2}) denote the number of runs in which both users in group g successfully

decode their private stream. Replacing the message decoding probabilities in (5.10) with their

empirical estimates, the measured common and private stream throughputs for RSMA-based MGM
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is given by:

D
mes (pwm _ B ey
mmes( ,M) 100 Bmer
mcs (pwim D1
Tp’lc (P ,M) = TooBml’f’l,
mcs (pwm D2
Tp,2 (P aM) = 1OOBm2r23

where B is given by (3.14) and the MCS levels are chosen from Table 3.3.

Parameter Notation Value
Center frequency fe 2.484GHz®
Transmit power P, 23dBm
No. of groups 2
No. of users per group 2
Total bandwidth 20MHz
Subcarriers Total (N,) 64
Data 48
Pilot (FPS) 4
Guard band 12
CP length 16
Effective bandwidth B 12MHz
OFDM symbols in payload 50
Experiment runs (per case) 100
TX antenna spacing 0.13m
Fraunhofer distance 0.28m
Distance between Group-1 RXs and TX 1.00m
Distance between Group-2 RXs and TX Case 1-3 1.00-1.50m
Case 4-6 2.00-2.30m
Case 7-9 3.20-3.50m

Table 5.2: List of parameters used in our experiments.

(5.14)

Remark 21 (Message-splitting) To demonstrate the gains of RSMA in overloaded MGM sce-

narios, it is sufficient to demonstrate that all users can decode and subtract the entirety of the

common stream while treating the interference from both the private streams as noise. For this, it is

sufficient and much simpler to implement the common and the two private streams as three separate

data streams, rather than obtaining them from two data streams via message-splitting. Hence, in

our implementation, we adopt this approach and retroactively assign a fraction of the measured
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common stream throughput to each groups, as per S1 and S2 on page 4 to mimic message-splitting

at the TX. Of course, in a real-world implementation, message-splitting would need to take place.

5.4 Results

5.4.1 Measurement setup

In MGM, it is well known that a group’s throughput is limited by its weakest user. Hence, in the
existing literature, there is an assumption of admission control during the formation of the groups,
so that users within a group have similar channel strength/link SNR. This motivates us to focus on
the scenario where users within a group are closely situated, which could occur in applications like
gaming, video conferencing, etc. In such cases, users within a group are likely to experience similar
pathloss and large spatial correlations, whereas there could be considerable pathloss and spatial
correlation differences across groups. Furthermore, as the relative performance of SDMA-, NOMA-
and RSMA-based MGM is a function of the inter-group interference, it is important to realize
a range of environments with varying levels of inter-group interference for a meaningful three-
way comparison. This is intrinsically challenging for MGM, as notions of weak/medium/strong
interference need to be defined over four pairs of links across the two groups instead of a single
pair of links for two-user unicast. Motivated by our unicast measurements [15, Section IV], we
rely on geometric notions of channel spatial correlation in line-of-sight environments as a predictor
of inter-group interference levels. Thus, similar to [15], we consider nine measurement cases, as
illustrated in Fig. 5.3a, where moving in the horizontal direction should increase the absolute value
of inter-group pathloss difference, while moving in the vertical direction is should decrease the

spatial correlation (and in turn, the interference levels) between the groups.

To quantify the inter-group pathloss difference between user u in group 1 and user v in group

2, we define a parameter, o, , (in dB scale) as follows:

(L
|

Qe [dB] = 101logy,

(5.15)

where }Aluhq is given by (5.1). Since group 2 is farther from the TX than group 1, ., is non-
positive and thus, a large negative value signifies greater pathloss difference among the two groups.

Likewise, let p, ./ denote the spatial correlation between users u in group 1 and «’ in group 2,
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(a) The layout of the measurement environment,
along with the TX and user positions for the nine
cases. Intuitively, moving in the horizontal direc-
tion should increase the inter-group pathloss dif-
ference (i.e., a becoming more negative, as per
(5.15)). Likewise, moving in the vertical direc-
tion should decrease the spatial correlation (i.e., p (b) The measurement environment (Case 4 is
tending towards 0, as per (5.16)). shown here).

Figure 5.3: Measurement setup

which is defined as follows: o
P = — |huH71hu:,2| . (5.16)
(B3] - | 2]
Thus, py,. = 1 signifies fully correlated (i.e., highly interfering) channels, while p,, ., = 0 signifies
orthogonal (i.e., zero interference) channels®. The expected trends for o and p are marked in

Fig. 5.3a.

To realize Fig. 5.3a, group 1 users are fixed on a workbench 1m from the TX, while group 2
users are placed on a trolley (Fig. 5.3b) and moved around to realize the nine cases. The distance
between the TX and group 2 is provided in Table 5.2. All users are in the far field. Table 5.3
captures the spread of the four o and p values for the nine cases. While the a spread is fairly
narrow and follows the expected trend shown in Fig. 3a, the p spread is much larger for several
cases because the intuition behind strong/medium/high levels of inter-group spatial correlation in
Fig. 5.3a was based on only the (dominant) line-of-sight component, whereas the measured p is
also sensitive to multipath, which is uncorrelated for each user. This highlights the difficulty of
precisely controlling the extent of inter-group interference. Nevertheless, a shift towards 1 in the p
spread consistent with increasing spatial correlation can be discerned when looking at the low and

medium category of cases. No such insight can be drawn from the medium and high categories.

A full list of parameters used in our experiments is provided in Table 5.2.

6The intra-group spatial correlation can also be obtained from (5.16), when u and ' belong to the same group.
However, we found this to be &~ 1 throughout, consistent with closely-spaced (slightly larger than half wavelength)
group member. Hence, it is not a useful parameter to explain performance differences across different cases.
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Inter-group Pathloss Differ- Inter-group Spatial Corre-
ence lation
Case a spread [-20,0] Case p spread [0,1]
Low 1 — 4 [-0.39,-0.22] 3 —mm—— [0.18, 0.62]
2 —_—  } [-1.18-0.62] 6 —mmm——— [0.17, 0.57]
3 — 4 [163-1.12] 9 —mmm——— [0.15, 0.61]
Medium 4 — B [5.44-4.12] 2 —mm— [0.55, 0.76]
5 — B [-5.49,-4,09] 5 — - [0.24, 0.76]
6 — 3 [-6.29,-5.02] 8 ——mm— [0.39, 0.88]
High 7 —mm——[-11.07,-8.71] 1 — e [0.44, 0.99]
8 m— [-18.96,-13.59] 4 ——mmm— [0.43, 0.84]
9 m— [-18.99,-12.76] 7 — - [0.42, 0.93]

Table 5.3: The rectangles in the third and last columns capture the spread of the measured inter-
group pathloss difference (cv, /) and inter-group spatial correlation (p, ). The left (right) end of
each rectangle corresponds to the smallest (largest) value for each case. As expected, the « spread
becomes more negative as the pathloss difference between the groups increases. But, the p spread
is large for several cases due to sensitivity to multipath. Despite this, a shift towards 1 consistent
with increasing spatial correlation can be discerned when looking at the low and medium categories
of cases.

5.4.2 Fairness Comparison

To compare the fairness performance of RSMA-, NOMA- and SDMA-based MGM, Fig. 5.4 plots
the sum throughput versus the minimum throughput for each case. The case number is indicated
beside each data point. The black y = 2x line represents max-min fairness, and the region above
is feasible for all three multiple access schemes. Thus, points that are closer (in terms of Euclidean
distance) to the black line represent fairer outcomes. Furthermore, a point that is either to the
north, northeast or east of another point represents a better outcome. Based on these insights, we

make the following observations:

e« SDMA: From the spatial geometry of the user locations, cases 1, 4 and 7 have the highest
amount of inter-group interference. For these cases, SDMA-based MGM achieves significantly
lower minimum and sum throughput than NOMA- and RSMA-based MGM despite achieving
near fairness. This is borne by the fact that the SDMA points for these cases lie to the
southwest of the corresponding NOMA /RSMA points roughly along the y = 2z line. This
validates the well-known limitation of treating interference as noise in the high interference

regime.
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Figure 5.4: Fairness comparison between SDMA-based, NOMA-based and RSMA-based MGM.
The number beside each data point indicates the measurement case. The black line (y = 2x)
corresponds to max-min fairness, and points that are closer (in terms of Euclidean distance) to
this line represent fairer outcomes.

e NOMA: With the exception of Case 9, NOMA-based MGM either achieves or comes close to

achieving fairness for the other cases. It also achieves better outcomes than SDMA for cases
1, 4, 5, 7 and 8. Interestingly, it achieves strictly worse outcomes than SDMA for cases 6
and 9, despite SDMA’s limitations on interference suppression in an overloaded scenario. It’s
worth noting that these cases are associated with the lowest inter-group interference (due to
the relatively lower inter-group spatial correlation). This suggests that even for overloaded
scenarios where interference cannot be fully suppressed to noise levels, a flexible mix of
(partially) decoding the interference and (partially) treating it as noise, in response to the

channel conditions is the ideal interference strategy, something RSMA achieves by design.

RSMA: In Section 5.2, when condition S1 (see page 4) is true, the corresponding RSMA-based
MGM point lies on the y = 2z (i.e., achieves max-min fairness). Otherwise, for condition
S2, the RSMA point lies as close as possible above the black line. For all cases, RSMA
achieves max-min fairness, thereby implying that S1 is satisfied for each case (more on this
while discussing Fig. 5.5). Furthermore, compared to SDMA, RSMA achieves strictly better
performance for all cases. Likewise, when compared to NOMA, RSMA achieves strictly better
performance for all cases bar one — the exception being case 7, where NOMA achieves a higher

sum throughput than RSMA but not fairness (see Section 5.4.3-c for an explanation). To
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explain RSMA’s superior performance w.r.t SDMA and NOMA, it’s important to gain some
insight into the relative contributions of the common and private streams to each group’s net

throughput for each case. We will elaborate on this next.

Complementing Fig. 5.4, Fig. 5.5 plots the throughput of each group. For RSMA-based MGM,
a group’s throughput is broken down into common and private stream contributions. Table 5.4
lists the MCS levels and the block error rate (BLER) associated with each bar in Fig. 5.5. The
arrows indicate the gain in the minimum throughput due to RSMA-based MGM. We make the

following observations:

e For SDMA- and NOMA-based MGM, max-min fair precoding allocates more power to the
weaker group’s precoder in an attempt to equalize the post-precoding SINR at both groups.
However, the post-precoding SINR can still be higher at the stronger group, depending on
the extent of the inter-group pathloss difference. This SINR mismatch, depending on where it
occurs w.r.t an MCS level’s SINR boundaries, may permit a higher MCS level to be supported
at the stronger group. This explains why fairness is not achieved in some cases for SDMA

(3,5, 7and 9) and NOMA (6, 7, 8 and 9)7 — see Table 5.4.

e For RSMA-based MGM, in each subfigure, the contribution of the common stream to each
group’s throughput decreases from left to right across the three cases. This pattern was
observed for unicast communications, as well [15]. Essentially, when the inter-group interfer-
ence is high (as in cases 1, 4 and 7), most of the power is allocated to the common stream,
which, in turn, contributes substantially to the net throughput. In other words, decoding
most of the interference is favoured over suppressing it to noise levels. On the other hand,
when the inter-group interference is lower (as in cases 3, 6 and 9), suppressing most of the
interference to noise levels is preferred and hence, the power allocation to the private streams

increases. As a result, the private streams contribute more to the net throughput.

e For RSMA-based MGM, there is a non-zero common stream contribution to each group’s
throughput in every case. Thus, S1 (see page 4) is satisfied for each case, and the allocation
of the common stream to each group is done to ensure that both groups have the same
net throughput. In other words, throughput contributions from both the common and the
private streams for each group provides the required flexibility in terms of resource allocation

to ensure that fairness is realized for each case.

"For the remaining SDMA and NOMA cases, the same MCS level is supported at both groups. The throughput
variations for these cases (and any resulting lack of fairness) are due to block errors, which are difficult to control.
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Figure 5.5: The throughput performance for both multicast groups of SDMA-, NOMA- and RSMA-
based MGM.
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BLER (MCS index from Table 3.3)
Case SDMA NOMA RSMA
Group 1 Group 2 Group 1 Group 2 Common Group 1 pvt. Group 2 pvt.

1 0.02 (0) 0 (0) 0.15 (4) 0.01 (4) 0.01 (6) 0.08 (0) - -
2 0.01 (4) 0.01 (4) 0.03 (4) 0 (4) 0.10 (5) 0.25 (3) 0.10 (2)
3 0.05 (5) 0.09 (4) 0.01 (4) 0.02 (4) 0.06 (2) 0.04 (4) 0.06 (4)
4 0 (3) 0.09 (3) 0.02 (4) 0 (4) 0 (4) 0.08 (4) 0.05 (0)
5 0 (4) 0.03  (3) 0.11  (4) 0.02 (4) 0 (4) 0.11 (2) 0.02 (3)
6 0 (4) 0.12 (5) 0.01 (4) 0.01 (3) 0 (3) 0 (4) 0.09 (4)
7 0.23 (2) 0 (0) 0 (4) 0 (3) 0 (5) 0.45 (0) - -
8 0 (3) 0 (3) 0.08 (4) 0 (3) 0 (5) 0.04 (2) 0.06 (0)
9 0 (5) 0.23  (3) 0 (5) 0.15 (1) 0 (2) 0.01 (4) 0.01  (3)

Table 5.4: The MCS Index and the BLER corresponding to each throughput bar in Fig. 5.5.

o To further highlight the benefits of throughput contributions from both the common and the
private streams for each group, consider cases 1 and 7 for RSMA-based MGM. Since the
private stream contribution to (the weaker) group 2’s throughput is zero, it appears at first
glance as though RSMA-based MGM reduces to NOMA-based MGM. But there is a key
difference. Unlike NOMA, the common stream can contribute to (the stronger) group 1’s
throughput as well, to the extent that most of group 1’s throughput is due to the common
stream. This is intuitive, since under high inter-group interference, most of the power is
allocated to the common stream. In contrast, for NOMA-based MGM, group 1 needs to
rely entirely on its private stream for its throughput. This forces a suboptimal resource
allocation, where power has to be diverted from the common stream to group 1’s private
stream to achieve fairness. As a result, NOMA-based MGM achieves a lower minimum
throughput than RSMA-based MGM for these cases. The flexibility offered by throughput
contributions from both the common and the private streams for each group is also why

RSMA-based MGM achieves better outcomes than both SDMA- and NOMA-based MGM.

In summary, RSMA-based MGM adapts well to variations in pathloss difference and interference
between the groups and achieves superior fairness performance (i.e., fairness at a higher minimum

throughput) when compared to SDMA- and NOMA-based MGM. We conclude this section by

remarking on some seemingly counter-intuitive results in Fig. 5.5 and Table 5.4.
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5.4.3 Counter-intuitive Results

SDMA, Case 6 Perhaps the most counter-intuitive observation in Fig. 5.5 is the supposedly
weaker group 2 having a higher throughput (31.68Mbps) than the stronger group 1 (24Mbps) for
SDMA-based MGM in Case 6. From Table 5.4, the MCS levels and the block error rate (BLER)

corresponding to this particular case are:

o Group 1: 16QAM, rate 1/2 (level 4 in Table 3.3) with 0 BLER

e Group 2: 16QAM, rate 3/4 (level 5 in Table 3.3) with 0.12 BLER

It is clear from above that group 2’s higher throughput stems from its ability to support a higher
MCS level than group 1, albeit it is only one level higher and not error-free. The higher MCS level
is due to the fact that more power is allocated to the group 2 precoder to achieve fairness. Ideally,
under perfect CSIT, one would expect more power to be allocated to the group 2 precoder in
such a way that both groups support the same MCS level, thereby achieving the same throughput.
However, with imperfect CSIT, which is inherent in the experiments due to the use of wideband CSI
in (5.1), we reckon it is not unusual for group 2 to support an MCS level one higher than group 1.
Moreover, if we had imposed strict reliability requirements (i.e., zero BLER in the measurements),
then both groups would have supported the same MCS level (16QAM, rate 1/2) and achieved the

same throughput.

NOMA, Cases 1, 2, 4 and 5 Again, group 2 has a higher throughput than group 1 for these
cases, although the difference is not as stark as above. This is because both groups support the
same MCS level (see Table 5.4) which is expected, but the throughput variations are due to block

errors that are difficult to control.

NOMA v/s RSMA, Case 7 For NOMA-based MGM, groups 1 and 2 supports MCS levels
4 and 3, respectively (both with zero BLER, see Table 5.4), and the resulting sum throughput
is 42Mbps. Due to the high pathloss difference and the high inter-group interference associated
with this case, RSMA-based MGM reduces to NOMA-based MGM, as evidenced by the lack of a
private stream for group 2 (see Remark 19). But, unlike NOMA, the RSMA common stream can
contribute to the throughput of both groups. Hence, nearly all of the transmit power is allocated to
the common stream precoder. Consequently, the common stream alone should be able to support

an MCS level whose throughput is at least 42Mbps (i.e., the NOMA sum throughput), which
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would then be equally split between the two groups to achieve fairness. However, from Table 3.3,
we see that there is no MCS level close to 42Mbps. Hence, in Table 5.4, we see that the common
stream supports MCS level 5 (36Mbps) which is the nearest level lower than 42Mbps, but not
MCS level 6 (48Mbps) which is the nearest level above 42Mbps. This is the reason why the
NOMA sum throughput exceeds the RSMA sum throughput. However, even with conservative
MCS level 5 for the common stream, RSMA-based MGM achieves a higher minimum throughput
than NOMA-based MGM, which is the desired objective.

5.5 Summary

In this chapter, we presented the first-ever experimental evaluation of the fairness performance of
RSMA-, SDMA- and NOMA-based MGM. We focused on the overloaded scenario with closely
located group members, which is relevant for many applications. For two groups with two users per
group, we realized nine cases that captured varying levels of interference and pathloss difference
between the two groups. Over these nine cases, we observed that RSMA-based MGM achieved
superior fairness performance (i.e., fairness at a higher minimum throughput) than SDMA- and
NOMA-based MGM. This is consistent with theoretical predictions. The secret behind these
gains stems from the fact that each group’s throughput could, in general, have contributions from
both the common and the private streams with the exact amounts of each dictated by the channel

conditions.
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6.1 Introduction

This chapter studies ISAC, a key feature in next-generation wireless systems, where a multi-antenna
transmitter serves multiple users while simultaneously sensing nearby targets. The ISAC precoder
design problem optimizes the power distribution between communication and sensing, which has
been addressed under various settings, such as hybrid beamforming [82], [83], millimeter-wave
ISAC [80]—[82], dedicated sensing signals [71]-[73], and reusing communication signals [74], [80],
[81]. Two fundamental questions arise: (Q1) Can alternatives to SDMA, like RSMA, provide
better ISAC performance? (Q2) Are separate signals needed for sensing and communication?
Recent studies show RSMA outperforms SDMA under both perfect and imperfect CSIT, even
when dedicated sensing signals are used [125]. For tasks like target ranging, communication sig-
nals can achieve similar performance to dedicated sensing signals asymptotically with large signal
lengths (block length = 1024 symbols) [87]. These findings motivate a four-way ISAC compari-
son—RSMA/SDMA with/without dedicated sensing signals—where RSMA without a dedicated
sensing signal consistently achieves the best performance [21], [91]. However, a comprehensive
experimental validation of this comparison is still missing in the literature. In this chapter, we

address this void, and the contributions are as follows:

o We formulate a signal model for RSMA ISAC with a dedicated sensing signal, which includes
the other design choices (SDMA ISAC, RSMA ISAC without a dedicated sensing signal) as
special cases. We then use the sum throughput (comms metric) and radar SNR (sensing

metric) to define an ISAC performance region to compare the different design choices.

o Using software-defined radios (SDRs), we implement the above signal model using OFDM
signals largely based on IEEE 802.11ac-VHT physical layer frames [115]. We consider a signal

bandwidth of 100MHz, yielding a range resolution (bin size) of 1.5m.

e In our measurements, we consider three scenarios that are representative of simplified wve-
hicular ISAC, covering different levels of inter-user interference and separation/integration

between sensing and communications. Over these scenarios, we observe that:

a) The SDMA ISAC performance boundary lies in the interior of the RSMA ISAC perfor-
mance region. Hence, RSMA ISAC outperforms SDMA ISAC.

b) Moreover, the RSMA ISAC performance boundary is achieved without a dedicated sens-
ing signal. In contrast, a dedicated sensing signal is needed to achieve the SDMA

performance boundary.
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¢) The gap between the SDMA and RSMA ISAC performance regions is scenario depen-

dent.

The rest of this chapter is organized as follows. In Section 6.2, we describe the signal model
for RSMA ISAC with a dedicated sensing signal; the other design choices are special cases of this
general case (see Section 6.2.3). Section 6.3 presents details of the SDR-based RSMA ISAC pro-
totype, specifically the control signaling, OFDM payload structure, MCS levels etc. Section 6.4.1
motivates those measurement scenarios that are representative of vehicular ISAC. Capturing the
peak performance of RSMA ISAC with a dedicated sensing signal involves a four-dimensional pa-
rameter search, which is cumbersome to realize in an experimental setting. This motivates us to
pursue simulation-aided parameter search, described in Section 6.4.2, whereby we obtain a subset
of well-chosen parameters that we use to measure and compare the ISAC performance of RSMA
and SDMA, the results of which are presented in Section 6.4.3. Finally, Section 6.5 concludes this

chapter.

6.2 System Model

Consider a TX with N7 antennas serving two-single antenna UEs and sensing (ranging) one target
at its broadside as a monostatic radar in tracking mode. We consider OFDM signals over N,

subcarriers for both comms and sensing.

6.2.1 Transmit signal

RSMA comms For the two-UE case, RSMA comms involves the transmission of three linearly
precoded signals. Specifically, let W; denote the message meant for UE i (= 1,2). At the TX,
each W; is split into common and private portions — denoted by W, ; and W), ;, respectively. The
common portions, W, and W, 3, are combined into a common message, which is then encoded
and modulated to form a common stream, s.[k] (k =0,---, N.—1) over the subcarriers. Similarly,
W,1 and W, o are individually encoded and modulated to form private streams, s1[k] and sa[k],
respectively. We assume zero-mean, unit-energy symbols for each stream. The three streams are

then linearly precoded before transmission.

Remark 22 (SDMA as a special case of RSMA) In the absence of message splitting (i.e.,

no s¢), RSMA reduces to SDMA.
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Sensing (Ranging) Ranging as a stand-alone functionality can be realized by transmitting a

deterministic sensing signal, s.[k], aimed at the target using a precoder (beamformer) p;.

RSMA ISAC From a) and b) above, the RSMA ISAC transmit signal, x[k], can be modeled as

follows:
X[k] = pc[k}sc[k] + pl[k]sl[k} + p2[k]32[k] + pr[k]sr[k]’ (61)

where for subcarrier k, p.[k] is referred to as the common stream precoder, p;[k] the private stream
precoder for UE i, and p.[k] the sensing precoder. We assume a sum transmit power constraint,

i.e.,

N.—1

> (IpcK]lI* + o2 (K] + Ip2[K]II* + o/ [K]]*) = Pr (6.2)
k=0

Remark 23 (Ranging using comms signals) To use the comms signals — s¢[-], s1[-] and sa[']
= for ranging [87], the respective precoders — pc[], p1[] and p2[-] — should strike a balance between
radiating power towards the desired UE(s) and the target. This trade-off motivates the precoder

design choices in the next subsection.

6.2.2 Precoder Design

Let h;[k] € CN7 denote the slowly varying, flat fading (comms) channel between the TX and UE
i (= 1,2). Through downlink pilot signals, we assume UE i obtains an estimate of h;[k], denoted
by h;[k], which is fed back to the TX. Let u;[k] := h;[k]/||h;[¥]|| denote the unit vector along h;[k].
Similarly, let ug := ag/v/N7 denote the normalized steering vector along the TX’s broadside, which

is assumed to be .

Design of p.[] In RSMA comms, each UE independently decodes s.[-] first by treating the
interference from s1[-] and s3[] as noise. Hence, p.[-] must have sufficient gain at both UEs (for

comms), as well as the target direction (for sensing, see Remark 23). This motivates a weighted
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MRT precoder choice for p.[-], as follows:

Pc[k] = \/]:)thomms(1 - tp)
(vVacuclk] + 1 — acug)

x (6.3)
> IVaaue k] + VI = acuo|?
™

where u.[k] = (w; [k] + w2 [k])/|[wi [k] + wz[K]|. (6.4)

In (6.4), through equi-weighted MRT along h; [k] and hy[k], the vector u.[k] ensures some gain
at both UEs, and the form of (6.3) further ensures some gain along the target direction (ug) as well.
The parameter «, € [0, 1] captures the priority/weight assigned to comms. Finally, tcomms € [0, 1]
captures the fraction of the transmit power allocated for comms, and t, € [0, 1] represents the

fraction of t.omms that is allocated to the private stream precoders.

Design of p;[-] (i = 1,2) After decoding s.[-], UE i subtracts its contribution (i.e., through
successive interference cancellation) and then decodes s;[-] by the treating the interference from
the other private stream as noise. Hence, p;[-] must have sufficient gain at UE i as well as the
target direction. This motivates the following weighted MRT precoder choice for p;[-] similar to
(6.3):

Prtcommsty  (Vopwilk] +/1— apuo)

2 )

Y vk + /T= apulf?
k/

pilk] =

where like c. in (6.3), o, € [0,1] captures the priority/weight assigned to comms. In general,
o # o We further assume that the total private stream precoder power (= teommstp) is equally
divided between p;[-] and p2[-]. This is a reasonably good choice when the UEs have similar channel

strengths (i.e., |[hy]| & |[hs||), which is the scenario we focus on in measurements.

Design of p,[] Since s,[-] is not an information-bearing signal, p,[-] needs to have high gain only
along the target direction. From (6.3) and (6.5), 1 — tcomms is the fraction of the transmit power
allocated solely for sensing. Hence,

PT(l - tcomms)

prlk] = X up. (6.6)
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Quantity Notation Description
h;[k] (1 =1,2) Channel between the TX and UE 7 over subcarrier k
Channels h; [k] Estimate of h;[k] (CSIT)
u; [k] Unit vector along h;[k]
ug :=ag /Nt Normalized steering vector along TX broadside
pilk] (1 =1,2) Private stream precoder for UE i over subcarrier k
Precoders pelk] Common stream precoder over subcarrier k
pr[k] Sensing precoder over subcarrier k
silk] (1 =1,2) Channel-coded and modulated private stream (comms) symbol for UE ¢ over subcarrier k
Signals selk] Channel-coded and modulated common stream (comms) symbol over subcarrier k
srlk] Unit energy deterministic radar symbol over subcarrier k
Comms/sensing ap (1 —ap) Relative priority given to comms (sensing) for the private stream precoders (p;)
relative priorities ac (1 —ae) Relative priority given to comms (sensing) for the RSMA common stream precoder (p.).
In general, o # ayp.
Power teomms € [0, 1] Fraction of power allocated to comms
Allocation 1 — tcomms Fraction of power allocated to dedicated radar precoder (p,)
t, € [0,1] Fraction of tcomms allocated to private stream precoders (p;)

Table 6.1: Summary of notation used in system model (Section 6.2).

Remark 24 Four parameters are used to capture the full extent of the comms-sensing trade-off in

(6.3)-(6.6). In summary, they are:

e teomms € [0, 1]: Fraction of transmit power allocated for comms. teomms — 0/1 implies most

of the power allocated for sensing/comms.

o t, €0,1]: Fraction of comms power (i.e., tecomms) allocated to the private streams allocated

for comms. t, — 0/1 implies most of teomms s allocated to the common/private stream(s).

o . €10,1]: Aspc[] can be used for both comms and sensing whenever it is allocated non-zero
power, . is the priority given to comms. In particular, a. — 0/1 implies very high priority

given to sensing/comms.

o a, €[0,1]: Like a, o, is the priority given to comms for the private stream precoders, p1[-]

and p2[-]. Again, o, — 0/1 implies very high priority given to sensing/comms.

Remark 25 (Heuristic precoders) The precoders in (6.3)-(6.6) are sub-optimal, as they are
not obtained by optimizing any performance metrics (e.g., sum throughput for comms, SNR of
radar return for sensing). However, they are still useful because they are easy to implement,
which in turn makes it relatively easier to obtain an empirical ISAC performance region
(e.g., the achievable pairs of sum throughput and radar SNR — see Definition 1 in page 6 for a
precise definition) to judge the comms/sensing trade-off associated with each design choice (i.e.,

RSMA/SDMA with/without dedicated signal). Nevertheless, the suboptimality of the precoders
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means that the gap between the different ISAC performance region boundaries could potentially be

enlarged through optimized precoders. This is left for future work.

Table 6.1 summarizes the notation used so far. Next, we focus on some special cases of (6.3)-

(6.6) that are of interest.

6.2.3 Special Cases

RSMA ISAC without dedicated sensing signal — the general case

A key feature of (6.3)-(6.6) is the fact that comms precoders can be used for sensing, but not
vice-versa, as s,[-] offers no comms benefit. Hence, it is reasonable to question whether the power
allocated power to a dedicated sensing signal/precoder could be diverted to comms to significantly
enhance comms performance, with minimal loss in sensing performance? To investigate this, tcomms
can be set to 1 on (6.3)-(6.6) to yield an RSMA ISAC transmit signal involving three precoders,

where each precoder is beneficial for both comms and sensing.

RSMA ISAC without dedicated sensing signal — a soft sensing/comms separation

While all precoders are beneficial for both comms and sensing in the previous special case, a
balance can be struck wherein some of them prioritize sensing more than comms, while the others
achieve the opposite effect. This can be realized, for instance, by setting o, = 1 — o, where
a, € [1/2,1) (in addition to tcomms = 1). Thus, the private stream precoders prioritize comms,
while the common stream precoder prioritizes sensing, similar to [90]. In this way, a soft separation

of comms/sensing functionality for the precoders can be realized.

SDMA ISAC with dedicated sensing signal — the general case

With a dedicated sensing signal, tcomms < 1. Furthermore, from Remark 22, it follows that SDMA

can be realized by setting ¢, = 1.

SDMA ISAC with dedicated sensing signal — a hard sensing/comms separation

With a dedicated sensing signal/precoder, perhaps the comms precoder should solely prioritize

comms to significantly enhance comms performance, with minimal loss in sensing performance?
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This amounts to a hard comms/sensing separation among the precoders, in contrast to the soft
separation from special case no. 2. This can be realized by setting o, = 1 (in addition to

teomms < 1,t, = 1).

SDMA ISAC without dedicated sensing signal

Finally, this special case can be realized by setting ¢comms = 1 and ¢, = 1, giving rise to an SDMA
ISAC transmit signal involving two precoders, each of which is beneficial for both comms and

sensing.

Table 6.2 summarizes the special cases described above. Next, we introduce the performance
metrics for comms and sensing performance and define the ISAC performance region to quantify

ISAC performance.

6.2.4 Performance Metrics

Let P := {p.[k], p1[k], p2[K], p-[K] : Vk} denote the collection of precoders.

Comms In the measurements, the comms performance metric is the MCS-limited sum through-
put. An MCS level is characterized by a pair (m, ), where positive integer m denotes the bits per

constellation symbol (e.g., 1 for BPSK) and r € (0, 1] denotes the code rate.

Remark 26 (Necessary condition for decoding MCS level (m,r)) An OFDM symbol stream

over N, subcarriers encoded using (m,r) can be successfully decoded at a UE only if

1 N.—1
— > log,(1+ SINR[k]) > mr (6.7)
k=0

N,
where SINR[E] denotes the signal-to-interference-plus-noise ratio of the symbol stream at subcarrier

k at the UE.

The above inequality is a necessary, but not sufficient condition for successfully decoding
(m,r). This is because the left hand side represents the spectral efficiency (in bits/s/Hz) that can be
achieved through Gaussian encoding, whereas the right hand side is the spectral efficiency achievable
using (m,r), which typically involves encoding over the binary field and modulation over discrete
(non-Gaussian) constellations. Due to this mismatch, the minimum SNR needed to decode (m,r)

is usually higher [126] than that given by (6.7).



6.2. SYSTEM MODEL 97
Spl. Scheme Parameters Precoders Comments
case
cuc[k]+vI-acug
pelk] = /Pr(l—1p) x —=L2c —
teomms = 1 ¢ \/g lvacuc [k ]+vI—acugl?
efo.1] L[] = /Prie x e EtVT ot us K] +uz K]
" 5AC / €0,1] m T e a Uelkl =, TR AT
w/o ’ See  Section  6.2.3.
. / kl+/1
dedl'cated t, € [0,1] p2lk] = +/Pr i2” = apui[ ]:,r T+ 1%:0“ E No dedicated radar
sensing \/ verte v pto signal /precoder. In
signal - general, common and
the general pvt. streams have
case different priorities for
comms/sensing  (i.e.,
e # ap).
T—ap,uclkl+/apuo
K = /Pri =) x -2
tcomms = 1 pC[ ] T( p) \/E lv/I—apuc[k']+ /@ puoll?
Qe = 17(1;, k P Vapuy [k]4+/T—apug '

2. RSMA pi[k] = TS 2 \/Z I/@pu++/I—apuo |2 See ‘Sectlon 6.23. A
ISAC w/o €[1/2,1] special case of 1 above,
dedicated t, € [0,1] pa[k] = \/Prt tp vapuz(k]+/1-apuo ~ where a soft sens-
sensing P ’ \/Z lv/apuz[k]+/T—apuo |l ing/comms separation
signal — a is realized through
soft  sens- the common (private)
ing/comms stream precoder(s)
separation prioritizing sensing

(comms).
— \/PT tcomms V@t [k]+/1—apug
3 llvapui [k 14/ T=apuo||
tcomms € (07 1) K/ (k] T
comm V 1V

3. SDMA ty =1 =./Prt zu\ﬁuiz[k%ﬁuou"‘ See  Section  6.2.3.
ISAC with \/ ? There exists a dedi-
dedicated €01 Wl — /P (1—tcomms) cated radar signal/pre-
sensing prlk] = r Ne X o coder, but the comms
signal - precoders also have
the general some priority for sens-
case ing.

teomms € (0,1) 1[k] = |/ Pr toomms < uy K]

4. SDMA tp=1 p2[k} Pr M x uz[k] See Section 6.2.3. A
ISAC with -1 (1I—teomms) special case of 3 above,
dedicated ap = pr[k] = \V Pr N. X Ug where the comms pre-
sensing coders do not prioritize
signal — a sensing. Thus, a hard
hard sens- sensing/comms separa-
ing/comms tion is realized.
separation

_ k= . /P« apui [k]+y/1—apug
feomms =1 pifA 2 E lv/apui [k']+/T=apuo |2

5. SDMA tp = PT ruz [k]+/T=apuo See.Sectlon 6.2.3. No
ISAC w/o 0.1 p2lk] = SN E dedicated radar sig-
dedicated ap € (0,1) \/ vertz pHo nal/precoder
sensing
signal

Table 6.2: List of special cases described in Section 6.2.3.
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Successful decoding of (m,r) yields a throughput (measured in bits/s) of Bmr, where B denotes

the signal bandwidth (after accounting for signaling overheads, such as cyclic prefiz).

The received signal, y;[k], at the i-th UE given by:

vilk] = 0T [k]x[k] + nilk] (i = 1,2)
= ' [k]p,[k]s, [k] + b [k]pe[k]sc[K]

+ b/ [k]p: [K]s1[k] + ) [k]pa[k]sa[k] + ni[k] (6.8)

We assume s, [-] is known at the UEs and can be subtracted before decoding s.[], s1[-] and s2[].
Let M = {(m¢,r.),(m1,71), (ma,7r2)} denote the MCS levels chosen for (s.[-],s1[], s2[']), respec-
tively. After subtracting s..[-], each UE independently decodes s.[-], while treating the interference
from s1[-] and s2[-] as noise. Thus, from Remark 26, the maximum MCS-limited common stream

throughput, denoted by T.(P), is given by:

T.(P) = max Bmere (6.9)
€
1 N.—1
st. min < ];) log, (14 SINR.;[k; P]) > mre, (6.10)

where (i) M denotes the collection of permissible MCS levels for the three streams, which is
typically pre-determined through standards (see Table 6.4 for the M used in the measurements),
(ii) SINR.;[k;P] denotes the common stream SINR at the k-th subcarrier at UE 4, which is a

function of P as follows:

b} [k]pc[K]|*

SINRi[k; P] = —5— L .
> i1 T [K]p; [K][? + o2

(6.11)

The minimum in (6.10) is due to both UEs needing to decode s.[-]. Furthermore, T,.(P) = 0 when

(6.10) is not satisfied even for the lowest MCS level.

After decoding s.[-] and subtracting its contribution from y;[-], UE ¢ decodes s;[-] while treating
the interference from the other private stream (s;[-], j # ¢) as noise. Similar to T,.(P), the maximum

MCS-limited private stream throughput at UE ¢, denoted by T;(P), is given by:

T;(P) := max Bmr; (6.12)
€
N.—1

C

1
st o ;O log, (1 + SINR, ;[k; P]) > m,r, (6.13)
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where SINR,, ;[k; P] denotes the private stream SINR at the k-th subcarrier for the i-th UE, which

is a function of P as follows:

[b ] s ]|
[ [k} p; [K]|* + 0

SINR, ;[k; P] = (j # 9). (6.14)

From (6.9)-(6.13), the MCS-limited sum throughput, Ty,m (P), has the following expression:

Toum(P) = T(P) + L(Te(P) > 0)(T1(P) + T2(P)). (6.15)

Remark 27 (Impact of Imperfect SIC and Finite MCS levels) The indicator function in
(6.15) captures the impact of imperfect SIC and finite MCS levels — i.e., if a UE cannot decode
the common stream at the lowest MCS level, then it cannot decode its private stream at any MCS
level, resulting in zero throughput. If at least one UE experiences such a throughput collapse,
then RSMA is not viable (under the constraint of finite MCS levels), and we assume Tgum (P) = 0.

This phenomenon was experimentally observed in [127].

It is worth noting that this is a marked departure from standard analytical models that assume
perfect SIC and infinitely many MCS levels of arbitrary granularity (implicit when Gaussian encod-
ing is assumed). Under these assumptions, the highest achievable RSMA sum throughput is never
smaller than the highest achievable SDMA sum throughput [14]. However, with finite MCS levels,
the SDMA sum throughput can exceed the RSMA sum throughput, especially when the common

stream precoder is not allocated enough power to decode the lowest MCS level.

Remark 28 (SDMA Sum Throughput) Since there is no common stream in SDMA (see
Remark 22), the maximum MCS-limited SDMA sum throughput equals Ti(P) + To(P), where
M= {(m17r1)7 (mg,’l"g)}-

Remark 29 (Upper bound on measured throughputs) Since (6.10) and (6.13) are neces-
sary but not sufficient conditions for decoding non-Gaussian constellations (see Remark 26), T,(P),
T:(P) (i = 1,2) and Tsum(P) are upper bounds for the measured common stream, private stream

and sum throughputs, respectively.

Ranging In measurements, performance metric for ranging is the post-processing radar SNR.

We consider a single-antenna radar receiver (RX) colocated with the TX. For transmit signal x[k]
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given by (6.1), the signal at the radar RX, denoted by y,[k], is given by:
ye[k] = B(alix[k]) exp (jzwjnvok) +n.[k], (6.16)

where 3 denotes the signal attenuation, ng is the time domain sample delay, and n,.[k] ~ CN (0, 02)

the RX noise. The maximum likelihood estimate of ng, denoted by 7g, is given by:

fg = arg max Y. [n]], (6.17)
Ne—1 n

where Y,.[n] = Z v, [K](x [k]ag) exp (—j27rNk> . (6.18)
k=0 ¢

In (6.18), Y.[n] (n =0,--- ,N. — 1) is the N.-point DFT of {y.[k](x! [k]ag) : k = 0,--- ,N. — 1}

delayed by n samples, and (6.17) amounts to identifying the location of the DFT peak.

The post-processing radar SNR, denoted by SNR,.q4(P), is defined as follows:

SNRyaa (P) = —;
N

(6.19)

|YT[AO]
|

|2
> [Ye[nl?
#

—1
n 0

The right-hand side of (6.19) is a function of P, since Y;.[-] in (6.18) is a function of x[k], which in

turn is a function of P (see (6.1)).

Definition 1 (RSMA ISAC performance region) The ordered pair (Tsym(P), SNRyaq(P)) cap-
tures RSMA ISAC performance. Specifically, the four parameters — (tcomms, tp; Qc, Qtp) — uniquely
determine P (see (6.3)-(6.6) and Remark 24), which in turn determines (Tsum(P), SNRyaq(P)).
Thus, the set of all feasible values for the four parameters corresponds to a collection of points
(Tsum (P), SNR;aa (P)), which we define as the RSMA ISAC performance region, whose boundary
(Pareto frontier) captures the limits of achievable ISAC performance for the heuristic precoders

given by (6.3)-(6.6) — see also Remark 25.

Remark 30 Along the lines of Definition 1, the ISAC performance region can be defined for each
of the special cases in Table 6.2. By definition, these performance regions are contained within the
RSMA ISAC performance region defined above. However, the following questions are of particular

interest:

e Can the boundary of the RSMA ISAC performance region in Definition 1 be achieved by one

or more of the special cases in Table 6.27
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Figure 6.1: RSMA ISAC block diagram (Np = 2) implemented using SDRs.

e How do the boundaries of the SDMA and RSMA ISAC performance regions w.r.t to one

another?

Before addressing the questions in the previous remark in Section 6.4, we first describe our

RSMA ISAC prototype in the following section.

6.3 RSMA ISAC Prototype

Fig. 6.1 depicts the RSMA ISAC block diagram, which we implement using software-defined radios
(SDR). The TX, UEs and the radar RX are realized using National Instruments’ (NI) USRP 2942
SDR units, which have two antennas/RF chains. Hence, we use three USRP 2942 units — one to
realize the two-antenna TX, another to realize two single-antenna UEs, and a third to realize the
(single-antenna) radar RX, where we use a Yagi-antenna pointing towards the target to obtain a
strong radar return and suppress some of the self-interference (SI) from the TX — radar RX direct

path. The TX and the radar RX are situated close together to mimic a monostatic configuration.

The USRPs share a common timing source (NI CDA-2990), and are controlled by a workstation
running LabVIEW NXG, through which the various blocks in Fig. 6.1 are realized. All connections
(SDRs to workstation, SDRs to timing sources) are through PCle cables, facilitated by a PCle bus

(NI CPS-8910). A list of hardware components is provided in Table 6.3.

We realize the following two-stage protocol to implement the system model described in Sec-

tion 6.2, adopting several features of the IEEE 802.11ac-VHT physical layer frames [115]:
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Figure 6.2: Signal structure within the two-stage transmission protocol used to implement RSMA
ISAC in the prototype. In conventional, SDMA-based 802.11ac-VHT, where each UE has to decode
only one data stream, every DATA (OFDM) symbol contains 16 precoded pilot subcarriers used to
correct phase errors in the estimate of a UE’s precoded channel. This protects against decoding
errors caused by rotated constellations post equalization, and is known as fine phase shift (FPS)
[121]. On the other hand, in RSMA, each UE needs to decode two data streams. To avoid FPS
pilot contamination between overlapping streams, we use p. to precode the FPS pilots in DATA
symbols 1 and 4, similarly p; in DATA symbols 2 and 5, and py in DATA symbol 3. The FPS
pilots are unused in the stream carrying the dedicated radar signal.
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Name Description
1. Workstation Running LabVIEW
NXG

2. NI USRP-2942 (3 units) SDRs used to realize
TX, UEs and radar RX

3. NI CPS-8910 Provides additional
PClIe ports
4. NI CDA-2990 8 Channel, 10MHz clock
distribution device
5. Patch antennas (non- TX antennas
commercial, designed in
house)
6. TP-Link TL- Anchor and (two) UE
ANT2405C (3 units) antennas
7. MM-ANT-NF-5G Yagi Radar RX antenna
antenna

Table 6.3: List of hardware components in RSMA prototype.

Stage 1 FEach TX antenna transmits a pilot signal orthogonally in time comprising a Short
Training Field (STF, 12.8us in duration) and a Long Training Field (LTF, 12.8us in duration), as
shown in the top portion of Fig. 6.2. The STF is used for synchronization and coarse frequency

offset estimation, while the LTF is used for channel estimation at each UE (i.e., hy[k] in Table 6.1).

Stage 2 Here, the transmitted signal consists of a preamble followed by the data payload, as

shown in the bottom portion of Fig. 6.2.

¢ Preamble: The preamble consists of one STF and four LTFs. The function of the STF is the
same as in Stage 1, while the LTFs are precoded in order to estimate the precoded channels
for equalization at the UEs. The first LTF is used by UE i to estimate hfp. (i = 1,2) for
decoding the common stream (s.[-]). The second LTF is used by UE 1 to estimate hi’p; to
decode its private stream (s1[-]). Similarly, the third LTF is used by UE 2 to estimate hi’ps to
decode its private stream (s3[]). The fourth LTF is used by UE i to estimate hi’p, (i = 1,2)

in order to subtract the dedicated sensing signal (s.[-])) from (6.8).

e ISAC Payload: For the payload, we consider a total bandwidth of 100MHz with N, = 512
subcarriers and a cyclic prefix (CP) of 128 samples per OFDM symbol. Aligned with IEEE
802.11ac-VHT frames, 468 subcarriers are used to carry data symbols, 16 subcarriers are

used to correct the common phase error across all subcarriers in one OFDM symbol [121],
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MCS Index Modulation Code Rate Data Rate
M (m) r Bmr (Mbps)
0 BPSK (1) 1/2 36.5625
1 BPSK (1) 3/4 54.84375
2 QPSK (2) 1/2 73.125
3 QPSK (2) 3/4 109.6875
4 16QAM (4) 1/2 146.25
5 16QAM (4) 3/4 219.375
6 64QAM (6) 2/3 202.5
7 64QAM (6) 3/4 329.0625
8 256QAM (8) 3/4 438.75
9 256QAM (8) 5/6 4875

Table 6.4: MCS levels (largely based on IEEE 802.11ac-VHT) implemented in the prototype. The
data rate in the last column is equal to Bmr, where B is the effective bandwidth given by (6.20).

and the rest serve as guard bands. This yields an effective bandwidth of:

B = 100MHz x (512/640) x (468/512)
—_—— Y

CP overhead  Guard band
overhead

= 73.125MHz (6.20)

The ISAC payload consists of at most four superposed streams (one dedicated sensing signal,

one common, two private), each comprising 5 OFDM symbols.

¢ MCS Implementation: Table 6.4 lists the MCS levels, M, implemented in the prototype.
For channel coding, we implement Polar codes augmented with an 8-bit cyclic redundancy
check [122], [123], along with successive cancellation list decoding [124], with a list depth of
2. After the preamble, the first OFDM symbol (labelled SERVICE in the bottom portion of

Fig. 6.2) contains the MCS information of each stream.

o Dedicated Sensing Signal: For s.[-], we consider a BPSK stream known to the UEs.
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Parameter Notation Value
Center frequency fe 2.5GHz
Transmit power P, 23dBm
Wayvelength A 0.12m
No. of UEs 2
No. of targets 1
Total bandwidth 100MHz
Subcarriers Total (N,) 512
Data 468
Pilot (FPS) 16
Guard band 28
CP length 128
Effective bandwidth B 73.125MHz
OFDM symbols in payload 5
Range resolution 1.5m
Radar — Target distances 2.25m (ng =1)
3.75m (ng = 2)
5.25m (ng = 3)
TX — UE distances ~ 1.bm
TX antenna spacing d 0.0625m
Fraunhofer distance 0.065m
(far-field criterion)

Table 6.5: List of miscellaneous parameters in the experiments.

6.4 Experimental Results

6.4.1 Measurement Environment

the measurements were conducted in a fairly empty lecture room (Fig. 6.3), where the furniture
was moved to the far end of the room, well away from the target, to reduce clutter. We used
a metal box (1m high and 0.8m wide) placed at the broadside of the TX antennas to mimic a
vehicular target. An anchor antenna was also placed at the TX broadside for phase calibration

(see Appendix B).

We considered three scenarios as described below, capturing different levels of inter-UE inter-

ference and separation/integration between comms and sensing:
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S1. UEs and target mutually well separated (in the angular domain), as shown in Fig. 6.3
(left). The larger the separation among UEs in the angular domain, the better SDMA can
suppress the inter-UE interference. As a result, the RSMA gain —i.e., the extent to which its
ISAC performance region is bigger than SDMA’s — could potentially be modest. Similarly,
the extent of separation/integration between comms and sensing separation is dictated by
the angular separation between the UEs and the target. A large angular separation may

require a dedicated sensing signal to achieve the RSMA ISAC performance boundary.

S2. UEs close together, but well separated from the target, as shown in Fig. 6.3 (middle).
By allocating more power to the common stream, RSMA can better suppress the high inter-

UE interference when the UEs are not adequately separated in the angular domain. Hence,

RSMA is expected to yield large throughput gains over SDMA in this scenario.

S3. UEs and targets mutually close together, as shown in Fig. 6.3 (right). The high level
of integration between comms and sensing and the prominent role played by the common
stream in suppressing the inter-UE interference makes this the most likely scenario where
a dedicated sensing signal may not be needed for achieving the RSMA ISAC performance

boundary.

It is worth pointing out that the geometry of these scenarios are representative of what could be

encountered in peer-to-peer vehicular ISAC.

For each scenario, the goal of the measurements is to empirically characterize the RSMA ISAC
performance region as per Definition 1. However, this can be quite cumbersome with four pre-
coder parameters involved in determining each point (Tsym(P),SNRyaq(P)) in the RSMA ISAC
performance region; for instance, with each parameter taking values over [0, 1], a granularity of
0.1 per parameter yields 10* measurements. That said, it is more important to characterize the
boundary of the RSMA ISAC performance region than its interior, as the boundary captures the
limits of achievable ISAC performance. Thus, Remark 30 motivates the question: can we identify
a smaller set of “well-chosen” precoder parameters corresponding to the boundaries of the RSMA

and SDMA ISAC performance regions for a given scenario? We address this question next.
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Figure 6.3: The three scenarios considered in the measurements.

6.4.2 Simulation-aided search for precoder parameters

Assuming the estimated UE channels (hy[k]) as perfect CSIT', one can obtain a simulated RSMA
ISAC performance region via a fine-grained sweep of the precoder parameters. We make this notion

precise through the following definition.

Definition 2 (Simulated RSMA ISAC performance region) The simulated RSMA ISAC per-
formance region is the set of points (Tsum (P), Go(P)), where Tsum(P) is the expected, rather than
measured, sum throughput (see Remark 29), and Go(P) is the power radiated towards the TX’s

broadside, given by

Go(P) = > Jaf'x[k]|, (6.21)

IThe estimation of UE #’s CSIT is imperfect indeed. However, to simulate the ISAC performance region, the
only CSIT we can obtain is the estimated CSIT.
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In Definition 1, the sensing metric — SNRy,q(P) — is straightforward to evaluate using mea-
surement data (see 6.19). However, to evaluate SNRy,q(P) in a simulation setting, we need to
make several (potentially unrealistic) assumptions regarding the radar return (extent of signal at-
tenuation, clutter etc.) which we wish to avoid. Hence, we use Go(P), which is proportional to

SNR;aqa(P), as the sensing metric for the simulated RSMA ISAC performance region.

Ideally, the simulated RSMA ISAC performance region should be a good proxy for the true
performance region — in particular, the precoder parameters corresponding to the RSMA/SDMA
boundaries should have similar values over both regions; this then yields a smaller set of “well-

chosen” parameter values that can be used for measuring RSMA and SDMA ISAC performance.

Fig. 6.4 plots the simulated RSMA ISAC region for each scenario by sweeping over the four
precoder parameters in increments of 0.1, resulting in a reasonably comprehensive exploration of
the parameter space. The points corresponding to the special cases in Table 6.2 are marked as
well. The sum throughput values in these plots are based on measured UE channels — for each
scenario, we placed the UEs approximately 1.5m away from the TX without any target present?,
and estimated the UE channels through only Stage 1 transmission in Fig. 6.2. We obtain the

following insights from Fig. 6.4:

Case 3 rate vs radar region

*eo

A RSMA throughput collapse
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Figure 6.4: Simulated RSMA ISAC performance regions, as per Definition 2, for each of the
scenarios in Fig. 6.3. The parameters associated with the points (marked 0, 1, etc.) on the SDMA
and RSMA performance boundaries are listed in Table 6.6.

Impact of finite MCS levels Perhaps the most striking feature of Fig. 6.4 is the non-convez

nature of the ISAC performance regions. In particular, the discretized nature of Tyum(P) is a

2Indeed, the UE channels are affected by the target, which contributes a multipath component (TX — Target —
UE) whose strength depends on the target range. However, for channels of similar strength, as in each of scenarios,
Tsum (P) is chiefly determined by the spatial correlation between the channels, which dictates the amount of inter-
UE interference. The spatial correlation is not too sensitive to the target range; in fact, it remains qualitatively
unchanged (i.e., low in S1, high in S2 and S3) even without a target. Thus, measuring the UE channels without
a target present allows for the convenience of generating a single simulated RSMA ISAC performance region per
scenario that is an effective proxy for the true performance region, regardless of the target range.
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Meas. S1 S2 S3

Index tcomms| Qe op My Mo tcomms| Qe op My Mo tcomms| Qe op My Mo
0 0 - - - - 0 - - - - 0 - - - -
1 0.1 . 1 0 0 0.1 - 08 | 0 0 0.4 - 0 0 0
2 0.2 - 1 1 1 0.2 - 0.8 0 0 0.1 - 1 0 0
3 0.3 - 1 1 2 0.3 - 0.8 0 0 0.2 - 0.9 0 0
4 0.4 - 1 3 3 0.4 - 0.8 1 1 0.4 - 1 1 1
5 0.5 - 1 3 3 0.5 - 0.8 1 1 0.5 - 0.9 1 1
6 0.6 - 1 3 4 0.6 - 0.8 1 1 0.6 - 0.9 1 1
7 0.7 - 1 3 4 0.7 - 0.8 1 1 0.9 - 0.7 1 1
8 0.8 - 1 3 4 0.8 - 0.8 1 1 1 - 0.7 1 1
9 0.9 - 1 3 4 0.9 - 0.8 1 1 1 - 0.9 2 2
10 1 - 1 4 4 1 - 1 2 2 1 - 1 2 2

(a) SDMA (t, =1)

Meas. S1 S2 S3

Index tp ac ap M| M| Ma| tp ac ap Me | M1 | Ma| tp ac ap Me | Mi| M2
0 0 1 1 5 - - 0 0 0 4 - - 0 0 0 5 - -
1 0.1 1 1 3 0 0 0.2 0 0.2 2 0 0 0.1 0 0.6 4 0 0
2 0.2 1 1 2 1 1 0.2 0 0.3 2 0 0 0.1 0 0.8 4 0 0
3 0.3 1 1 1 3 3 0.2 0 0.4 2 0 0 0.1 0 0.7 3 0 0
4 0.4 1 1 0 3 3 0.2 0 0.5 2 0 0 0 1 1 5 - -
5 0.5 1 1 0 3 5 0.2 0 0.6 1 0 0 0.3 1 0.9 3 1 1
6 - - - - - - 0.2 0 0.7 1 1 1 0.3 1 0.8 3 0 0
7 - - - - - - 0.2 1 0.4 3 0 0 0.3 0.9 0.9 3 1 1
8 - - - - - - 0.2 1 0.6 2 0 1 0.1 0.9 1 4 0 0
9 - - - - - - 0.2 1 0.7 3 0 1 0 0.9 1 4 1 1
10 - - - - - - - - - - - - 0.1 0.8 0.7 3 0 0

(b) RSMA without dedicated sensing signal (tcomms = 1)

Table 6.6: Precoder parameters associated with the boundary points of the simulated ISAC per-
formance regions in Fig. 6.4 (the numbers marked 0, 1, and so on, in Fig. 6.4 correspond to the
measurement index in the first column). The MCS levels shown are the ones that maximize the
expected sum throughput, based on Remark 26. These parameters are used for the measurements
in Section 6.4.3.
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direct consequence of assuming finite MCS levels — instead of a one-to-one mapping between the

throughput and SINR (i.e., log(1 + SINR)), a range of SINR values map to the same Tyym (P).

Impact of imperfect SIC A significant proportion of RSMA points lie on the y-axis, where
Tsum (P) = 0. These capture the throughput collapse phenomenon, where for at least one of the UEs,
the SINR is insufficient to decode the common stream at the lowest MCS level in Table 6.4 (see also
Remark 27). Throughput collapse also explains why the RSMA ISAC performance boundary does
not extend as far down as the SDMA boundary in the southeast region of Figs. 6.4a-b. The common
stream SINR reduces as we move from the northwest to the southeast along the RSMA boundary;

when it becomes low enough to trigger a throughput collapse, the boundary ends abruptly.

RSMA ISAC outperforms SDMA ISAC The SDMA ISAC performance boundary lies in
the interior of the RSMA ISAC performance region, thereby addressing the second question posed
in Remark 30. Hence, for well-chosen precoders (which boils down to well-chosen parameters),
RSMA ISAC achieves points in the northeast region beyond the SDMA boundary. Furthermore,
the extent to which RSMA ISAC outperforms SDMA ISAC is scenario-dependent. In scenario
S1, where there is a relatively larger angular separation between the UEs, the gap between the
RSMA and SDMA boundaries is narrower. The gap becomes much wider — especially around the

northeast corner — as the UEs move closer together in S2 and S3.

RSMA ISAC performance boundary achieved without a dedicated sensing signal In
each scenario, the points on the RSMA ISAC performance boundary are achieved when t¢omms = 1,
which corresponds to special case 1 in Table 6.2 where the entire transmit power is allocated for

comms. This insight addresses the first question posed in Remark 30.

Dedicated sensing signal needed to achieve SDMA ISAC performance boundary Un-
like in d), the points corresponding to SDMA ISAC without a dedicated sensing signal (i.e., special
case 5 in Table 6.2) do not lie on the SDMA ISAC performance boundary.

Next, we seek to validate the above insights through measurements by selecting precoder pa-
rameters listed in Table 6.6 associated with the SDMA and RSMA ISAC boundary points marked

0, 1, etc., in Fig. 6.4.
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6.4.3 Measurements

We conducted a total of 180 measurements with the following breakdown:

e RSMA - 81 measurements (6 boundary points for S1, 10 for S2 and 11 for S3, along with 3
different target ranges per boundary point to evaluate the effectiveness of ranging, especially

for RSMA without a dedicated sensing signal; more details in paragraph a) below).

e SDMA — 99 measurements (11 boundary points each for S1, S2 and S3, along with 3 different

target ranges per boundary point.

In these measurements, the UEs’ locations were unchanged from the ones used to obtain Fig. 6.4.
To suppress the radar self-interference (i.e., signal propagation along the direct path from the TX
to the radar RX) and background clutter, we perform a simple background subtraction, where
Stage 2 is repeated twice per measurement (illustrated as Stages 2.1 and 2.2 in Fig. 6.2). In the
first instance, we obtain the radar return without any target present (Stage 2.1) to capture only
the radar self-interference and any background clutter. This signal is then subtracted from the
radar return obtained when the target is present (Stage 2.2). Table 6.6 lists the miscellaneous

parameters used in the measurements.

Ranging performance of RSMA ISAC without a dedicated sensing signal The 100MHz
signal bandwidth yields a range resolution of 1.5m. Hence, in the measurements, we considered
target ranges of 2.25m (no = 1), 3.75m (ng = 2) and 5.25m (ny = 3), corresponding to the middle

of the second, third and fourth range bins, respectively®, as shown in Fig. 6.5.

Fig. 6.6 shows the ranging performance of RSMA without a dedicated sensing signal, where the
heatmaps plot SNR,q(P) for each range bin. In each heatmap, the target is clearly identifiable at
the correct range bin. Moreover, there is a graceful degradation in SNR,q(P) with increasing ng

(left to right along each row), consistent with a progressively weaker radar return.

Measured ISAC performance region — RSMA v/s SDMA Fig. 6.7 plots the measured
ISAC performance region for the precoder parameters parameters listed in Table 6.6. To measure
Tsum (P), we identified the highest MCS levels that resulted in error-free decoding of the five OFDM
symbols in the data payload (see Fig. 6.2) by using the MCS levels in Table 6.6 as a starting point

and progressively decreasing/increasing the MCS levels if there were any/no decoding errors.

3ng = 0 corresponds to the first range bin.
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Figure 6.5: The three target distances considered for each scenario in Fig. 6.3 — 2.25m (top),
3.75m (middle) and 5.25m (bottom), which corresponds to the middle of the second (ny = 1),
third (ng = 2) and fourth (ng = 3) range bins, respectively. The 100MHz signal bandwidth yields
a range resolution (bin size) of 1.5m, which is marked in the bottom figure.
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Figure 6.6: Heatmap plotting the measured SNR;,q(P) for RSMA without a dedicated sensing
signal across three different target distances for each scenario. The top row represents the results
of SDMA with a dedicated sensing signal using 11 parameter settings; the bottom row represents
the results of RSMA without a dedicated sensing signal using 6 parameter settings.
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Figure 6.7: The measured ISAC performance region for RSMA and SDMA, for the precoder
parameters and the MCS levels given in Table 6.6.

The following aspects of Fig. 6.4 are validated by Fig. 6.7:

e RSMA outperforms SDMA in ISAC trade-off performance. In Fig. 6.7, the measurement
results demonstrate that RSMA consistently achieves superior trade-offs in ISAC performance
compared to SDMA, with all the measured points (except point 5 in S1) located on the top

right of the SDMA ISAC trade-off region as observed in the simulation.

o Throughput collapse due to the impact of finite MCS levels and imperfect SIC. The SDMA
ISAC region seen in the Fig. 6.4 is mirrored in the measurements as shown in Fig. 6.7.
The discretized achievable throughput (measured Ts,,) aligns some of the results in the
same line, even though they have different parameter settings and radar SNR, performance.
As a consequence of the imperfect SIC, point 5 (RSMA) in S1 is on the y-axis (measured
Tsum = 0), when there is no lower MCS level for the common stream to use under the current

SINR condition.

Finally, the following aspects of Fig. 6.7 diverge from Fig. 6.4.

o The first RSMA measured results (red point 0) appear on the northwest of the second RSMA
measured results among all three scenarios. However, based on the simulation results in
Fig. 6.4, the first measured point of RSMA (red point 0) should appear on the northeast of
the second RSMA measured result (red point 1). To understand the reason for the throughput
degradation, we need to look at the parameters Table. 6.6 in measuring points 0 and 1. The
main difference between those two measurements is in measuring point 0, there is no SIC
involved since there is a common stream only (¢, = 0), the transmitter is broadcasting the

common stream only to both UEs, and both UEs are only required to decode the common
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stream, compared to measurements in point 1, private streams are activated (¢, # 0), both
UEs are required to perform SIC to decode both common stream and the corresponding
private stream. The reconstruction of the common stream symbols of UE i is based on
the estimation of hf’p., the imperfect estimated precoded CSI causes imperfection*. The
common stream can propagate residual interference to subsequent streams (private streams).

This cascading effect may degrade the decoding performance due to the increase of SINR.

e Red point 5 in S1 has shown a throughput collapse, but in the simulation result shown in
Fig. 6.4a, red point 5 is located on the northeast of the SDMA ISAC region. This phenomenon
is caused by CSI estimation imperfection, but the parameter is decided by simulation, which
assumes CSI is perfectly estimated. In the simulation, the calculated common stream SINR
can support both UEs to decode the common stream under the parameter setting for point 5,
but in practical measurement, the imperfection in CSIT estimation causes the mismatching

between the achievable throughput and the corresponding parameter settings.

6.5 Summary

In this chapter, we present the first experimental study of RSMA ISAC using SDRs and cross-
compared SDMA ISAC with RSMA ISAC in three different scenarios; key findings show that
RSMA outperforms SDMA in all scenarios by achieving a larger ISAC trade-off region. Notably,
RSMA without a dedicated sensing signal provides a broader ISAC region than SDMA, even if
SDMA is assigned with a dedicated sensing signal. The results validate the superior functionality
of the common stream in mitigating inter-user interference and enabling the same throughput for
the same radar SNR. However, the imperfections introduced by the practical CSIT estimation and
finite MCS levels limit both SDMA and RSMA performance in some instances, causing throughput
collapse and the mismatching between the simulation and measurements, but RSMA outperforms
RSMA in both simulation and experimental results. In conclusion, all findings show RSMA is
a potential candidate for next-generation ISAC systems, especially in vehicular and multi-user
communication scenarios. In future work, an optimized precoder design for a larger ISAC trade-off
region is needed, and a better system model that considers imperfect SIC and CSIT estimation is

also worth exploring in closing the gap between theoretical and experimental performance.

4This imperfection in SIC at UE i is caused by estimation error of precoded CSI (flf{pc ~ hfpc) which the main
imperfection is introduced in the reconstruction procedure and channel estimation. However, the imperfect SIC
mentioned in Section 6.4.2 is caused by the unsuccessful decoded common stream (. # §), which is introduced in
the decoding common stream procedure.



Conclusions and Future Work

7.1 Conclusions

This work presents an experimental investigation into the performance of Multiple Access (MA)
techniques, focusing on Rate-Splitting Multiple Access (RSMA) and its potential to address the
challenges of next-generation wireless systems, particularly in Unicast, Non-Orthogonal Unicast
and Multicast (NOUM), Multi-group Multicast (MGM) and Integrated Sensing and Communica-
tion (ISAC) applications. The study compares Rate-Splitting Multiple Access (RSMA) with Space
Division Multiple Access (SDMA) and Non-Orthogonal Multiple Access (NOMA) across various
metrics and scenarios, offering insights into their respective strengths and limitations. Through
prototype implementations using Software Defined Radios (SDRs), this thesis highlights several
key findings and is listed in Table 7.1.

In chapter 3, the superiority of RSMA is first shown experimentally in a hardware platform.
RSMA outperforms SDMA and NOMA in a two-user Multi-user Multi-Input Single Output system
in both sum throughput performance and user fairness performance. The throughput gain is even
pronounced when the Channel State Information at Transmitter (CSIT) feedback is quantized.
All those advantages of RSMA make it a promising candidate MA technique for next-generation

PHY-layer.

Chapter 4 presents the characterization and experimental investigation of RSMA-based NOUM
for the two-user case. The analysis reveals that the advantages of RSMA-based NOUM become

more significant as channel correlation increases. This is attributed to the common stream con-
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Chapter System Model Contributions
Unicast Experimental validation of RSMA’s superiority
3 Two-user over SDMA and NOMA in sum throughput and fairness.
MU-MISO Gains are more pronounced with quantized CSIT feedback.
NOUM Demonstrates that RSMA-based NOUM benefits
4 Two-user from increased channel correlation, expanding the
MU-MISO rate region compared to MULP-based NOUM.
MGM First experimental evaluation of max-min fairness in RSMA,
5 Overloaded showing superior fairness in scenarios with
Two-groups strong interference and pathloss variations.
ISAC RSMA achieves a larger ISAC trade-off region than SDMA,
6 RSMA-based even without a dedicated sensing signal. Practical challenges
MU-MISO such as imperfect CSIT affect both techniques.

Table 7.1: Summary of main contributions of each chapters

tributing a larger portion to the sum throughput, enhancing flexibility in accommodating both
multicast and unicast transmissions. Consequently, the rate region gap between RSMA-based
NOUM and Multi-User Linear Precoder (MULP)-based NOUM widens with increasing channel

correlation.

In chapter 5, the first experimental evaluation of the max-min fairness performance of RSMA-,
SDMA-, and NOMA-based MGM, with a focus on overloaded scenarios involving closely located
group members—situations relevant to various applications. The study considered two groups,
each with two users, across nine cases that captured different levels of interference and pathloss
variations between the groups. Results demonstrate that RSMA-based MGM achieves superior
fairness performance, characterized by higher minimum throughput, compared to SDMA- and
NOMA-based MGM. These findings align with theoretical predictions and are attributed to the
ability of RSMA to allocate throughput contributions from both the common and private streams,

with their proportions dynamically adjusted based on channel conditions.

In chapter 6, the first experimental study of RSMA-based ISAC using SDRs compares its per-
formance with SDMA-based ISAC across three scenarios. The findings demonstrate that RSMA
consistently outperforms SDMA by achieving a larger ISAC trade-off region. Notably, RSMA
without a dedicated sensing signal achieves a broader ISAC region than SDMA, even when SDMA
utilizes a dedicated sensing signal. The results confirm the effectiveness of RSMA’s common stream

in mitigating inter-user interference and maintaining throughput at the same radar SNR. However,
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practical limitations, such as imperfect CSIT estimation and finite Modulation and Coding Scheme
(MCS) levels, affect the performance of both SDMA and RSMA, occasionally causing through-
put collapse and deviations from theoretical predictions. Despite these challenges, RSMA shows

superior performance in both simulations and experimental evaluations.

In conclusion, RSMA demonstrates its potential as a leading candidate for next-generation
systems in many applications, especially in vehicular networks ISAC, multi-user communications,

and overloaded environments.

7.2 Future Work

7.2.1 RSMA test bed with larger scale transmitter antenna

Future work should prioritize scaling up the number of the Transmitter (TX) antennas in the
current prototype. The current prototype only uses two TX antennas, which is way less than the
number of 5G BSs’ antennas. The future prototype test bed needs to incorporate a greater num-
ber of transmit antennas, enabling more comprehensive investigations into multi-antenna systems.
Expanding the number of antennas at the transmitter would allow for more advanced precoding
techniques, better spatial multiplexing capabilities, and enhanced handling of inter-user interfer-
ence. Such configurations are particularly relevant for evaluating advanced Multiple Input Multiple
Output (MIMO) scenarios, including massive MIMO. Additionally, incorporating massive MIMO
configurations would provide insights into how emerging techniques such as RSMA;, NOMA, and
SDMA perform in large-scale antenna arrays. Future studies could evaluate the robustness of
these techniques under pilot contamination, low-resolution Analog to Digital Converter (Analog
to Digital Converter (ADC)), hardware impairments, and other real-world constraints, which are
critical for practical deployment. Furthermore, with the use of larger antenna arrays, experiments
could explore hybrid beamforming to balance the hardware complexity and performance, which is

also a crucial beamforming technique in next-generation wireless communication.

7.2.2 RSMA test bed with link adaptation

Link adaptation plays a critical role in practical deployments by ensuring that communication
systems operate efficiently under varying channel states, improving overall system performance.

The future work of RSMA prototype should focus on incorporating link adaptation techniques
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to dynamically adjust the transmission MCS levels based on the real-time channel conditions.
Specifically, different from the link adaptation in conventional multiple access, link adaptation in
RSMA needs to be applied to the common stream and the private streams to ensure communication
reliability. Moreover, incorporating Adaptive Modulation and Coding (AMC) into the RSMA
prototype would enable efficient use of the available resources, ensuring that each user is served
with the appropriate MCS based on their channel quality. AMC combined with RSMA’s flexibility
in splitting and managing interference would allow the system to maintain robust communication
even under imperfect CSI or rapidly changing environments. The studies about link adaptation of
RSMA [112] and RSMA with AMC [109] focus on higher layer simulations rather than practical
implementations. The future work should fill this research gap by realizing the link adaptation

and AMC aided RSMA prototype.

7.2.3 RSMA test bed with mmWave transceiver

Millimeter-wave (mmWave) technology, operating in the 24-100 GHz range, is a critical enabler
of 6G wireless networks due to its potential to offer massive bandwidth, ultra-high data rates,
and low-latency communication. Integrating RSMA with mmWave transceivers would allow us to
investigate its performance under the unique challenges and opportunities presented by mmWave
propagation and hardware characteristics. Future studies can focus on the performance of RSMA
under mmWave channel challenges. Specifically, the RSMA prototype with mmWave transceivers
must account for significant signal attenuation due to the high operating frequency band. More-
over, the mmWave channel exhibits sparse multipath characteristics and rapid variations, especially
in mobile scenarios. Extending the RSMA prototype to include real-time channel estimation and
adaptation mechanism will be critical for adapting to the fast-changing mmWave channel. The
mmWave transceiver can also be used in other 6G applications such as ISAC. Given the massive
bandwidth available at mmWave frequencies, RSMA’s integration with ISAC can be explored fur-
ther. mmWave offers excellent range resolution for sensing tasks such as target detection, tracking,
and environment mapping. The RSMA prototype can utilize mmWave signals to demonstrate its
ability to simultaneously provide high data rates for communication and accurate sensing capabil-

ities.
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7.2.4 RSMA with RIS assisted communication

Future prototyping work on RSMA should also focus on its integration with Reflective Intelligent
Surface (Reconfigurable Intelligent Surfaces (RIS)), a promising technology for enhancing wireless
communication performance in 6G and beyond. RIS consists of large arrays of passive, low-cost,
and energy-efficient reflecting elements that can manipulate the wireless propagation environment
to improve signal quality, reduce interference, and enhance coverage. Combining RSMA with RIS
creates a powerful synergy, enabling flexible interference management and efficient resource uti-
lization in complex communication scenarios [128], [129]. However, several challenges must be
addressed to develop a functional RIS-aided RSMA prototype and advance its real-world applica-
bility. The first one is the Channel State Information (CSI) acquisition. Accurate CSI is critical
for optimizing both RSMA precoders and the RIS phase shifts. However, obtaining full CSI in
RIS-aided systems is highly challenging due to the passive nature of RIS elements, which do not
perform signal processing. Secondly, hardware limitations and practical imperfections. Practical
RIS hardware suffers from phase quantization, non-ideal reflection coefficients, and signal loss,
which degrade the theoretical performance. RSMA-based prototypes must account for imperfec-
tions in hardware and compensate for non-ideal behaviours. Last but not least, joint optimization
of precoders and RIS phase shift. The coupling effect between the RSMA precoders and RIS phase
optimization makes the problem non-convex and computationally intensive. A new challenge is
to develop real-time algorithms that jointly optimize the RSMA precoders and RIS phase shifts
efficiently under hardware constraints. By tackling these challenges, RIS-aided RSMA prototype

will enhance the interference management in 6G further.

7.2.5 RSMA prototype with antenna polarization

Future research on Rate-Splitting Multiple Access (RSMA) can be significantly enhanced by inte-
grating antenna polarization techniques to optimize spectral efficiency, interference management,
and user experience in next-generation wireless networks. Antenna polarization plays a crucial role
in RSMA by influencing signal propagation, channel characteristics, and the separation of common
and private message components. One promising direction is the development of polarization-
aware precoding techniques, where RSMA precoders are designed to exploit dual-polarized or
circularly polarized antennas to maximize the signal-to-interference-plus-noise ratio (SINR) at the
receivers. By aligning the polarization states of transmitted and received signals, the system can

minimize polarization mismatch losses, leading to higher achievable rates for both common and
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private messages in RSMA-based networks. Additionally, polarization diversity can provide sig-
nificant gains in user allocation strategies. Base Stations with orthogonally polarized antennas
can further reduce inter-user interference, allowing more efficient power allocation and decoding.
This is particularly advantageous in multi-user MIMO (MU-MIMO) scenarios, where polariza-
tion diversity helps improve channel orthogonality, enhancing spatial multiplexing and allowing
multiple users to communicate simultaneously with reduced interference. Another crucial aspect
is cross-polarization interference mitigation, where RSMA can benefit from the controlled use of
polarization to suppress other users’ interference. In dense and dynamic environments, users may
experience signal degradation due to cross-polarization leakage, which RSMA can address through
adaptive precoding and Link-adaptation. Furthermore, prototyping an over-the-air RSMA system
with reconfigurable dual-polarized antennas will be essential to validate theoretical gains in prac-
tical deployments. Such a prototype would allow real-world testing of RSMA’s robustness against
polarization-dependent fading, enabling a deeper understanding of its performance in various en-

vironments, including indoor, urban, and vehicular communication scenarios.



CSIT Quantization Method in
IEEE 802.11g

The quantized wideband CSI, BZQ = [izZQl ﬁg], is obtained from h; = [h;; his], as follows:

(a) The linear scaler is evaluated as follows:

Mp

lin ,__
ho ™ 10Mn/20 (A1)
where my, 1= m%x{|Re(iALil)|, [tm(hay)|} (i1 € {1,2}), (A.2)
and M), = min{?, PO loglo(mh)J } (A.3)

M, in (A.3) is known as the scaling ratio and is quantized to three bits for feedback.

(b) Using (A.1), the real and imaginary parts ]Alij are quantized using N, = 4 bits in our prototype

as follows.

Re(hl) == round(R]e\f[Zij) (2Nt — 1)) (A.4)
Im(iLS) = round(ImM(gff) (2Ne =1 — 1)) (A.5)

The feedback overhead for the entire CSI equals 3+ 2Nil bits, where the first term corresponds to

the scaling ratio, and the factor of two in the second term accounts for the real and imaginary parts
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of h2. For our prototype, this value equals 35 bits, as opposed to the 128il = 512 bits without
i

quantization.

At the TX, the CSI estimates, denoted by h2X, are recovered as follows:

il

) e
hTX .= 10M1hl/20 (i,1 € {1,2}). (A.6)




Phase compensation in ISAC

Prototype

Each element in the transmitter antenna array experiences unique phase noise due to manufacturing
variability. To ensure an accurate steering vector for the array, it is necessary to calibrate these
elements so that there is no phase difference before the measurement. This calibration process in
[130] requires placing an anchor antenna at the broadside of the transmitter array. Each array
element is sequentially activated to transmit a reference signal sequence to the anchor receiver,
allowing the measurement of the channel between each transmitter element and the anchor antenna
individually. The measured channel between transmitter antenna-g to anchor on k-th subcarrier

can be denoted as:

o n . o dg .
ha.glk] = Ba exp(j27rﬁak) -exp(jogx) - eXp(jQWTSzn(Ga)), (B.1)
C N —
— RF chain .
Propagation delay Extra propagation delay

where g € {0,1}, B, denotes the signal attenuation between the transmitter antenna and the
anchor, the first phase term comes from the propagation delay from the transmitter to anchor, the
second term is the phase shift introduced by the RF chain hardware [131]. The third term comes
from the extra propagation delay between the first antenna and the other antenna, which depends
on the degree of arrival 8, (0°). The calibration process will estimate the random phase difference
caused by the RF components between TX-0 and TX-1 (A(ﬁ = Ni g;o_l(qgoyk — ngl}k)), then the

estimation of phase difference Aé is applied on TX-1 to compensate the phase difference.
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