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Abstract

In recent years, there has been an increasing interest in Integrated Sensing and
Communication systems (ISAC). Such systems are capable of both sensing and
communicating. Their use could be beneficial in a wide range of applications, in-
cluding autonomous driving, smart cities, and the Internet of Things (IoT), with
the potential to reduce the cost, size, and power consumption of the system by
combining both functionalities. Existing systems could be upgraded to achieve
this goal. The mobile network or the Wi-Fi standard can be mentioned. This
work focuses on the development of an experimental setup that can perform com-
munication and sensing tasks with an OFDM signal using the Wi-Fi 6 standard.
For this purpose, the question of synchronization of the communication system is
also discussed for the case of OFDM.
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Introduction

In recent years, there has been an increasing interest in integrated sensing and
communication systems, also known as Joint Communication and Sensing (JCAS)
systems. Those systems are capable of performing both communication and sens-
ing tasks. Such applications could be used in a multitude of contexts, including
autonomous driving, smart cities, and [oT. In the context of future automotive
applications, the sensing capabilities provided by radar could facilitate precise de-
tection of objects in poor weather conditions, with the potential to be employed
in automated vehicles[4]. The joint implementation of radar and communication
systems would reduce the need for separate components, thus reducing the cost,
size, and power consumption of such system. Moreover, as the frequency spectrum
is a scarce resource, the joint implementation of radar and communication would
allow for more efficient use of this resource and help to address the problem of
spectrum scarcity[5].

Existing communication systems could benefit from upgrades that would enable
them to perform sensing tasks. The new Wi-Fi standard, IEEE 802.11bf, is the
first amendment that focuses on the sensing capabilities of the Wi-Fi. This new
standard allows to perform sensing tasks with the Wi-Fi signal. This standard is
a good candidate for sensing as it is already widely deployed and the hardware
is already available[6]. Indeed, with more than 3 billions new devices shipped ev-
ery year. Moreover, those devices are present in most homes[7]. Wi-Fi sensing
could be used in a wide range of applications, such as smart homes, where fall
detection[8] or monitoring the breathing rate of a person[9] in remote healthcare
scenarios could take place.

Another system that could potentially benefit from such upgrades is the mobile
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network. [10] proposes the creation of a perceptive mobile network that would ben-
efit from the larger capabilities than the Wi-Fi. Indeed the mobile network has
access to larger bandwidth, more antennas, and more computational power. Such
a network would be capable of performing more complex sensing tasks, including
environmental sensing (e.g., animal migration, rainfall monitoring,etc) and be used
in smart cities (e.g., crowd management, automatic street lighting systems,etc).

This study is concerned with the development of an experimental setup that can
perform communication and sensing tasks with an OFDM signal in accordance
with the Wi-Fi standard.

Contributions The objective of this research is to develop an experimental
JCAS setup that can perform communication and sensing tasks with an OFDM
signal. One of the key contributions is the design and evaluation of this setup. This
setup has been studied in the context of the new Wi-Fi standard, IEEE 802.11bf.
Another contribution is the comparison of timing and frequency synchronization
methods for OFDM systems.

Outline The report is structured as follows. The state of the art of JCAS sys-
tems is presented in Chapter 1 with a broad overview, as well as a focus on the
OFDM JCAS systems. Chapter 2 presents the Wi-Fi standard and the new IEEE
802.11bf amendment. It is also in this chapter that the scenario of the tested
experimental setup is presented. The experimental setup used in this work is pre-
sented in Chapter 3 with some details on the hardware and software used. Chapter
4 compares time and frequency synchronization methods in the context of OFDM
systems. The system and the different blocks that compose it are presented in
Chapter 5. Finally, the experimental results for the communication and the sens-
ing are presented in Chapter 6.



CHAPTER 1

State of the Art - Joint Communication and Sensing

The objective of this chapter is to conduct a review of the state of the art of
JCAS systems, with a focus on their general characteristics and the various design
approaches that have been employed in this domain. This review is divided into
two sections. The first section presents an overview of the current state of JCAS
systems and their associated designs, and provides a comparative analysis between
these approaches. The second section is devoted to the study of OFDM systems
within the context of JCAS. OFDM is employed in contemporary communication
systems, including 4G, 5G, and Wi-Fi. This section is divided into two parts.
The first is dedicated to OFDM communication, while the second is dedicated to
OFDM sensing.

1.1 General State of the Art

It is possible to employ a number of different techniques in order to achieve commu-
nication and sensing simultaneously. [10] identifies three main categories of design:
radar-centric, communication-centric, and joint design. This section presents the
different design techniques and compares them.

1.1.1 Radar-Centric Design

A radar-centric focus on the radar function with an additional capability for com-
munication. The main objective of such design is to optimize the radar part of the
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system. [4] provides two different examples of such system.

FMCW  The first system implements communication capabilities on a Frequency
Modulated Continuous Wave (FMCW) radar. The emitted waveform for one pulse
of a FMCW signal is represented by

S (t) = 2T 4 e [mTppy, (m + 1)T,), (1.1)

where f, is the carrier frequency, ~ is the chirp rate, Tpgy is the pulse repetition
interval, T}, is the duration of a chirp and m is the pulse index. The FMCW radar
waveform is represented in Figure 1.1. In this figure, 3 pulses (chirps) are trans-
mitted. Each chirp is constituted by a signal exhibiting an increasing frequency
over a specific bandwidth, fgy . In the figure, the pulse repetition interval Tpgy is
equivalent to the duration of a chirp 7),.

A
fd\( Transmitted signal — — Received signal
> . =k
g Chirp: Chirps =4 Chirps =4
S = Tl = | = |
. = z =
g Joea 27", <> — | = |
&3 = JBY == ==
= |_= |_= I
Z Y ' >
< > Time
T,

PRI

Figure 1.1: FMCW Radar waveform[11] - The blue curve represents the emitted
chirps, while the red dashed curve represents the received chirps.

Following the alteration of the signal by the environment, a delay and a Doppler
shift are introduced, resulting in the received chirps, represented in Figure 1.1.
The delay is represented by 7 and the Doppler shift by f;. If there are K targets
present in the scene, the received signal is given by

y(t) = Z ags(t — 1) + w(t), (1.2)
k=1
where,
T = w (1.3)

In (1.3), ry represents the distance between the radar and the k'h target, vy is the
velocity of the k' target, c is the speed of light, a;, is the attenuation due to the

4
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k' target, s(t) is the emitted signal and w(t) is the noise. The received signal is
then processed in order to estimate the range and the Doppler effect of the targets.
If the expression is developed, the received signal is given by

ad - jom(Elk 4 2k Tey,
y(t) = Y ape 7T fa(t), (1.4)
k=1

- 92Tk
where d = age ™2™ .

The presented equations are for a Single-Input Single-Output (SISO) system. The
addition of multiple antennas on the receiver side would allow the system to esti-
mate the angle of arrival of the arriving signal after being reflected on the targets.
In such systems, the range and the Doppler effect can be estimated by using the
discrete Fourier transform (DFT). However, both the Delay and the Doppler effect
are coupled.

As this waveform was originally designed for radar applications, its processing is
well known. To implement the communication capabilities in this system, [4],
proposes to use the phase of the waveform to encode the data. Equation (1.1)
then becomes

Sm,new (t) = Sm (t)ej¢7n7 (15)

where ¢,, is the phase that is used to encode the data. To enhance the data rate of
such system, it is proposed to use multiple orthogonal waveforms and beamforming
techniques. The data is then modulated on the phase of the waveforms.

Index Modulation The second example of radar-centric design is the imple-
mentation of communication capabilities with a frequency agile radar (FAR). [12]
presents the FAR as a necessity for the increasingly congested environment that
we live in. The frequency use by the FAR is not fixed and changes randomly to
counter this jamming. This system can be tuned to perform a communication
system. Indeed, instead of randomly changing the frequency used by the FAR,
it can be used to encode data. Figure 1.2 presents such a system, where the two
transmitters are used to send a message. To encode the data, the transmitters will
use combinations of carrier frequencies from a predefined dictionary, linking the
transmitted bits to the frequencies used. A more visual explanation of the sys-
tem is presented in the figure, with the emission of the sequence "110" by having
the first transmitter using the frequency f; and the second transmitter using the
frequency fs.
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Subcarrier Set
Tx Bits Kl Kz
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Figure 1.2: Frequency agile radar example[4].

For a single antenna system, the mth transmitted signal is expressed as

Sm(t) = eIt (1.6)

where f,, is the frequency used by a transmitter. It is selected from a dictionary
of N frequencies. The received signal, in a scene with K targets, is given by

K
. r . v (m—1)
— Z Oékejzﬁfngk 2T fo 2k cl TpRI n w(t). (1'7)

After performing a Delay-Doppler process, the range and speed of the targets
can be estimated. In the event of communication, the carrier frequency can be
retrieved, allowing for the decoding of the information.

1.1.2 Communication-Centric Design

The communication-centric design uses an existing communication system and in-
troduces the capability to perform sensing. One example of such systems is the
OFDM system. One possible use of the OFDM for both communication and sens-
ing is presented in subsection 1.2.

[13] presents other examples of the utilization of communication centric design.
These examples can be based on the division between radar and communication
systems. Non-overlapped resource allocations are widely used in communication
systems and are well known in the context of multi-user environments. If used in
the context of JCAS, some resources are allocated to the radar and some to the
communication system. The radar waveform can be a traditional radar waveform,
and it is separated from the communication one by using an orthogonal resource.
Some of those techniques are the following :
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e Time Division: The time is divided between the radar and the communi-
cation system. Some time frames are allocated for the radar to use, while
the communication system is not using it and inversely. The number of time
slots as well as their duration can be fixed or variable.

» Frequency Division: The frequency is divided between the radar and the
communication systems. Those resources can be OFDM subcarriers or sep-
arate frequency bands. In this case, some subcarriers may be allocated to
sensing capabilities and others to communication. This kind of division is
not addressed in the previously referenced section.

o Code Division: The radar and the communication system may use different
codes to transmit their respective information. This approach is used for
communication in CDMA systems. The signal is spread with a different
code for the radar and the communication system. This renders the signal of
the radar and the communication system orthogonal if the codes are carefully
selected, thus orthogonal.

» Space Division: The radar and the communication system may use dif-
ferent antennas. This can be used in MIMO systems. The radar and the
communication systems may use the same frequency and time resources, yet
the antennas may be different and beamforming techniques may be employed
to separate the signals.

1.1.3 Joint Design

The objective of the joint design is to optimize both the radar and the commu-
nication system without relying on an existing one. This should provide greater
flexibility to the design as it is not constrained by predefined systems. [14] presents
different techniques in MIMO that can be used to perform this. Firstly, the two
received signals are presented as

yRZHRX+WR, (18)

for the radar system and

ye = Hex + we, (19)

for the communication system. In (1.8) and (1.9), y is the received signal, H is
the channel matrix, x is the transmitted signal and w is the noise. A subscript
R linking those variable to the radar, while a C' to the communication. The
objective is to find an optimal transmit signal, x, to optimize both radar and
communications performance.
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The first method proposed is based on spatial precoding. In this case, a precoding
matrix denoted P is optimized, and an objective function A\(P) is defined. The
optimization can be presented as follows:

P* = arg max A(P) s.t. Constraints, (1.10)

where the constraints are related to the power of the transmitted signal, the or-
thogonality of the precoding matrix, and the power of the noise, etc. The optimal
precoding matrix is denoted P*.

Mutual Information In order to define the objective function and perform
the optimization, [14] proposes a few techniques, the first is based on mutual
information (MI). MI for radar systems represents the amount of information about
the environment that is conveyed to the receiver[15]. It is given by

1
Ir(Hg; Yg|R) = Mlog, (det <2XHEHRX + IK>> , (1.11)
0,

w

where M represents the number of antennas', X is the transmitted signal, Xy, is
the covariance matrix of the received signal, Ix is the identity matrix, and o2 is
the noise variance.

In the same way, for communication systems, the MI represents the amount of
information conveyed from the transmitter to the receiver and is given by

1
Io(He; Yo|C) = Mlog, (det <2XHZHCX + IK>> : (1.12)
g,

w

A formulation based on a weighted sum of the MI is proposed. The function to
optimize is given by

1—wR

w
F= ?RIR(HR;YR\X) + Ie(X; Yo |He), (1.13)
R

where wg is the weight of the radar system, Fz is the maximal value of the MI of
the radar, and F is the maximal value for the one of the communication system.
The optimization is then performed on F. The paper states that F' is a concave
function, so the optimization can be performed with a convex optimization algo-
rithm.

M is the number of antennas both at the receiver and the transmitter.
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Waveform Similarity The second technique proposed by [14] is based on wave-
form similarity. The optimization is performed to maximize the similarity between
the designed waveform and a benchmark one. In this case, the multi-user interfer-
ence is minimized. The objective function is given by

(1.14)

X) — Xo)|l <,
arg gn | [HeX — 8|2 .t.{HVGCH vee(Xo)|| < ¢

|:17i,j|2 = ]\_Pf;vvz:j

In (1.14), S is the information symbols, X is the benchmark waveform, € is the
similarity threshold, Pr is the total power and M7 is the number of antennas at the
transmitter side. The objective of the optimization is to minimize the difference
between the transmitted signal and the benchmark signal while respecting the
power constraint and minimizing the multi-user interference. The problem is non-
convex, but it can be solved with a branch-and-bound algorithm[15].

1.1.4 Comparison of the Different Designs

Frequency
agile radar

Radar performance

OFDM shared
waveforms

Protocol-oriented

Communications performance

Figure 1.3: Tradeoff between the radar and the communication performances in
JCAS systemsl4].

[4] presents a comparison of the different designs thanks to Figure 1.3. The com-
parison represents the trade-off between the radar and the communication perfor-
mances. It is evident that the radar-centric design has a superior radar perfor-
mance than the communication-centric design. In this category stands the index
modulation either with FAR or with MIMO wideband radar. Such techniques
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result in a limited bit rate and thus give poor communication performances.

On the other side of the spectrum, the communication-centric design holds a better
communication performance compared to the radar-centric design. In this category
stands the OFDM systems, wherein a part of the subcarriers is used for sensing
and the remaining for communication. The protocol-oriented JCAS system give
the best performances for the communication but the worst for the radar. Indeed,
in such system, the radar must use only a known portion of the signal such as the
preamble, and has to use the communication protocol to perform the sensing. In
such systems, the communication is the primary objective, whereas the radar is a
secondary task.

The coexistence of both systems is observed between the aforementioned extremes.
This coexistence can be achieved through either a division, as previously demon-
strated, or through the use of beamforming techniques.

1.2 OFDM Communication and Sensing

This section is dedicated to the state of the art of the JCAS, which employs OFDM
techniques to perform both communication and the sensing. This technique is
used in modern communication systems such as 4G, 5G and Wi-Fi. The chapter
is divided into two parts. The first part is dedicated to the OFDM communication
and the second to OFDM sensing.

1.2.1 Communication

This subsection is dedicated to the use of the OFDM only for the communication
part. The signal is introduced as well as the modulation and demodulation.

Time Frequency Representation

OFDM systems are based on the division of the available bandwidth into multi-
ple subcarriers. The total number of subcarriers is N,. and the spacing between
them is thus given by Af = N%C’ where B is the total available bandwidth. The
symbols are mapped across the subcarriers of an OFDM symbol. This mapping
is presented in Figure 1.4 with the time-frequency representation of the OFDM
symbols. The frequency axis is divided into N,. subcarriers, while the time axis is
divided into Ngymp OFDM symbols. The transition from one axis to the other is
performed by the Inverse Fast Fourier Transform (IFFT) and Fast Fourier Trans-
form (FFT) operations, which go respectively to the time and frequency domain.

10
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A cyclic prefix is also appended between each OFDM symbol.

Channel Bandwidth

ROMGS

=1 OFDM Symbol

Figure 1.4: OFDM Time-Frequency representation[16].

[13] represents a flow chart of the OFDM communication system. This is presented
in Figure 1.5. The flow chart is divided into two parts. The upper part is dedicated
to the transmitter, while the lower part to the receiver.

Transmitter The transmitter part works as follows. The data payload, i.e. the
information to be transmitted, is converted from a serial to a parallel format. The
number of parallel streams is equal to the number of subcarriers N,.. The data is
then modulated. The modulation can be BPSK, QPSK, 16-QAM, 64-QAM, and
so forth. The IFFT is applied to the data, transforming it from the frequency
domain to the time domain. The parallel to serial conversion is then performed.
Finally, the digital to analog conversion is carried out. A local oscillator is used
to convert the signal to the desired carrier frequency.

An important aspect of OFDM systems that is not represented in this flowchart is
the incorporation of the cyclic prefix[17]. The cyclic prefix is added to the signal
to prevent inter-symbol interference (ISI). In fact, this prefix converts inter-symbol
interference channels into ISI-free channels.[18]. The cyclic prefix is a copy of the
last portion of the OFDM symbol in the time domain. It should be at least equal
to the length of the channel impulse response.

11
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Data
Data
IFFT
Payload Mod D/A
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FFT AD
Data
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Figure 1.5: OFDM communication and sensing system flow chart[13].

[13] represents the emitted signal sorpm(t) as a sum of the OFDM symbols. The
signal is given by

Ns N,
S sc . t _ _ 1 T
sorpM() = Y. D dmn - 6‘727rf”trect< (mT ) OFDM) , (1.15)
m=1n=1 OFDM

where d,, , represents the data on the n'h subcarrier of the m*h OFDM symbol, f,
the frequency of the n'h subcarrier, Torpy the duration of an OFDM symbol, and
rect(t) the rectangular window function. This window function is used to limit the
signal in time, but can be replaced by other functions.

Window Function Optimization Indeed, [19] proposes an algorithm for opti-
mizing the window function with the goal of reducing the spectral side lobes that
are present with a classical rectangular window. [20] suggests improved Nyquist
windows that reduce the interference between the subcarriers, thereby increasing
the performance of the OFDM system. Commonly used Nyquist windows are the
rectangular and raised cosine ones.

Precoder To enhance the performance of the system, a precoder can be em-
ployed. It is possible to use precoders in multiple antenna systems. Such tech-
niques are presented in [21]. The precoder allows the system to have multiplexing
capabilities or to have diversity. The diversity gain will decrease the error rate for
a fixed transmit power, while the multiplexing capabilities are the ability to send
multiple data streams at the same time. Systems of precoder can either be used
with or without channel knowledge. For instance, the Alamouti precoder[22] is
a precoder that does not require the channel knowledge. Additionally, [23] cites
linear precoders such as maximum ratio transmission (MRT), zero-forcing (ZF)

12
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and minimum mean square error (MMSE). As well as non-linear precoders such as
dirty paper coding[24], Tomlinson-Harashima precoding[25], and vector perturba-
tion precoding[26]. The performances offered by non-linear precoders are superior
to those of linear ones. Dirty paper coding, in particular, can achieve the capacity
of the channel.

The precoder can be applied to the emitted signal as presented in (1.16) if a linear
precoder is used. In this case, the precoder multiplies the signal, s(t), by a matrix
W to obtain the precoded signal x(t).

x(t) = Ws(t) (1.16)

Coding Scheme In order to enhance the performance of the communication
system, a classical coding scheme can also be used on the data payload, such as
error-correcting codes. As this is a separate topic in itself, it will not be discussed
in this chapter.

Channel Model The channel alters the signal in a way that is defined by the
channel models. [10] and [14] present such a model, which is defined at time ¢ as
follows:

L
H(t) = Z blé(t — T — 7'0(t))€j2ﬂ(fD’l+f0(t))ta(M2, ¢Z)aT(M1, 0[) (117)
=1

In the context of OFDM systems, the channel that affects the k* OFDM pulse
and the n'" subcarrier is given by

L
Hn,k _ Z blefQﬂn(Tl+TO(k))fcej27rk(fD,l+fO(/€))Tsa(M27 ¢l)aT(M1, el) (118)
=1

The channel is multipath and composed of L paths. It is defined by the following
parameters:
o by is the attenuation and initial phase difference of the [** path.

« 7 is the delay of the I*" path.

o T7o(t) is the timing offset between the receiver and the transmitter.

o f. is the carrier frequency offset between the receiver and the transmitter.
« fp, is the Doppler shift of the I path.

o fo is the carrier frequency offset.

o T is the sampling period.
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o a(Ms, ¢;) is the steering vector of the receiver, Ms is the number of antennas
at the receiver and ¢; is the angle of arrival of the I** path.

o a(Mj,0,) is the steering vector of the transmitter, M; is the number of an-
tennas at the transmitter and 6 is the angle of departure of the I** path.
The steering vector is given by

1
6j277d/)\ sin(0)

a(M, ) = | . (1.19)
6]'271'(M71')d/)\ sin(0)

It can be observed that when the number of antennas at the transmitter and
receiver is equal to one, the steering vector matrix is not present in the equation.
In addition to the channel model, the signal is affected by noise. This noise is
added to it at the receiver and is modeled as an Additive White Gaussian Noise
(AWGN) with a variance of 0. The received signal is then given by

y(t) = Hx(t) + w(t), (1.20)

where y(t) is the received signal, H is the channel matrix, x(¢) is the transmitted
signal and w(t) is the noise. In the case of OFDM systems, this operation leads
to the following signal for the £ OFDM pulse and the n'* subcarrier:

Yne = Hp kT g + Wi, (1.21)

Receiver The receiver part is the dual of the transmitter. As illustrated in
Figure 1.5, after being downconverted to baseband, the signal is converted from
analog to digital. It is then goes from serial to parallel. Prior to the DFT?, the
cyclic prefix is removed. The DFT is performed to go from the time domain to
the frequency domain where the symbols are present. The demodulation is then
performed.

Synchronization [13] assumes a perfect synchronization between the transmit-
ter and the receiver. This is illustrated by the use of the same local oscillator
for both the emitter and the receiver. However, it is important to note that syn-
chronization is a critical aspect of communication systems. Synchronization can
be of two nature: time and frequency synchronization. The time aspect of syn-
chronization is used to find the start of a sequence and the correction of timing
offset between the transmitter and the receiver. The frequency synchronization

2To reduce the complexity of the computation, the FFT is generally used.
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correct the carrier frequency offset that can appear due to the Doppler effect or
the oscillator drift between the two devices. In OFDM systems, the orthogonality
between the subcarriers is a key aspect. However, it may be lost if the carrier
frequency offset is not corrected[27].

Time synchronization can be performed with the Schmidl & Cox algorithm[28].
This algorithm is presented in Chapter 4 of this work. This algorithm uses a
two-time repetition of a sequence of symbols to estimate the timing offset. Al-
ternatively, a correlation with a known symbol can also be used to identify the
start of a sequence and thus to find the timing offset. [29] proposes a comparison
between the modulation constellation to identify the optimal modulation scheme
and the length of the cyclic prefix that allows for a more efficient OFDM system.
The cyclic prefix length allows for a time synchronization that is not perfect.

The Schmidl & Cox algorithm, as described in [28], can also be employed for
frequency synchronization. [30] proposes the use of an FFT on a known preamble
to estimate the frequency offset.

Equalization Figure 1.5 does not illustrate equalization. Nevertheless, this is
a crucial element of multipath channels communication systems. Its objective is
to rectify the channel H in the received signal. Equalization can be executed
through diverse methodologies. One common approach is the zero forcing (ZF)
equalization, which is expressed as follows:

%(t) =H 'y(t). (1.22)

By using (1.20), it can be demonstrated that ZF equalization is given by

%(t) = H 'Hx(t) + H 'w(?)
=x(t) + H 'w(t). (1.23)

One potential issue with this equalization is that it may amplify the noise if the
channel is ill-conditioned. In the context of multi-user systems, ZF takes the in-
terference between the users into account.

In order to account for the noise, a maximum likelihood (ML) equalization can be
employed, and is defined as follows:

%(t) = argmin [ly(t) — Hx(®)]I" (1.24)

The ML equalization is the optimal equalization, yet it is computationally expen-
sive and only works well if the noise is Gaussian.
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An alternative form of equalization is the MMSE equalization, which is given by

%(t) = HY(HH" + o°1) 'y (1), (1.25)

where H” is the conjugate transpose of H and I is the identity matrix. The MMSE
equalization is a trade-off between the ZF and the ML ones. Those methods have
been studied in [17] and [21]. All of these equalization methods are linear. They
use the channel matrix, H,which must be estimated at the receiver. The channel
estimation can be performed with different methods. In [21], channel sounding is
introduced. It is the emission of a known signal by the transmitter. The receiver
can then estimate the channel by comparing the received signal with the known
one. If both the uplink and downlink channel can be estimated. Nevertheless, in
most communication systems, a preamble is added to the signal and the channel
estimation is performed thanks to it. In OFDM systems, pilots can also be added
either in time, frequency, or a combination of both domains. Such mapping of the
pilots is presented in Figure 1.6. Those symbols are known at the receiver and
can be used to estimate the channel thanks to an interpolation. The rate at which
pilots are added should be sufficient to estimate the channel. If the channel is time
varying, the pilots should be added more frequently in the time domain. If the
channel is frequency selective, the pilots should be added more frequently in the
frequency domain. [31] presents a comparison of the channel estimation with the
pilots at specific pulse or at specific subcarriers.

[ Pilot

T Data

Unused

OFDM symbols
OFDM symbols
OFDM symbols

Subcarriers Subcarriers Subcarriers
(a) (b) (c)
Figure 1.6: OFDM pilots arrangement : (a) pilots in specific subcarriers, (b)
pilots in specific OFDM symbols, (c¢) pilots in both specific subcarriers and
OFDM symbols.

More complex equalization techniques, such as the Decision Feedback Equalization
(DFE), exist and allows for better performances. With the DFE, the equalization
is performed by removing the interference between the symbols. This can be
achieved by using the previous symbols to estimate the current one[32]. Turbo
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equalization can also be used to perform this task. This is a non-linear equaliza-
tion and is presented in [33] in an iterative way.

Performance Evaluation Following the equalization process, the data is de-
modulated, allowing for the evaluation of the performance of the system with
different metrics. One of the most common metrics is the bit error rate (BER),
which is defined as the number of bits that are received in error compared to the
number of bits that are sent.

1.2.2 Sensing

OFDM modulation can also be used for sensing. [4] presents two constraints that
a radar system should respect. The first one is the low side lobe level, and the
second is the low peak-to-average power ratio. In OFDM, the first constraint can
be achieved by replacing the rectangular window with another window function.
Such windows are presented in [19] and [20]. The second one can be achieved by
using a precoder or by using a weighted OFDM method. The weighted methods
are presented in [34] and [35].

One of the principal advantages of the OFDM waveform is that the range and the
Doppler effect are decoupled. This is presented in [4]. The range may be obtained
by performing an FF'T of the received signal and the Doppler effect by performing
an IFFT of the received signal if simple algorithms are used. [13] presents the
received signal in a SISO system, after being affected by the channel containing
one target, and expresses it as

N, Nge
L < . . t—(m— 1T,
yR(t) _ E : 6]271'th§ :Oém’n(dm’ne—j%rfn’r)6]27Tfntrect ( (m ) OFDM> + w(t)
m=1 n=1 TOFDM

(1.26)
In this equation, fp is the Doppler frequency, a,,, is the attenuation and d,,,
is the data on the n'® subcarrier of the m** OFDM symbol, 7 is the delay of
the target, f, is the frequency of the n'* subcarrier, Torpy is the duration of an
OFDM symbol and w(t) is the noise.
The article proposes that, following the sampling and the application of an FFT,
the received signal should be rewritten as

Ymn = am7ndm7ne_j27r(n_1)AfT€j27rfD(m_l)TOFDM + Wy (1.27)

If the dependency with respect to the sent symbols is removed by dividing by the
data and the noise neglected, the received signal is given by
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Ymm = O ne—jQﬂ'(n—l)AfTej%rfD(m—l)TOFDM‘ (1.28)

The division by the data is possible thanks to its knowledge that the article as-
sumes. In (1.28), the received signal is only dependent on the delay and the
Doppler. Only an IFFT on the columns of the matrix is needed to obtain the
Doppler estimate and an FFT on the rows of the matrix is needed to obtain the
range one. This decoupling is one of the main advantages of the OFDM modula-
tion for sensing. Nevertheless, one can notice from (1.18) that the channel is also
dependent on the CFO. In the development presented by the article, the CFO is
neglected. If one employs the signal with a signal with a corrected CFO for the
processing, the result of the Doppler estimation will be erroneous.

In the event that the system employs multiple antennas, it is necessary to incor-
porate steering vectors into the received signal. One signal is obtained for each
antenna and a tensor of the system is obtained. The tensor can then be used to
estimate the range, the Doppler, and the angle of arrival of the received signal.

AN

N

T
£ Off-grid Maximal
S o
o — likelihood
3 _ Subspace _
] . ymethods £ Tensor-
(V.
Low Overall Performance High

Figure 1.7: Comparison of OFDM sensing algorithms[10].

Sensing Parameters Estimation - Periodogram The estimation of the sens-
ing parameters can be achieved through a number of different approaches. [10]
shows in Figure 1.7 various methods to estimate those parameters with the qual-
itative performance and complexity estimates for each method. The previously
presented method based on 2D-FFT is the periodogram method. [10] reminds
that a windowing technique can be employed to mitigate the impact of sidelobes
appearing due to the FFT. These lobes are observable in Figure 1.8 in plot (a).This
method is the least complex but offers the poorest performance. It can be a first
guess of the estimation and be used by the other methods as a starting point.
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Figure 1.8: "Measured radar image for two targets using (a) 2D-DFT technique,
(b) the 2D-MUSIC technique (without the communication signal) and (c) the
proposed method (2D-MUSIC using the communication signal)"[36].

Sensing Parameters Estimation - Subspace Methods More complex meth-
ods than the periogoram one exist. One can note the subspace methods, which
include the MUSIC (MUlItiple SIgnal Classification) and the ESPRIT (Estimation
of Signal Parameters via Rotational Invariant Techniques) ones. The two methods
can estimate the parameters with a high resolution and can perform off-grid esti-
mation. Both algorithms require prior knowledge of the number of targets present
in the scene. They work by separating the signal space and the noise one. In order
to achieve this, a significant number of samples are required.

[36] provides an overview of the direction of arrival (DOA) estimation approach
based on the MUSIC algorithm. [37] proposes to use the MUSIC algorithm to
estimate the range and the Doppler effect. The algorithm is based on the estima-
tion of the covariance matrix of the received signal. It also improves the MUSIC
algorithm by using the transmitted data to refine the estimation. Figure 1.8 illus-
trates the results of the MUSIC algorithm with and without the use of transmitted
data. It demonstrates that, in comparison to the 2D-DFT technique, the MUSIC
algorithm offers superior resolution and is capable of differentiating between two
targets present in the scene.

Sensing Parameters Estimation - Compressive Sensing As the system is
sparse (only K targets are present and must be estimated), compressive sensing
can be employed to estimate the parameters of those targets. A sparse signal
recovery problem is formulated. Multiple methods can be used to estimate the
targets. The most common method is the Orthogonal Matching Pursuit algo-
rithm, although other methods such as the Basis Pursuit algorithm exist, as cited
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in [38].

This method can be either on-grid or off-grid. In the former case, the targets are
estimated on a grid in a limited space with a limited dictionary. In contrast, the
off-grid case uses a denser dictionary and can estimate the targets with a higher
resolution. The off-grid case is more complex and requires more samples. Never-
theless, as the dictionary becomes denser, the correlation between the atoms® of
the dictionary increases. This can result in a violation of the restricted isometry
property, which is a prerequisite for the compressive sensing technique to work. A
trade-off between the resolution and the complexity of the system should be found.
[39] proposes the use of a dynamic dictionary to solve this issue. [40] proposes a
background subtraction method based on recursive computation to use the com-
pressive sensing to extract the sensing parameters. Additionally, a combination of
different techniques can be employed to estimate the parameters of the targets.

Once the Delay-Doppler maps have been obtained through one of the estimation
techniques presented above, the issue of clutter remains. [23] presents the clutter
interference as the interference generated by unwanted scatters. For instance,
in the context of automotive applications, clutter could be buildings in a city.
This scenario is illustrated in Figure 1.9. The performance of the system can be
significantly degraded in the absence of a clutter removal algorithm.
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Figure 1.9: Clutter in automotive application[10].

Clutter Removal There are various methods for the removal of clutter. One
such method is presented in [41], which involves the design and optimization of a
waveform that will pre-suppress the clutter. However, in the context of OFDM
and Wi-Fi signals, such pre-suppression is not feasible, as the waveform is im-

3In the context of compressive sensing, an atom is an element of the dictionary used.
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posed. Two common clutter removal algorithms are the recursive moving averaging
(RMA) and the Gaussian mixture model (GMM).

Clutter Removal - RMA[10] The RMA assumes that the sensing parameters
remain constant over the coherence time. Another assumption is that the Doppler
shift is near zero. Prior to performing the RMA, the initial timing offset should
be corrected. In RMA, the averaging matrix is estimated iteratively with the
following equation:

D(i) = aD(i — 1) + (1 — a)D(3), (1.29)

where D(7) is the outputed channel matrix at the i iteration, D(i) is the estimated
channel matrix at the *" iteration and « is the forgetting factor. The forgetting
factor is used to give more importance to the most recent estimation. The average
is then removed from the channel matrix, which is then used to estimate the sens-
ing parameters. One can see that in the event of a novel element emerging within
the scene, the RMA algorithm will not eliminate it from the channel matrix. Only
the static elements (clutters) will be removed. One limitation of this method is
the assumption needed on the Doppler shift and a perfect synchronization. This
makes the method inefficient in a real scenarios.

Clutter Removal - GMM The GMM, presented in [10] and [38], is a more
complex method. The principle is to model the received signal as a summation of
multiple Gaussian distributions with different densities representing the different
paths of the channel. This allows for the estimation and separation of both static
and dynamic paths, represented in different distributions. Indeed, the mean of the
static paths is higher than the dynamic ones, and the variance of the static paths
is closer to 0. The signal can be estimated by removing the static paths.
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Figure 1.10: Clutter removal methods comparison[42] - "No CR' : no clutter
removal, "Average removal" : removal of the Average component, "DLC" : Delay
Line Canceller, "ECA" : Extended Cancellation Algorithm.

Clutter Removal - Subtraction of the Mean [42] proposes a method to re-
move the clutter based on the removal of the average component. It defines the
average component as the zero Doppler shift frequency (zero speed of the target).
In a dynamic environment, the clutter is defined as all the elements that are not
moving. In the absence of a windowing operation, the paper states that the av-
erage component can be removed by cancelling the average component after the
classical FFT operation of the OFDM?* If a windowing operation is performed, the
DC clutter can be spread on low frequencies bins and hide slow moving targets.
In such cases, the removal of the average component will not result in the com-
plete removal of clutters. This paper compares this method with the two others
called the Delay Line Canceller (DLC) and the Extended Cancellation Algorithm
(ECA). The first can be presented as a high-pass filter applied before windowing.
While the second is a method based on subspace and a projection of the received
signal on a subspace orthogonal to the clutter one. The paper shows that the
average removal method offers performance outcomes comparable to those of the
ECA. Figure 1.10 shows the obtained Range-Doppler map. The "No CR" figure
represents the case where no clutter removal technique is used and the clutter can
be visible on the 0m/s speed line.

Detection Algorithm Once clutter-free range-Doppler maps have been ob-
tained, a detection algorithm must be designed. One possible approach is to base
the detection algorithm on the Neyman-Pearson criterion. The Neyman-Pearson

4This method is presented with the periodogram method of parameters estimation.
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criterion aims to maximize the probability of detection while keeping the proba-
bility of false alarm below a certain threshold. The Neyman-Pearson criterion can
be expressed as follows:

&2%
Pfa

where Py is the probability of detection, P, is the probability of false alarm and
v is the threshold.

(1.30)

The detection algorithm used in [42] is the Constant False Alarm Rate (CFAR)
algorithm. The manner in which this algorithm functions is by estimating a power
level over which the target is considered a target by the receiver. On the one hand,
in the event that this power level is set to be insufficient, a considerable number
of false alarms would be present. However, all targets would be identified. On the
other hand, if the power level is set to be excessive, targets may be overlooked. The
algorithm is based on the estimation of the background noise, and the threshold
level is chosen to maintain a constant probability of false alarm.

Cell Under Test

Training
7| Cells

Training [/
Cells

)
Guard Cells

Figure 1.11: CA-CFAR detection algorithm|[43].

A variant of this algorithm is called the cell-averaging CFAR (CA-CFAR). In this
algorithm, the noise is estimated in a cell around the cell of interest[43]. The
threshold is then chosen to keep the probability of false alarm constant. The
algorithm is applied over all the cells of the Range-Doppler map to detect the
targets. In a single dimension, the CA-CFAR algorithm can be presented as in
Figure 1.11. The power around the cell under test is estimated in the training cells
as follows:

1 Ntrain
Ntrain mZ:1 ( )
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where Niin is the number of training cells, z,, is the quantity of interest in the
m™ training cell. If z,, is chosen to be the power of the cell m in the training cells,
P, is the estimated power in the training cells. The threshold is then determined
as follows:

o=N (PN -1), (1.32)

where N is the number of training cells, Py, is the probability of false alarm chosen,
and « is the threshold. The cell under examination is compared to the threshold.
If the cell power is above the threshold, it is considered a target.
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CHAPTER 2

Wi-Fi Standard - I[EEE 802.11

The Wi-Fi standard is one of the most widely used communication standards
around the globe. It is present in a multitude of residential and commercial envi-
ronment. Over time, the standard has undergone enhancements to increase per-
formance and align with the evolving needs of the community. In response to these
needs, a new task group, designated as IEEE 802.11bf, was established within the
IEEE 802.11 working group in 2020. The objective of this group is to develop a
new amendment to the IEEE 802.11 standard that will support the operation of
WLAN sensing. This novel operation would employ the PHY! and MAC? layers
of the standard to estimate features of objects within an area of interest. These
features may include range, velocity, angular position, and motion, among others,
of humans, animals, and other entities. The area of interest can be of a relatively
limited extent (e.g., a home or vehicle) or of a more expansive nature (e.g., an
entire enterprise)|[6].

In order to implement these sensing capabilities into the systems, the task group
has to modify the existing PHY and MAC layers of the existing standard. In the
current standard, a distinction is made between the two different license-exempt
frequency bands that are used: the frequencies above 45 GHz and the ones between
1 GHz and 7.125 GHz. The high frequency of the first band offers an advantage
in terms of sensing capabilities, as it allows for a better resolution. However, this

Layer responsible for modulation of the raw bits over a physical data link[44].
2Layer that controls the hardware responsible for interactions with the wired or wireless
transmission medium[45].
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carrier frequency also presents a disadvantage in that it results in higher path loss
and absorption by the environment, which could potentially reduce the reachable
range. The second band must be present in all cases for backward compatibility
with previous standards. Indeed, older generations of IEEE 802.11 devices only
use the low carrier frequency band. The removal of this band would render the
new standard incompatible with older devices, making the older devices obsolete
with the communication with new Wi-Fi access points (AP). One can note that
the majority of the MAC and PHY modifications will be performed on the higher
frequency band.

The recently proposed amendment should facilitate the exchange of information
regarding the sensing capabilities between stations. Additionally, the amendment
should include a request and setup transmission, which would enable WLAN sens-
ing measurements to be made. The final version of the revision is expected to be
published in 2025[6].

This chapter presents a brief overview of the existing IEEE 802.11ax (Wi-Fi 6)
standard and discusses the anticipated modifications to this standard that will
facilitate its evolution into the IEEE 802.11bf standard. Finally, the scenario used
in this study is presented.

2.1 IEEE 802.11ax

This section focus on the IEEE 802.11ax standard and its main features. The
standard is presented in the first part of the section. The preamble and tailing of
the standard are presented in the second part.

2.1.1 Presentation of the Standard

The TEEE 802.11ax is one of the most recent amendments to the IEEE 802.11
standard. It was published in 2019 and is designed to operate in the 2.4 GHz
and 5GHz bands. It is also designed to improve the performance of the existing
IEEE 802.11ac (Wi-Fi 5) standard. One of the primary objectives is to enhance
performance by a factor of 4 while maintaining power requirements. The emergence
of the Internet of Things (IoT) has pushed for the development of the new standard,
which is designed to accommodate and manage the multitude of devices connected
to the same access point. The Wi-Fi 6 standard uses the 2.4 GHz and 5 GHz bands.
The 60 GHz band is not included in the standard, as referenced in [7]. The primary
features and enhancements of the standard are the following:
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Downlink and uplink OFDMA
2. Downlink and uplink MU-MIMO
3. Higher order modulation (1024-

Outdoor operation
Reduced power consumption

Spatial re-use

QAM)
Advanced OFDM and coding

Transmit beamforming

© 0N oo

4. Single-user operation

More quantitative changes between the physical layer of the Wi-Fi 5 and Wi-Fi 6
standards can be found in the Table 2.1[7]. It can be seen that the modifications,
while initially introduced to enhance communication capabilities, have the poten-
tial to be used in sensing applications. In fact, the longer cyclic prefix allows for
a better long-range sensing, while the longer OFDM symbol and high bandwidth?
allow for a better range resolution.

Parameter 802.11ac Value 802.11ax Value
Bands 5 GHz 2.4GHz and 5 GHz
Channel width 20, 40, 80, 80480 160 MHz 20, 40, 80, 80480, 160 MHz
FFT sizes 64, 128, 256, 512 256, 512, 1024, 2048
Subcarrier spacing 312.5kHz 78.125 kHz
OFDM symbols 3.2 us 12.8 us
OFDM symbol cyclic prefix 0.4 or 0.8 us 0.8 or 1.6 or 3.2 us
Highest modulation 256-QAM 1024-QAM

Table 2.1: IEEE 802.11ax parameters.

Figure 2.1 represents the 5 GHz band allocation in Wi-Fi 5. This is the same as
the one used in the 6" generation. Each user can have access from 1 up to 8
channels, with each channel having a bandwidth of 20 MHz. By aggregating the
channels, the user can have access to a maximum of 160 MHz of bandwidth. The
2.4 GHz band allocation is not presented here, but it is similar to the 5 GHz band
allocation. A band edge of 20 MHz is also present on each side of the whole band
to avoid interference with other systems.

3The bandwidth is still the same as in the IEEE 802.11ac standard, but its high value is
noticeable.
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Figure 2.1: IEEE 802.11ac band allocation[7].

2.1.2 Preamble and Tailing

Single-user frame

: HE-LTF RL-SIG ‘Legacy’ preamble
Packet body carrying data TR HE-STF HE-SIG-A TSTF, LR, 151G

Frequency +“— Time 4-128 usec 4 usec 8 usec 4 usec 20 usec

Figure 2.2: IEEE 802.11ax preamble][7].

A crucial aspect of each communication standard is the preamble of the signal.
Primarily, the preamble is a known signal that is transmitted before the data. Its
primary function is to synchronize the receiver and the transmitter. Additionally,
it can carry essential information about the communication, such as the length
of the data sequence that is sent or received, the modulation used, and so forth.
Furthermore, the preamble is employed to correct the channel and perform an
equalization operation, as well as to address other crucial aspects of the communi-
cation. In this standard, the addition of the preamble is performed by the physical
layer of the transmitter. Figure 2.2 depicts the frame used in the IEEE 802.11ax.
This frame is used in the single-user case, as it is presented in this work. A vari-
ant of this frame exists for the multi-user case, but will not be presented here.
The frame is composed of three distinct sections: the legacy preamble, the high
efficiency (HE) preamble, and the packet body (payload).

Legacy Preamble

The legacy preamble is employed primarily to ensure compatibility with the pre-
vious standards. It is transmitted over all the 20 MHz channels used by the user,
thereby informing previous standard devices or devices utilizing such bands that
a transmission is in progress on the 20 MHz channel. It is composed of a short
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training field (STF), a long training field (LTF), and a signal field (SIG).

The newly established standard will not necessarily uses this legacy part. However,
as previously stated, the function of the legacy part is to ensure that the receiver
is aware of the ongoing transmission on the 20 MHz channel. In older systems, the
roles and durations of each field are as follows[46]:

e Short Training Field - STF - 8 pus: This field is the succession of short
training sequences. Due to its high correlation property, it is employed for
packet detection. Additionally, it is used for coarse frequency offset estima-
tion.

o Long Training Field - LTF - 8pus: This field is the succession 2 long
training sequences. Its function is to correct the channel, more finely estimate
the CFO and the timing offset.

o Signal Field - SIG - 4 pus: This field contains 24 bits of information, as
follows: 4 bits of rate, 12 bits of length, 1 bit of parity, 6 bits of tail bits, and
a bit of reserve. It is used to indicate the different parameters of the packet.

High Efficiency Preamble

In addition to the legacy preamble, new preambles have been added as the stan-
dard has evolved. For instance, in the IEEE 802.11ac standard, a preamble called
the "very high throughput" preamble has been introduced. In the IEEE 802.11ax
standard, its name is "high efficiency" preamble. These new preambles are used to
improve the performance of the communication. The composition of this preamble
is as follows: a repetition of the legacy signal field (RL-SIG), a high efficiency sig-
nal field (HE-SIG-A), a high efficiency short training field (HE-STF), and a high
efficiency long training field (HE-LTF). The preamble can be extended with the
repetition of a HE-SIG-A. Indeed, as this information is of the most importance,
it can be repeated twice to ensure that the receiver will receive it correctly in the
event of high fading, interference, or in outdoor scenarios.

The role and duration of the different parts of the high efficiency preamble are the
following [46][7][47][48]:
 Repeated Legacy Signal Field - RL-SIG - 4 pus: This field is used to
indicate the presence of the high efficiency preamble, thereby signifying an
IEEE 802.11ax transmission instead of an older IEEE 802.11 transmission.
« High Efficiency Signal Field - HE-SIG-A - 8 us: This field contains
information about the packet, including the bandwidth, the type of commu-
nication (Uplink/Downlink), cyclic redoundancy check, and other relevant
data. This allows the receiver to identify the type of transmission and the
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necessary parameters for packet demodulation.

« High Efficiency Short Training Field - HE-STF - 4 us: This field is
used for timing and frequency synchronization.

« High Efficiency Long Training Field - HE-LTF - 4 ;s-128 pus: This field
is used for channel estimation and synchronization. The length of the field
may vary from 4 us to 128 us depending on the number of spatial streams.

The preamble of an IEEE 802.11ax waveform can be obtained thanks to MAT-
LAB WLAN Toolbox. The simulated waveform is presented in Figure 2.3 with
the different parts colored differently.
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Figure 2.3: IEEE 802.11ax frame structure.

Tailing

Prior to the transmission of the actual packet, a communication between the emit-
ter and receiver is performed to know its size. In the event that the packet is
smaller than the negotiated size, a tail can be appended to the packet. The tail
may be composed of three parts. The first one is the padding, which is employed
to fill the negotiated space in the event that the produced frame is not sufficiently
long. The second is the tail bits, which can be incorporated after this for the
purpose of correcting code. This procedure is employed exclusively in cases where
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binary convolutional codes are used. However, in the majority of instances, a
low-density parity check is employed, as it is faster to perform, and thus the tail
bit is absent. Finally, a packet extension may be incorporated. This will give
the receiver additional time to process the packet. This extension is added at the
demand of the receiver.

Packet extension Tail bits Padding Packet body carrying data
f _
Frequency Time™

Figure 2.4: IEEE 802.11ax tailing[7].

2.2 IEEE 802.11bf

As explain in the introduction of the section, the IEEE 802.11bf standard is still
in development. The IEEE 802.11ax standard will thus be used as a starting
point of this work. This section will examine the principal enhancements that
are anticipated to be incorporated into the IEEE 802.11bf amendment and the
potential technologies that may be employed to enhance sensing capabilities.

2.2.1 PHY Layer

The new standard is set to operate in 2 different bands, the sub-7 GHz band and
the 60 GHz bands.

The physical layer of the sub-7 GHz band should remain consistent with the IEEE
802.11ax standard. Consequently, the preamble and tailing presented in section
2.1.2 should be used or be similar in the new standard. As it is not optimized for
sensing, the development of new algorithms is necessary to implement this feature.
Moreover, as this carrier frequency is lower than the other, the performance will
be limited to a coarser sensing capability.

On the other hand, the higher frequency band will be upgraded and certain por-
tions of it should be optimized for sensing. This band should be used for more
precise sensing as it has better characteristics. As the carrier frequency of the
second band exceeds 6 GHz, the USRPs used in this master thesis will not be able
to use such a band. Only the sub-7 GHz band will be employed.
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2.2.2 Sensing Configurations
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Figure 2.5: IEEE 802.11bf configurations[49].

The new amendment should propose 4 distinct configurations for the sensing pro-
cedure. Those configurations are represented in Figure 2.5. Firstly, the procedure
could be initiated by either a transmitter (TX) or a receiver (RX). The entity ini-
tiating the procedure will be referred to as the "Sensing initiator," while the entity
performing the sensing will be designated as the "Sensing responder." The 4 cases
are as follows[49]:

e Case 1 - RX Initiator: RX sends a request, and is thus be called the initia-
tor, of transmission to the TX. This request contains the sensing parameters
that the initiator wants, and it tells the responder to emit a packet. The
sensing responder then emits a signal called PPDU (Physical layer protocol
data unit). This signal is then used by the initiator to perform the sensing.

e Case 2 - TX Initiator: The TX initiates the transmission of a PPDU,
which is received by the responder. The responder then performs the sensing
operation, which enables it to estimate the channel state information (CSI)
and subsequently transmit this information back to the initiator via a report
transmission.

e Case 3 - RX and TX Initiators: The initiator may be either RX or TX.
The sensing process begins with the emission of a PPDU by the initiator.
This signal enables the responder to estimate the CSI and send it back to the
initiator during the report transmission. In response, the responder emits
a PPDU. The initiator then has access to both the estimation of the CSI
performed by the responder and its own estimation, which it can obtain
from the PPDU emitted by the responder. Consequently, the initiator is
able to obtain both uplink and downlink CSI estimations.
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e« Case 4 - Neither: In this case, the initiator requests that the responder
perform a sensing measurement. The responder then transmits a PPDU,
which it uses to estimate the CSI. The responder then transmits the CSI to
the initiator within a report transmission.

2.2.3 Sensing Procedure

In the context of the different scenarios, the exchange of information between the
initiator and the responder is crucial. The procedure containing this exchange can
be summarized by Figure 2.6. It is divided into two different parts. The first one
is for the Sub-7 GHz band and the second one is for the 60 GHz band. In both

parts, the sensing procedure can be expressed in four steps.
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Figure 2.6: IEEE 802.11bf sensing procedure[49].

The initial stage of the process involves the initiator and the responder exchanging

their respective sensing capabilities.

Following this, both devices begin a sensing measurement session. During this
phase, both parties exchange and agree upon the operational attributes of the
sensing. These attributes may include the type of measurement report to be fed
back, the number of measurements, the time between measurements, and so forth.
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The third step is the sensing measurement exchange. This part can be of multiple
natures. Firstly it can be trigger-based (TB). In this case, the initiator will send a
trigger frame to responders*. This can be seen as the pooling phase. This allows
the initiator to identify the responders that will participate in the measurement
exchange. The null data packet announcement (NDPA) sounding is the downlink
sounding. This announcement informs the responder that the initiator will emit
a null data packet (NDP). The initiator then emits a NDP, and the responder
makes the CSI estimation of the downlink channel based on this packet. The trig-
ger frame (TF) sounding is for the uplink sounding. In this case, the responder
transmits a trigger frame to the initiator, whom then performs the CSI estimation
for the uplink channel. The final step is the transmission of the report, which
enables the initiator to access both CSI estimations.

Another variant of this procedure is a non-trigger-based (NTB) procedure. In
this case, the initiator first emits a NDPA frame containing the information about
the measurement. This is followed by the emission of a NDP frame for downlink
sounding, after which the responder makes the CSI estimation, sends a NDP frame
and a report of the estimate. The initiator can then make the CSI estimation and
has access to both the CSI estimation and the report.

The main difference between the trigger-based and non-trigger-based procedure
lies in the presence of the trigger frame. In a trigger-based procedure, the initiator
will initially transmit a trigger frame to the responder, thereby notifying it of the
measurement that will take place and establishing a pool of responders.

The number of sensing measurements that may be exchanged is determined in the
second step of the process. Once the number of measurements has been reached,
the sensing measurement session is terminated.

The above procedure is for the sub-7 GHz band. The 60 GHz band is alike, yet the
sensing measurement exchange is different but will not be described here as it is
not employed in this work.

A final potential sensing procedure is the sensing by proxy. In this case, the device
requests that a responder, which is likely an access point, perform a sensing mea-
surement. The access point then performs the sensing measurement and transmits
the report to the device.

4Multiple responders can be present for the measurements. In Figure 2.5, only a simple
scenario with 1 initiator and 1 responder are shown.
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2.3 Scenario
The scenario presented in this master thesis is similar to the fourth sensing con-
figuration depicted in Figure 2.5. The system can be divided into two distinct

parts.

)
7

Communication capabilities D

Sensing capabilities

‘(ﬁ;)l

Wifi Access Point (AP) User equipment (UE)
Communication Communication
Sensing processing

Figure 2.7: Scenario used in this work.

The first part is responsible for the communication, while the second part is re-
sponsible for the sensing. The Wi-Fi access point serves both of these applications,
as it is the device acting as the transmitter in the system. For the communication
part, the AP communicates with a receiver presented as the user equipment (UE)
in Figure 2.7. The UE lacks access to the pre-emission signal and must rely on
pilots and preamble to detect the signal, equalize it, and retrieve to the useful data.

In the context of the sensing component of the system, the receiver is the AP itself.
The emitted signal will thus be sent by the AP, modified by the environment, and
then received back by the AP. As the AP has access to the pre-emission signal,
it can perform the sensing measurement with the entire signal rather than only a
part of it. This measurement provides information about the range, speed, and
angular position of the objects of interest in the area around the AP. The angular
position can be estimated only if multiple antennas are present on the receiver side.

It can be reasonably assumed that the sensing process will not interfere with the
communication aspect of the system. Indeed, this process uses the same signal
as the communication process in order to perform the CSI estimation. However,
it should be noted that this signal is not optimized for sensing purposes. An
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illustrative example of the proposed scenario in a real-world context would be:

1. The UE requests information from the AP. This information may take the
form of a web page, a video, or any other digital content.

2. The AP transmits the desired information to the UE in a Wi-Fi 6 frame
structure. The AP also retains a local copy of the transmitted frame.

3. A distinction between the communication and sensing is made in the two
subpoints that follow:

3.1. Communication - The UE then receives the frame and performs the
decoding process.

3.2. Sensing - At the same time, the electromagnetic wave emitted by the
AP is affected by the environment and a part of it is reflected back
to the AP. The AP then receives the signal. Thanks to the copy of
the transmitted frame, the AP can perform the CSI estimation with
the whole received signal. It can then estimate the range, speed and
angular position of the objects in the environment. The AP can also
estimate the parameters of the UE. It is noteworthy that if the AP did
not have access to the pretransmission signal, the CSI estimation would
be performed only on the preamble or known sequences of the frame.

4. If needed, the AP can send the information about the environment to the
UE, other devices, or store it for future use such as power optimization, etc.

Nevertheless, this scenario is based on the assumption that the UE requests infor-
mation from the AP frequently and that the transmitted packets are quite long in
order to have a good CSI estimation.

2.4 Summary of the Wi-Fi Standard - IEEE 802.11

In conclusion, this chapter presents the Wi-Fi standard. It discusses several gen-
erations of the standard, with a focus on the 6" generation. It also presents the
preamble and tailing of the standard, as well as the possible improvements that
could be present in the IEEE 802.11bf standard. Additionally, it presents the dif-
ferent sensing configurations and the sensing procedure. Finally, the scenario that
will be used in this master thesis has been presented. Throughout this work, it is
this scenario that will be employed, and we will try to adhere as closely as possible
to it.
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Experiment Setup

This chapter presents the experimental setup employed at UCLouvain. It begins
by presenting the different components of the setup, followed by a discussion on
the limitations induced by the setup. After this discussion, the improvements
made to enhance the performance of the setup are presented. To illustrate the
evolution of performance, a comparison between the first and second generation
setup is presented, using a benchmark. The chapter then presents and explains
the generated waveforms and the packet extraction processing used for both the
communication and the sensing.

3.1 USRP - 2944R

The primary component of the configuration used at UCLouvain is the NI USRP
2944R[50], provided by National Instrument and depicted in Figure 3.1. This Soft-
ware Defined Radio(SDR) enables the rapid prototyping of wireless systems. The
large bandwidth and carrier frequency range of these SDRs, which extends respec-
tively up to 160 MHz and from 10 MHz to 6 GHz, provides sufficient resources for
sensing capabilities. Additionally, a discrete non-linear range of values is available
for both the carrier frequency and the sample rate. The maximum sample rate
is 200 MSamples/s. Figure 3.2 represents the block diagram of the used USRP.
To interface and program them, NI provides LabVIEW, a graphical programming
environment. This software has not been used because of the poor usability. An
alternative method for interfacing the USRP is the open-source software GNURa-
dio. However, due to the significant learning curve associated with this software,
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Figure 3.1: USRP 2944R.

it was not selected. The optimal solution found is to use the UHD API provided
by Ettus Research. This API allows for the interfacing of the USRP with the com-
puter, which can be achieved via a C++ or a Python code. A preliminary version
of this work has been coded in Python, while another one has been developed in
C++ with the objective of enhancing the performance. This C++ version of the
interfacing has been provided by the Université Libre de Bruxelles (ULB). This
APT is used to configure the USRP. (i.e., set the carrier frequency, the sample
rate, etc.), send and receive the data, as well as flashing the embedded FPGA.
After being generated by the computer, the samples are sent to the devices via a
PCle port with a limited rate of 1 Gb/s or via a 10 Gigabit Ethernet (10 GbE) port.

The upper portion of the circuit, as depicted in Figure 3.2, illustrates the transmit-
ting hardware integrated within the USRP. After its generation, the IQ samples
are separated and transmitted to digital upconverters (DUC) for the purpose of
interpolating the signal to a rate of 200 MS/s. Subsequently, the digital signal is
converted to an analog signal by a digital-to-analog converter (DAC) with 16 bits
before being filtered by a low-pass filter with a cutoff frequency of 80 MHz. The
obtained signal is then modulated with the desired carrier frequency. As the used
carrier frequencies fall within the range of the Wi-Fi 2.4 GHz band, the signal is
transmitted via the direct path (see Figure 3.2). One advantage of this direct path
is that the signal is transmitted through fewer components, thereby reducing the
likelihood of signal deterioration. Finally, the signal is amplified prior to being
transmitted to the antenna.

The receiving part is shown at the bottom of the circuit. The receiving hardware,

located within the USRP, is responsible for the reception of the signal. Initially,
this signal is amplified by a low noise amplifier (LNA) and a drive amplifier. The
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Figure 3.2: USRP 2944R - Block diagram[51].

direct path is also used at the receiver, for the same reason as the transmitter. The
signal is then demixed and filtered by a low pass filter with a cut-off frequency of
80 MHz. Subsequently, the analog signal is converted to a digital format by the
analog-to-digital converter (ADC) with a 14 bits resolution. A digital downcon-
verter (DDC) is employed to reduce the signal to the desired sample rate. The
resulting digital signal is then transmitted to the computer via the port (PCle/10
GDbE).

The TX1/RX1 antenna of the USRP can be used for both transmission and re-
ception. This is achieved by the use of a duplexer, which serves to separate the
transmitted and received signals. However, the use of a duplexer results in a re-
duction of the usable sample rate by a factor of two.

Finally, the reference frequency of the USRP can be either internal or external. In
the developed setup, this is accomplished by using the OctoClock CDA-2990[52]
component from Ettus Research. This component will be discussed in greater de-
tail in the subsequent section. Additionally, a GPS antenna can be incorporated
into the USRP to facilitate wireless precise synchronization.

The USRP contains two circuits, which allows for a total of four channels. Two

of these channels are dedicated to reception, while the remaining two can be used
for transmission, reception, or both.
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3.2 OctoClock - CDA-2990

Figure 3.3: OctoClock CDA-2990[52].

For the purpose of time and frequency synchronization between the various USRPs,
the OctoClock CDA-2990 from National Instrument is employed. This device
offers the capability to synchronize up to eight USRP units in both time and
frequency. Time synchronization is achieved through the emission of a pulse per
second (PPS) signal, while frequency synchronization is accomplished through the
emission of a 10 MHz signal. Both generated signals are transmitted to the USRP
devices through a coaxial link. This signal is used by the USRP devices as a
reference clock, replacing the internal clock. Furthermore, the OctoClock can be
employed to synchronize multiple USRP units with GPS signals, provided that a
GPS antenna is incorporated[52].

3.3 Switch - CPS-8910

Figure 3.4: Switch CPS-8910[53].

In order to connect multiple USRPs to a computer via a PCle port, the CPS-
8910 Switch[53] from National Instruments is employed. This device is used to
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route the samples to and from the USRPs. The switch is capable of linking up
to eight devices to itself via eight PCle x4 ports of first generation. It can then
be connected to the computer via a PCle x4 port or a PCle x8 port of second
generation. The bit rate available with a PCle x4 port is up to 1Gb/s and is
4 Gb/s with a PCle x8 port[54]. These bit rates may present a limitation when a
high sample rate is used.

3.4 First Generation Setup
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Figure 3.5: First generation setup.

The first generation setup is shown in Figure 3.5. In this configuratin, the com-
puter is equipped with a 10" generation Intel Core i7-10700 processor and 32GB
of DDR4 RAM. The operating system used was Windows 11. Only a single PCle
x4 port of first generation was used for data transfer between the computer and
the switch. The same link is used for both the transmission and reception of the
data. Each USRP is connected to the switch through a PCle x4 port. The different
USRPs are connected to the same OctoClock to ensure precise time and frequency
synchronization. In the initial configuration, the computer and the USRP commu-
nicate via the Python API. The computer generates the transmitted data, which
is then sent to the USRP via the switch. The USRP receive the data and send it
to the computer via the switch, where it is stored on the solid state drive (SSD)
of the computer in real-time.
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The limitations of this configuration result in a significant number of overflow and
underflow errors at different sampling rates. These limitations can be attributed
to a number of factors, including;:

PCle Gen 1 x4 port - As previously stated, the maximum bit rate available
in downstream is up to 1 Gb/s with this type of connection. If the sampling
rate is too high or the number of channels is too important, the data cannot
be sent or received effectively. This can result in overflows or underflows.

Windows 11 - The Windows 11 operating system incorporates a data pro-
tection system, designated as Windows Defender, which analyses the data
transmitted and received by the computer. This protection system may re-
sult in the occurrence of overflows and underflows as the communication
between the computer and the USRP is being slowed down.

Python API - The Python APIis not the most efficient way to communicate
with the USRPs. Indeed there is the possibility to use the UHD API in C++,
which is a compiled language and more therefore efficient.

SSD - Once the data has been received, it is transmitted to the CPU and
subsequently stored on the SSD. This method of data storage is not the most
optimal. Instead, the data can be saved directly on the RAM and, after the
acquisition of the entire signal, transmitted to the SSD. This approach avoids
the bottleneck of the SSD writing speed and the utilization of the CPU to
save data during the measurement.

Switch - The use of the switch forces the data to traverse a unique port in
order to be transmitted from and to the computer. The use of a different
PCle extension card on the computer could facilitate the establishment of
multiple direct links to the computer, thus avoid the bottleneck associated
with a single connection.
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3.5 Second Generation Setup
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Figure 3.6: Second generation setup.

The second generation setup is presented in Figure 3.6. In order to avoid the
different bottlenecks of the first generation setup, the setup is modified as follows:

10 GbE port - The PCle Gen 1 x4 port is replaced by a 10 GbE port. This
port has a bit rate of 10 Gb/s, which is 10 times higher than the PCle Gen
1 x4 port. This allows for the transmission and reception of data at a faster
rate.

Multiple 10 GbE ports - The communication between the USRPs and
the computer is facilitated by the use of multiple 10 GbE ports. This ap-
proach avoids the potential bottleneck associated with a single connection
to interface all the USRPs. Furthermore, the data can be transmitted and
received directly to the computer without traversing the switch.

Linux - The operating system is replaced by Linux. This operating sys-
tem is more efficient than Windows 11 and does not have a non-removable
protection system that can slow down the interfacing process.

C++ API - The Python API is replaced by the UHD API in C4++. This
language is more efficient than Python.

RAM - The data is stored on the RAM during the acquisition of the signal
and then transmitted to the SSD after the acquisition. This approach avoids
the bottleneck associated with the SSD writing speed and the utilization of
the CPU to save data during the measurement.
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« RX and TX on different computers - In contrast to the previous ap-
proach, which involved a single computer for both transmission and reception
of data, a dual-computer configuration is employed. One computer is ded-
icated to data transmission (PC 1), while the other is responsible for data
reception (PC 2). This is represented by the two interfaces for the USRP
presented in Figure 3.6. This approach has the advantage of reducing the
overall load on each computers. The CPU of the computers are also more
powerful than the one used in the first generation setup. Indeed, the intel
i7-10700 CPU is upgraded to an intel 19-13900 one for both computers.

The modifications have resulted in a reduction in the number of overflows and
underflows. The performance of the setup has been enhanced, and experiments can
now be performed with a higher sampling rate and a higher number of channels.
These modifications have been discussed and obtained thanks to this exchange
with members of the ULB team. This team is also working on the IEEE 802.11bf
standard and has a similar setup which is presented and utilized in [55].

3.6 Benchmarking

To assess the performance of the system, a benchmarking exercise is conducted. A
stress test is performed by running the system with different parameters and eval-
uating its performance. For these tests, a range of sampling rates are employed,
starting from the highest (200 MS/s) and gradually decreasing until acceptable
performance is achieved. For the transmitter, a number of samples are transmit-
ted to the USRP to evaluate the quality of the uplink communication!. For the
receiver, a number of samples are received to evaluate the quality of the down-
link communication?. The number of samples lost due to overflow or underflow is
monitored. The test was conducted over a 10s period, with an average calculated
over 5 measurements.

Figure 3.7 illustrates the improvement achieved through the second generation
setup. The results demonstrate that for the second generation setup, the sampling
rate can be as high as 200 MS/s without experiencing underflows, overflows, or
dropped samples during a stress test. In contrast, the first generation setup is
unable to handle a sampling rate higher than 20 MS/s to achieve such results®. The
number of errors decrease as the sampling rate is reduced for the first generation
setup.

!The uplink communication is the communication from the computer to the USRP.

2The downlink communication is the communication from the USRP to the computer.

3A value of 1 is placed on the graph for the second generation setup at 200 MS/s and for the
first generation setup at 20 MS/s to indicate that no errors were observed.
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Benchmark results
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Figure 3.7: Benchmarking - First generation setup (OS) vs Second generation
setup (NS).

3.7 Time Domain Representation of the Wave-
forms

This section presents the different waveforms emitted and received by the USRP in
the experimental setup. Firstly, the waveforms are generated by the computers in
Python. After this generation, the waveforms are sent to the USRP via the C++
interface. The waveforms are then transmitted by the USRP and received by the
other USRP. It is those waveforms that are representation in the time domain
in this section. The received waveforms are then sent back to the computer for
processing.

3.7.1 Communication

The communication waveforms in the time domain are presented in this subsection.
In the final setup, it is this waveform that is used to transmit data from one USRP
to the other and also to perform the sensing.

45



Chapter 3. Experiment Setup

Transmitted Signal
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Figure 3.8: Transmitted signal in time domain. "P" represents the IEEE
802.11ax preamble and "Data" the pilots and the data part.

The transmitted signal in the time domain is presented in Figure 3.8. The signal
is composed of a preamble and a data part. The preamble is the one present in
the IEEE 802.11ax waveform and is introduced in Section 2.1. The data part is
composed of multiple OFDM pulses. Some of those pulses are pilots used for the
channel estimation and equalization. The combination of a preamble and a data
part has a length of L and is transmitted continuously by the emitter.

Received Signal

Time

Measured sequence

Figure 3.9: Received signal in time domain. "P" represents the IEEE 802.11ax
preamble and "Data' the pilots and the data part.

To assess the performance of the system, the continuously transmitted signal is
measured at the receiver for a specified duration. In order to ensure that a complete
packet is received, the measurement time is set to 2L, where L is the length of
the packet. The length of a packet is defined as the length of the data, which
can be composed of actual data and pilots, added to the length of the preamble.
Indeed, by doing so, the receiver is guaranteed to receive a complete packet. At the
receiver, the beginning of the packet can be identified by using the preamble and
performing a correlation as described in Section 4. The correlation is conducted
on a portion of the measured sequence with the known preamble. The portion of
the sequence used is of duration L + P, where P is the length of the preamble.
On the retrieved packet, the receiver can estimate the performance of the system,
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including the bit error rate (BER). Figure 3.9 presents a representation of the
received signal, with the grayed-out zones being not measured.

3.7.2 Sensing

In the sensing portion of the experiment, the receiver has access to the entirety
of the packet and is able to use it to accurately determine the start of the packet
and precisely measure it. In the experimental section presented in Chapter 6, two
methods are employed to conduct the sensing experiments.

Sensing - Method 1

The initial method is identical to the transmission and reception process presented
in the communication section. The only differentiating factor between this method
and the preceding one is that the entire packet is employed in a correlation to
identify the start of the packet. After the extraction of the packet, the receiver can
perform the Range-Doppler processing to estimate the parameters of the target.

Sensing - Method 2

Data Data Data Data Data Data

Time

Figure 3.10: Sensing - method 2: Transmitted signal in time domain."'Data"
represents the pilots and the data part.

4L—>
Data Data Data Data
Time

Measured sequence

Figure 3.11: Sensing - method 2: Received signal in time domain. "Data"
represents the pilots and the data part.

The second method is to not use a preamble for the transmission. In this case,
the signal can be represented by Figure 3.10. In this case, only the sensing is
performed as no preamble is added to the transmission. Nonetheless, random
data is still added to form the data part as well as pilots. A single packet of
length L is used to estimate the start of a sequence of interest, and multiple
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packets are recorded. By emulating a longer packet, the receiver gains access to
a greater number of OFDM pulses, allowing for increased speed resolution. The
measured signal without identifying the start of a sequence is depicted in Figure
3.11. The primary advantage of this system is that it consumes fewer resources
for the computer at the transmitter, as the emitted packet can be smaller. This is
advantageous because it reduces the likelihood of underflows, as observed in the
host computer for the transmission. Indeed, the transmission of lengthy packets
revealed the occurrence of underflows in an non fully optimized system®.

3.8 Summary of the Experimental Setup

The objectives of this chapter can be summarized as follows:

o The presentation of the different components of the UCLouvain setup, includ-
ing the USRP 2944R, the OctoClock CDA-2990, and the Switch CPS-8910.

o The limitations of the different components.

e The improvements made to enhance the performance of the setup.

o The assessment of the performance of the setup through benchmarking.

o The presentation of the transmitted and received waveforms for the commu-
nication and sensing.

The presented setup is capable of handling a sampling rate of 200 MS/s with-
out experiencing underflows, overflows, or dropped samples during a stress test.
The setup can be used for the purpose of conducting experiments of sensing and
communication.

4The second method is no longer necessary in the final setup.
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Synchronization

This chapter addresses the question of synchronization in communication systems.
First, different techniques for time synchronization are presented, along with the
performance achieved with such algorithms. The time synchronization is a cru-
cial aspect of communication systems, as it ensures that the start of a sequence
is accurately detected. Second, the carrier frequency offset estimation problem
is discussed. This problem arises due to the presence of different clocks in the
transmitter and receiver, or due to environmental movement and device-related
factors. The time and frequency offset estimation is presented through the use
of various algorithms, and the performance of these algorithms is presented. The
objective of this chapter is to identify the most effective algorithm for both time
and frequency synchronization.

4.1 Time Synchronization

The objective of time synchronization is for the receiver to correctly detect the
different part of the packet (preamble, data, pilots, guard intervals, and so forth).
This thesis presents two techniques for time synchronization: the correlation and
the Schmidl & Cox method. These techniques use a sequence in the preamble,
which is respectively known or not. To assess the performance of the methods,
the known sequence is the legacy long training field (L-LTF) of the IEEE 802.11ax
standard. As this sequence is simpler and shorter than the HE-LTF, the error
of synchronization should be higher than with this sequence, thus allowing for a
more accurate assessment of the techniques. After selecting the best performing
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techniques, the used sequence will be changed to the HE-LTF in the final setup.

4.1.1 Correlation

The correlation method is based on the cross-correlation between the received
signal and the known sequence. The correlation is given by the following equation:

M-1
R[n] = > x[m]y*[m +n], (4.1)

m=0
where the received signal is x, the known sequence is y, and M is the length of
the known sequence. The correlation is performed between the received signal and
the known sequence. This correlation can be performed in the time or frequency
domain. Indeed, a convolution in the time domain is equivalent to a multiplication
in the frequency domain and efficient algorithm such as the FFT/IFFT exists to
go from one domain to the other. Doing the operations in the frequency domain
could thus reduce the complexity of the correlation operation. The correlation
result using the property previously mentioned is given by the following equation:

R[n] = IFFT{X[k]Y*[K]}, (4.2)

where X is the DFT of the received signal, and Y is the DFT of the known
sequence. They are used to calculate the maximum value of the correlation. The
index of the maximum value of R represents the shift between the received signal
and the known sequence. Consequently, the start of the sequence can be estimated
as

Nstart = argmax R[n]. (4.3)

4.1.2 Schmidl & Cox Method

The Schmidl & Cox algorithm, as described in [28], is the second timing synchro-
nization technique that is tested in this thesis. It is based on the use of a sequence
composed of two repeating parts. If the system is not continuously performing the
synchronization operation, a problem would appear for the use of such algorithm.
A solution would be to use a power threshold-based algorithm to detect when the
receiver should start the detection of the incoming signal. The Schmidl & Cox al-
gorithm is based on the autocorrelation of the received signal. The autocorrelation
metric P[d] is employed by the algorithm and calculated as

L-1

Pld] = > rld+m]r*[d+m+ L]. (4.4)

m=0
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In (4.4), r represents the received signal, while L denotes the length of half the
sequence. The received energy is calculated as

L—1

R[d) =" |r[d+m+ L]|*. (4.5)
m=0

In the Schmidl & Cox algorithm, the metric employed to identify the midpoint of

the sequence is

|P[d]?

Rld]* -

The maximum value of this metric is computed, and its corresponding position is

used to identify the middle of the sequence. The problem can be defined as

Mar[d) =

(4.6)

dy = argmax M|d]. (4.7)
d

A modified version of the Schmidl & Cox algorithm is presented in [56] and the
new metric is calculated as follows:

| Pld]|”

M= Rara+ o)

(4.8)
The modification forces the maximum value of the metric to be equal to 1 in
any scenario. The article defines this as self-scaling and found this property to
be beneficial in the case of multipath environments. Nonetheless, the problem of
identifying the maximum value of the metric remains unchanged and is still given
by (4.7).

In order to enhance the robustness of the algorithm in noisy environment, [57] sug-
gested not only to identify the midpoint of the sequence by locating the maximum
of the metric, but also to refine this position. This is achieved by determining the
lower and upper bounds of the metric. These are defined as

d;, = argmax M[d] s.t. M[d] <0.9M[dy] Vd <dy, (4.9)
d

dy = argmax M|[d] s.t. M[d] <0.9M[dy] Vd > dy. (4.10)
d

In (4.9) and (4.10), a threshold of 90% of the maximum of the metric is employed
to identify the bounds. However, this threshold may be modified and optimized.
The index situated midway through the sequence is refined by using those bounds
and can be expressed as

dp, + dy

d= . 4.11
5 (4.11)
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4.1.3 Simulation Results

The result of the algorithm with the improvement proposed in [57] is presented
in Figure 4.1. In this figure, the received signal has a length of 128 samples!. In
this simulation, the delay is fixed at 308 samples and the SNR is set to 20 dB.
The maximum value ny; of the metric proposed by [56] is equal to 307 in this test.
The lower and upper bounds are represented, respectively by nr, and ny and are
equal to 304 and 312. Finally, the refined middle ny,; of the sequence is equal to
308. This result is consistent with the fixed delay added to the received signal.
During this test, the algorithm is capable of identifying the middle of the sequence
with a precision of one sample for the modified Schmidl & Cox algorithm and with
zero samples for the refined version. Figure 4.1 illustrates how the refined version
could enhance the precision of the algorithm. Nevertheless, this improvement is
most effective in low SNR scenarios. Indeed, in the case of high SNR, the modified
version is already accurate enough, and the refined version could be less efficient
and prone to errors due to the additional steps.

12 Schmidl and Cox algorithm

y
—— metric S&C

— T M

1.0 A N
/ \,\ ny

Ny

Mt

0.8 A

0.6 1

Amplitude [-]

0.4

0.2 A

0.0

2%0 ZéO ZéO 3(’)0 3i0 350 3é0 34'10
n[-]
Figure 4.1: Schmidl & Cox algorithm with the improvement proposed in [57]. In
blue the received signal, in red the metric proposed by [56], in green the

maximum of the metric, in yellow the lower and upper bounds and in black the
refined middle of the sequence.

The presented techniques have been simulated with different levels of noise. Fig-
ures 4.2 and 4.3 present a comparison between the correlation and the two pre-

'The sequence is composed of two parts of 64 samples.
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sented versions of the Schmidl & Cox algorithm. The modified version employs
(4.7) to identify the middle of the sequence, while the refined version uses (4.11).
The sequence used is a sequence of 128 samples composed of 2 repeated sequences.
The figure demonstrates that, regardless of the noise level, the correlation is the
most reliable technique for estimating the timing offset. The modified Schmidl &
Cox algorithm is most effective at high SNR, while the refined version is prefer-
able for low SNR events. However, the difference between the two versions is not
significant, as the refined version uses the estimation of the modified version.

One advantage of the Schmidl & Cox algorithm is that the sequence of interest is
not required to be known. Indeed, only the length of the sequence is necessary. In
this work, since the sequence is known, the correlation is the optimal technique for
time synchronization, as the results are more reliable. Moreover, the correlation
allows for an odd number of samples in the sequence and the use of any sequence.
This is not the case for the Schmidl & Cox algorithm.

Another advantage is that the Schmidl & Cox algorithm is more robust to noise
and multipath than the correlation. Indeed, the correlation is based on the cross-
correlation between the received signal and the known sequence. If the signal is
noisy or multipath is present, the correlation could be less efficient. The Schmidl
& Cox algorithm is based on the autocorrelation of the received signal. This means
that the algorithm is more robust to noise and multipath as the signal is correlated
with itself.

50,0 Error of the timing synchronization Error of the timing synchronization

—&— Sim. S&C refined
—&— Sim. Correlation
—#— Sim. S&C modified 103 4

—— Sim. S&C refined
—#— Sim. Correlation
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Figure 4.2: Simulation - Comparison of Figure 4.3: Simulation - Comparison of
the correlation and the Schmidl & Cox the correlation and the Schmidl & Cox
algorithms in natural scale. algorithm in semi-logarithmic scale.
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4.2 Frequency Synchronization

Another synchronization that must be performed is the frequency synchronization.
The objective is to correct the carrier frequency offset between the transmitter or
the receiver. This offset can be caused by Doppler shifts added by the environment
or the motions of the transmitter and the receiver. Another source of the carrier
frequency offset is the different oscillators used in those devices.

The offset can be corrected using a variety of techniques. This section presents
three techniques: the Schmidl & Cox algorithm across two successive sequence,
the Schmidl & Cox algorithm across multiple OFDM pulses, and an FFT-based
algorithm. It is assumed that the timing offset has been corrected perfectly by one
of the techniques presented in Section 4.1.2. The frequency offset in a noiseless
signal can be expressed as

r(t) = s(t)es?mferot, (4.12)

where r(t) represents the received signal, s(¢) is the transmitted signal, and fcro
refers to the carrier frequency offset (CFO).

4.2.1 Classical Communication Algorithm

For classical communication systems, the CFO is corrected by using a preamble at
the start of a packet. This is represented in Figure 4.4 by the OFDM pulse only
composed of pilots. The Schmidl & Cox algorithm presented in Section 4.1.2 can
also be used to estimate the frequency offset. After having found the middle of
the sequence, the frequency offset can be estimated using (4.13). This algorithm is
also referred to as the Moose algorithm [58]. In this section, it is assumed that the
timing offset has been perfectly corrected, which allows the middle of the sequence
to be known.

CFO = 7{2 x arg(P|dy]). (4.13)

In (4.13), f, represents the sampling frequency, P[d,] is the autocorrelation met-
ric at the midpoint of the sequence, and "arg" is the phase of the metric. In this
case, the CFO is estimated across two consecutive sequences, each of which has a
length of L.

o4



Chapter 4. Synchronization

4-| Schmidl & Cox across pulses

Pilot

Data

OFDM symbols

—>| Schmidl & Cox across 2 sequences |

Subcarriers

Figure 4.4: Comparison of the pilots position in the Schmidl & Cox algorithm
across 2 sequences and in the Schmidl & Cox algorithm across multiple pulses.

4.2.2 JCAS Algorithm

For JCAS systems, the number of pulses transmitted is higher than for communi-
cation systems to provide sufficient Doppler resolution. This allows the CFO cor-
rection to be performed over these pulses. Two different techniques are presented:
the Schmidl & Cox algorithm over multiple OFDM pulses and an FFT-based al-

gorithm.

Schmidl & Cox Algorithm Across Different Pulses

To enhance the resolution, the Schmidl & Cox algorithm can be executed across
multiple OFDM symbols. This approach extends the duration of the sequence
used to estimate the CFO, thereby achieving a more accurate CFO estimation.
The required modification to the system is the incorporation of a pilot symbol on
a specific subcarrier. Figure 4.4 illustrates this with pilots on the first subcarrier.
The pilots across the pulses are then separated in time by an interval of one OFDM
symbol instead of a symbol. As the algorithm is only applicable to sequences
comprising two repeating parts, the different pilots added to the subcarrier must
be arranged in such a sequence. Furthermore, it is important to note that the
number of pulses present in an OFDM symbol should not be less than the length
of the sequence. In this technique, the CFO is estimated using

CFO = x arg(Pldp]). (4.14)

7 LTprr

In this case, the middle of the sequence is also perfectly known. In (4.14), Tpg;
represents the duration of an OFDM symbol, while L denotes the length of the
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sequence. The metric P[dy] is calculated using the methodology presented in the
previous section, but across multiple pulses. One can note that the resolution is
increased compared to the Schmidl & Cox algorithm across two sequences thanks
to the longer duration of the sequence used to estimate the CFO.

FFT-based Algorithm

The FFT-based method is inspired by [30]. In this article, the authors propose to
use the preamble to estimate the CFO by performing a DFT. Indeed, the preamble
of the received signal can be extracted, and by dividing the received preamble by
the known preamble, the CFO can be isolated and estimated. To enhance the
precision of the CFO estimation, the received preamble can be zero-padded prior
to performing the DFT. The CFO is then estimated by selecting the maximum
value of the obtained signal in the frequency domain.

This work presents an alternative approach that employs the same pilot sequences?
as the Schmidl & Cox algorithm across multiple pulses. This approach enhances
the resolution of the estimation compared to solely using the preamble, as the
duration of the sequence used for CFO estimation is extended. By employing the
equation referenced in (4.12), the term influencing the p" OFDM symbol is

CFO, = ef*mpicroTerr, (4.15)
A DFT of the CFO over multiple pulses p yields the following expression:
P-1

|DFT{CFO}[]§” = Z ejQT"fCFOTPRIpeijTr%p

p=0

P—-1 )
— Z el P (JeroTeriP—k)p

p=0

1 — i % (feroTpriP—k)P

1— ej%”(fCFOTPRIP—k’)

sin(7(feroTcpr — k))
sin(ﬂ(fc%TcpI —k))

, (4.16)

where we used the formula of a sum of a geometric series, which is given by

1-a"

N-1
"= 4.17
D (417)

2 Another sequence than a 2 repeating parts sequence could be used.
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and the trigonometric identity by

sin(z) =

(4.18)

The CFO can be estimated by selecting the value of k£ that maximizes the magni-
tude of the DFT. The resolution of the CFO is given by the expression

1
PTpg;’
where the value of P is the number of pulses used to estimate the CFO. An in-

crease in the number of pulses used to estimate the CFO results in an increase in
the resolution of the CFO.

Afero = (4.19)

To summarize, in the FFT-based CFO estimation, the pilots present on a specific
subcarrier are isolated across multiple pulses. The received pilots are divided by
the known pilots and an FFT is performed. The CFO is estimated by selecting
the maximum value of the FFT. A zero padding can be performed to increase the
precision of the estimation. This second method offers both a better precision to
estimate the CFO and a stronger robustness to noise and multipath.

4.2.3 Simulation Results

The presented techniques have been simulated with varying levels of noise. For
each simulation, the timing offset is precisely corrected, and a carrier frequency off-
set of 3.2kHz is added. As the carrier frequency used in the simulation is 3.2 GHz,
this value is equivalent to 1 ppm?. In the USRP system, such high values of CFO
between the internal oscillators are not present. Nevertheless, this value is em-
ployed to underscore the distinction between the techniques.

The number of resource units for each simulation is 128. The Moose algorithm
employs a repeating sequence of two 64-symbol sequences, either in two successive
symbols or across 128 pulses, with a single subcarrier dedicated to the pilots. The
FFT-based algorithm is also performed across 128 pulses with a single dedicated
subcarrier.

3ppm stands for Parts Per Million.
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Error of CFO correction (CFO = 1 ppm), P = 128 , N_Moose = 2*64
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Figure 4.5: Simulation - Comparison of the different CFO estimation techniques -
Moose is the classical Schmidl & Cox algorithm across 2 successive sequence,
Moose 2 is the Schmidl & Cox algorithm across multiple OFDM pulses and ZP is
the FFT-based algorithm with zero padding.

Figure 4.5 depicts a comparison between the presented techniques. The first ob-
servation is that the Schmidl & Cox algorithm across two consecutive sequences
exhibits the poorest performance. As the duration of observation is shorter, the
resolution of this method is lower than the two other methods. When performed
across pulses, this method is the most precise one for all levels of noise. Neverthe-
less, as the precision of the FFT-based method can be increased by zero padding,
this method can achieve the same performance as the second method. One signif-
icant advantage of the FFT-based method is that it does not require a repeating
sequence. This allows for a more flexible system. Indeed, if the number of pulses
fluctuates and is lower than the two sequences required by the Schmidl & Cox
algorithm, the FFT-based method can still be employed and perform well.

4.3 Summary of the Synchronization

In conclusion, the purpose of this objective is to compare different synchronization
techniques. For this purpose, the correlation and the Schmidl & Cox algorithm
for timing synchronization were tested. Correlation is the most reliable technique
for correcting the timing offset.
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For frequency synchronization, the Schmidl & Cox algorithm was tested over two
consecutive sequences and over multiple OFDM symbols, and the FFT-based al-
gorithm was tested. The FFT-based algorithm is the most flexible method and
can achieve the same performance as the Schmidl & Cox algorithm over multiple
OFDM symbols, so it seems to be the best method to use for frequency synchro-
nization.

For the experimental setup, it is the correlation with the known preamble HE-LTF
that is used for the timing synchronization. For the frequency synchronization, the
FFT-based algorithm is used. After having implemented those methods in the sys-
tems, The packets are well detected and the estimated CFO with the connection
with an OctoClock is close to 0 Hz showing the good performance of this synchro-
nization.
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OFDM - Joint Radar and Communication

The selected modulation for the joint radar and communication setup is OFDM.
This chapter presents this modulation in the context of communication and radar
used in this work. It also presents the different steps to obtain the signal and how
the processing of the signal is performed to extract the information of interest.
Firstly, the communication chain implemented in this work is presented, along
with the choices made for the different parameters. Secondly, the radar chain is
presented with the same structure. As previously stated in Section 2.3, both chains
are separated and performed by different devices. The receiver of the communi-
cation chain is only aware of the preamble of the packets and the pilots present
in the signal. In contrast, the radar receiver has access to the entire transmitted
signal, which it can use to estimate the relevant parameters.

5.1 Communication

The used OFDM transmission chain is presented in Figure 5.1. The objective of
this section is to present the distinct stages of the OFDM transmission chain, from
the encoding of the binary stream to the decision of the bits based on the received
signal.

The initial stage of the transmission chain is to map the binary steam of informa-
tion to a constellation in the complex map. In this work, the chosen constellation
is the 4-QAM constellation. The four possible coordinates in the imaginary plain
are —1 47, —1 —7j, 14+ 7 and 1 — j. Subsequently, a serial-to-parallel operation is
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Figure 5.1: Communication - OFDM transmission chain.

performed to place the symbols on the different subcarriers. The various possibil-
ities for the number of subcarriers (Vg ) in the context of Wi-Fi 6 are presented in
Chapter 2. In this stage, some subcarriers may be removed and data not allocated
to them.

" Pilot

f Data

Unused

OFDM symbols

Subcarriers

Figure 5.2: Pilot plan for the OFDM signal.

For example, the DC carrier may be removed in order to reduce noise, as well as
the carriers at the edge of the bandwidth to reduce interference. Some pilots are
added to some subcarriers. These can be either placed in the time domain, the
frequency domain, or a combination of both. Pilots can be used to estimate the
channel, correct it, or estimate the carrier frequency offset between the emitter and
receiver. In this work pilots symbols are emitted on a specific subcarrier (the first

61



Chapter 5. OFDM - Joint Radar and Communication

one), as well as at a repetitive interval on all the subcarriers. This is represented
in Figure 5.2.

The sampling rate used by the system is 200 MS/s, with an allocated bandwidth of
either 100 MHz or 80 MHz. The subcarrier spacing is defined as Ay = i As the
highest available bandwidths used by the USRP are constrained to 50 MHZ 100
MHz or 200MHz, the 80 MHz bandwidth is generated by employing a 100 MHz
bandwidth and not using all the available subcarriers.

The next step is to transition from the frequency domain to the time domain. This
is executed with an IDFT. To enhance the performance of the system, this is made
with an IFFT operation. The IFFT is performed on the Ny. subcarriers or on a
larger window of L x Ng. size, where L is the oversampling factor and the signal
is padded with (L — 1) % Ny zeros. In this work, an oversampling factor of 2 is
present to avoid aliasing.

Following these operations, the symbols are in the time domain. A cyclic prefix is
added to those symbols to make the channel matrix circulant. The cyclic prefix
is a copy of the last samples of the OFDM symbol which are repeated at the be-
ginning of this symbol. The cyclic prefix will increase the robustness of the signal
to ISI and multipath propagation. The duration of the cyclic prefix is selected to
exceed the maximum delay spread of the channel. As presented in Chapter 2, this
duration is a parameter of the transmission and in Wi-Fi 6, it is chosen to be either
0.8, 1.6 or 3.2 us. In this work, its duration is 3.2 us. Following the addition of
the cyclic prefix, the concatenation of all OFDM symbols forms the OFDM signal,
which is then transmitted over the channel.

The mathematical expression of the OFDM signal is given by

J\/vsymb_1 Ngc—1

z(t) = Z Z Sm,neﬂmAf(t_mTOFDM_TCP)Tect (t — mTOFDM) ; (5.1)

m=0 n=0 TOFDM

where S,,, is the symbol transmitted at the m' OFDM symbol and the n'" sub-
carrier. Toppy is the duration of an OFDM symbol, A f the subcarrier spacing and
Tep the duration of the cyclic prefix.The OFDM signal comprises Ny subcarriers
and Ngymp OFDM symbols. A rectangular window is applied around the OFDM
symbol to link them together in separate time frames.

Following the emission of the signal, the environment surrounding the emitter

will affect it. This channel can be modeled by multiple parameters, including the
attenuation coefficient oy, the delay 75, and the Doppler shift fp,, where £ is the
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index of the path used in the environment.

v
d
T = ?‘“ (5.3)
ap = ¢k6j7ke—j27rfc7k (5'4)

The expressions of the delay, Doppler shift and attenuation related to the path k
are developed in (5.2) and (5.3). In these equations, ¢ is the speed of light, v, the
velocity affecting the path k, f. is the carrier frequency, d;. is the distance of path
k, ¢ is the attenuation and -, is the phase shift due to the environment. The
expression of the received signal after going through the channel is given by

K—1

y(t) = D aga(t — 7)€ P! aw(t)
k=0
K-—1 ]Vsymb_1 Ngc—1

= Z Z Z S n€j277nAf(t*mTOFDM*TCP*Tk)ejZTrkat

k=0 m=0 n=0
t — 1 — mi;
Tect( k OFDM) ()
TOFDM
K-1 Nsymbfl Ngc—1
— Z Oék Z ejZWkat Z Sm’nejQWnAf(t—mTOFDM—TCP)e—jQﬂ'nAka
t— 1 — mT
rect ( u OFDM) + w(t), (5.5)
TOFDM

where w(t) is the noise in the environment and K paths are present.

The receiver on the other side of the channel must be able to detect this signal. A
coarse detection of the packet can be performed by evaluating the energy of the
received signal. If this energy is above a certain threshold, the packet is detected.
The signal is then sampled at a rate of 1/7,.. After the sampling, an estimation
of the main component of the delay (7.s) is made, which is likely to correspond
to the direct path if present. This is achieved through correlation with the HE-
LTF. Additionally, at this step, a coarse estimation of the carrier frequency offset
(fp...) can be performed. In this work, the recovery of a packet is performed in
accordance with the methodology presented in Section 3.7, and the CFO estimation
is not performed at this stage. Rather, it is performed with the FFT-Based method
presented in Chapter 4. When no coarse CFO estimation is performed, the signal
at this stage is given by
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K-1
yln] = > opa(nT, — 7, + Test) €2k 4+ apn). (5.6)
k=0

If a coarse estimation of the CFO is performed and the estimated offset is given
by fp.., the signal can be expressed as follows:

K-1
yln] = 3" apw(nT, — g + Test) €722k 0e)t 1 ap[]. (5.7)
k=0

The remainder of this chapter will use (5.6). Once the timing offset has been
corrected, the signal can be divided into multiple OFDM symbols (pulses) by
transforming the serial signal into a parallel signal. The pulse notation of the
signal is

y(p,1) = y(pTorpm + T + Tep), (5.8)

where p represents the index of the pulse and [ the index of the sample within the
pulse. This representation facilitates a more comprehensive understanding of the
signal and its processing. The received signal can be represented as follows:

K-1 Ngc—1
y(p’ l) — Z akejQﬂ'kapTOFDMejQﬂ'ka (ch+TCP) Z S 7ne‘]27'("I’LA.)C(Z’TC)e—]Qﬂ"I’LAf’T'k
k=0 n=0
T, +Tcp — 7
rect ( S k) + w(p, ). (5.9)
TOFDM

If the system is well-designed, which means that Tcp is larger than the maximum
delay spread of the channel, the received signal can be expressed as

y(p’ l) — KZI akejwaDchP eI2mfpy pTorpm Nil Sp7n€j27rka IT; j2mnAf(ITe) ,—j2mnA fr
k=0 n=0
+ w(p, )

K-1 Ngc—1

= dkejQWkapTOFDM Z S ?nej2ﬂ(nﬁf+ka)(ch)e*JQTmAka 4 w(p’ l)
k=0 n=0
K-1 ] Nsc—1 o )

— Z dk6327rkapTOFDM Z S ’neJN*SC(nJrkaT)(l)e*ﬂﬂ'nAka +w(p, l) (510)
k=0 n=0
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The additional cyclic prefix is then removed from the signal. It is transformed from
the time domain to the frequency domain by the FF'T operation. Once again, the
size of the FFT can be increased by a factor of M to perform an oversampling. The
obtained signal is then trimmed to retain only the Ny, samples. The oversampling
factor at the receiver is the same as at the emitter and equal to 2 in this work. In
the absence of oversampling, the signal is given by

A

S(p,m) =FFT(y(p,1))

= Y ylp, e R
=0

K-1 ) Ngc—1 ) Nsc—1 ) mi o
_ Z &k6‘727r‘kapTOFDM Z S 7n67]27T'rLAka Z e_]27r Nsc e.] Nsc (n"’_kaT)(lTC)
k=0 n=0 =0
+w(p,m)
K-1 ) . Nsc—1 .o
_ Z dkeJQWkaPTOFDMe—J%mAka ( e NSC(—kaT)l) Sp,m
k=0 =0

K-1 } Neel
+ Z &kGJQWkaPTOFDM Z e—JQTFnAkaspn ( e—JNSC(m—n—kaT)l>
k=0 m#n =0

+ w(p, m). (5.11)

In (5.11), the first term represents the signal of interest, the second one is the
inter-carrier interference (ICI), and the last is the noise. The pilots present in the
obtained signal can be used to estimate the channel and correct it. If the channel
is stable in time, only one estimation over all the frequencies can be performed
and kept for the whole packet. An OFDM symbol added to the preamble of
the packet can be employed to perform this estimation. However, in the event
that the channel undergoes rapid variation over time, pilot OFDM symbols must
be transmitted at a regular interval in order to estimate the channel over time.
The channel estimation is performed by the receiver and the channel matrix is
obtained. In this master thesis, pilot OFDM symbols are emitted at a regular
interval to perform the channel estimation. The estimation can be summarized by

A

H(p,m) = interp (Hpiots(p, m)) , (5.12)

where

S(p ilots m)
Hpilots(p7 m) = m, (5.13)
pilots;

65



Chapter 5. OFDM - Joint Radar and Communication

A

where "interp' denotes the interpolation process. In (5.1), S(ppiots, M) represents
the received pilots, and S(ppilets, ) i the known send pilots. H (p, m) can directly
be used to correct the signal. This signal, denoted S(p, m), is given by

A

S(p,m) = m. (5.14)

Furthermore, this stage allows for the refinement of CFO estimation and correction
through the use of pilot symbols, as detailed in Chapter 4. The corrected signal
can be used directly for the decision by computing the minimum distance between
the received signal and the possible symbols (4-QAM). The minimization problem
may be defined as follows:

S(p,m) = argming ‘S’(p, m) — Sp,m’ . (5.15)

Finally, the selected symbols (S(p,m)) are mapped back to the binary stream,
and the BER may be computed. This allows the performance of the system to be
estimated.

5.2 Radar

The majority of the components of the radar are analogous to those present in
the communication chain. First, the transmission chain is identical, as it is not
desired to interfere with the performance of the communication, as explained in
the defined scenario in Section 2.3. The radar has access to all the information
of the emitted signal to perform the detection. This information is used by the
receiver to perform the detection. Figure 5.3 presents the OFDM transmission
chain for the radar.

)
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Binary str Data t bol Serial to parallel IFET Cycle prefi Parallel J
inary stream ata to symbols erial to paralle (size LN..) ycle prefix arallel to seria J
N N

C* | Channel
E (G|
~— |

N s N
ange- FFT
Target detection Range Do.ppler Symbol correction . ) Removal CP Serial to parallel Packet detection
processing (size M Ng.)
J J

Figure 5.3: Radar - OFDM transmission chain.
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At the receiver, the signal is sampled at a rate of 1/7,. and the timing offset is
corrected. This correction corresponds to the path with the highest power, which
is generally the direct path. For this correction, the entire packet can be used for
the correlation instead of only the preamble in the communication case. The next
step is identical to the one presented in Section 5.1. And all the processing that
differs from the communication one takes place after the FFT operation previously
presented.

The channel information matrix D(m,n) can be obtained by dividing the received
symbols S(m,n) by the known emitted symbols S(m,n). This operation is pre-
sented in (5.16). In this matrix, both the delay and Doppler shift are present in
two different exponential terms. For the delay, the exponential is expressed with
a positive exponent term, while for the Doppler shift, the exponential is expressed
with a negative exponent term. It is noteworthy that the CFO should not be
corrected during the packet detection for the radar processing. Indeed, correcting
it would alter the Doppler shift estimation and render it irrelevant.

>

(m,n)
Dm.n) = 5oy
Y
K Nsymbfl Nsc—l
— g Z eJ27 fp, mTorpm Z e J2mnAfTy (5.16)
k=1 m=0 n=0

As presented in Chapter 1, the radar signal is subject to clutters. One approach
to remove the clutters is by subtracting the mean of each OFDM symbol. This
method is presented in section 1.2.2 and comes from [42]. Moreover, all the ele-
ment located on a relative distance! of 0 m are removed by subtracting the mean
across the different OFDM symbols.

After this operation, an FF'T is performed on the channel information matrix to
estimate the Doppler shift. This operation can be zero padded to increase the
precision of the estimation?. This FFT is performed across the different OFDM
symbols. The following development expresses this operation:

IThe relative distance of 0m corresponds to the direct path between the transmitter and the
receiver.
2The difference between the clutter removal method is the possible zero padding.
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DDFT(L Z) = DFT (D(m, TL))

1 ]\/vsym,b_1 9 pl
—jor
-2 % Dlmme
Nsymb p=0
symb—1 K—1 symb— sc—1 .
1 N, 1 N, 1 N. 5 »l
_ Yo Y Y eroemToron ¢ e I2mnAS T TNy
N, el = -
ymb  p=0 k=0 m=0 n=0
Nsymb 1Nsymb 1 . pl Ngc—1
Z ay, Z Z 6.727rkamTOFDM Noymb Z e—JQWnAka
\/Nsymb k=0 n=0

(5.17)

Equation 5.17 shows that by performing the DFT on the distinct OFDM sym-
bols, the Doppler shift can already be estimated at this stage, while the delay is
preserved. This estimation can be achieved by employing a similar methodology.
Indeed, by performing an IDFT over the different subcarriers, the delay can be
estimated. The following development expresses this operation:

R(y,z) = IDFT(Dppr(l,1))

IR
= Z Dprr(l Z) 27 N

\/ symb v SC t=0

1 th—lK 1 Nsymb leymb 1 pl

TN VN . > D Z Z €12/ py, mTorDN TNy
symb

SC t=0 k=0
NSC 1 ) ot
Z €—j27T'rLAka6]27rNSC
n=0

Nsymb leymb 1 pl

e ITID Sl SV
symb SC k=0 p=

bC_l NSC_l

Z Z o I2mnAf Ty pJ2m R (5.18)

The obtained R matrix contains the information regarding the delay and Doppler
shift presented in such a manner that looking at the maximum values of the matrix
will give the delay and Doppler shift. These values can be obtained by using the
following equations where the index my; and nj are the index of the maximum
value of R(m,n) corresponding to target k:
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mg = LkaTOFDMNsyme (519)

Once the delay and Doppler shift have been obtained, the distance and speed can
be calculated using the following equations:

g

o 21
™ AfN. (5.21)
A mk
= 5.22
I, TorpmNsyms (5.22)
N kaC
= 2
Uk 2fc (5 3)
R, = ¢ (5.24)

2

Another approach to remove those clutters would be to use the matrix D and
perform a non-zero padded 2D-FFT on it and remove the values that are located
at the 0m distance and O0m/s speed in the obtained Distance-Speed map. By
doing so, the flexibility to remove zones of clutter that are not located at the Om
distance and 0m/s speed is added. This could be useful in a scenario where a
moving vehicle performing the radar measurements want to remove the clutters,
i.e. the buildings. Indeed by knowing the speed of the vehicle, the clutter can
be removed by removing the values that are representing the O m distance and
the minus speed of the vehicle. After the removal of the clutters in the frequency
domain, an 2D-IFFT is performed to obtain a cleaned channel information matrix.
This is presented in the first steps of Figure 5.4 and this Figure representes the
radar processing, where R is the cleaned channel information matrix.
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Non-ZP Cleaned — Non-ZP
Distance — Speed map Distance — Speed map

2D — FFT " |clutter removal

o
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| Wy

IFFT

Zero padded 2D — FFT

N

Figure 5.4: Radar - Summary of the radar processing from the CSI matrix to the
estimation of the distance and speed.

It is noticeable that in the case of the radar, and with the scenario defined in Sec-
tion 2.3, the delay represents the time taken for the signal to travel to the object
and return to the receiver. The distance is thus the half of the delay multiplied
by the speed of light. The Doppler shift is present due to the movement of the
object, and only the radial velocity can be estimated.

The reachable distance and speed resolutions are defined as the ability to distin-
guish the parameters of two targets. The distance resolution is given by AR = %

2B
and the speed resolution is given by Av = ﬁpm.

5.3 Summary of the OFDM - Joint Radar and
Communication

In this chapter, the structure of the OFDM communication system used in this
work has been presented along with several of its recurring parameters. The differ-
ent blocs of the communication chain have been introduced, as well as the different
processing used. Additionally, the radar processing has also been presented and
the difference between the communication and radar processing has been high-
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lighted. This work employs this processing setup to perform the joint radar and
communication.
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CHAPTER 6

Experimental Results

In this chapter, the second generation setup presented in Section 3.5 is employed
to assess the performance of the system for both communication and sensing. As
described in Section 2.3, the system is tested in a scenario where the transmitter
is transmitting communication frames and two receivers are present. One of the
receivers is used to receive the communication frames and decode them with the
help of the preamble. The second one is the AP and used to perform the sensing
task. This receiver has access to the entire frame and can use it for the purpose of
sensing. For each of these measurement sessions, the system is tested in accordance
with this scenario.

6.1 Communication Performance

In order to assess the communication performance, the system used in this study
is the one presented in the Chapter 5. The parameters used for the assessment are
presented in Table 6.1. In order to estimate the SNR of the system, a measurement
of the noise level, o2 ., is performed when no signal is transmitted. The power of
the signal, denoted by Jégnal, is measured when a signal is transmitted. The SNR

is then calculated as follows:

SNR = 101log, ( Slgna ) . (6.1)

noise

The addition of white noise to the measured signals after its reception allows for
the variation of the SNR, which enables the assessment of the performance of the
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system.

Parameter Value
Frequency 3.2GHz
Bandwidth 100 MHz
Number of subcarriers 2048
Number of transmitted bits 131072
Number of pulses 64
Rate of pilot subcarriers 1/4
Subcarriers spacing 48.828 kHz
Oversampling factor 2
Constellation 4-QAM
TCP 3.2 Hns
TorpMm 20.48 s

Table 6.1: Parameters used for the communication performance assessment.

To evaluate the performance of the system, the BER is used. The BER is defined
as the number of bit errors divided by the total number of bits transmitted. The
theoretical BER is calculated using the following formula:

1 | B
BERtheO = §erfc ( ]Vb> y (62)
0

where Fj is the energy per bit and Nj is the noise power spectral density.

The simulated curves are obtained by simulating the system with the channel
presented in Section 5 with either 1 or 2 paths. An AWGN noise is added on top
of the channel to simulate different SNRs. The BER is calculated by comparing
the transmitted bits with the received bits. The results are presented in Figure
6.1. When only one path is present, the simulated BER is very close to the
theoretical one, as expected. When two paths are present, the BER is higher than
the theoretical one. This is due to the fact that the channel estimation is not
perfect and that the multiple paths degrade the signal. The experimental BER
provides the worst performance, which is likely due to the presence of multiple
paths in the scene during the measurements.
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BER-SNR Curves simulation and laboratory measurements
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Figure 6.1: BER vs SNR for the system with 1 and 2 targets in simulation and in
an experimental setup.

6.2 Sensing Performance

This section presents an evaluation of the sensing performance of the system. The
system is tested in a variety of environmental conditions. The system is initially
tested with a bandwidth of 100 MHz in a clutter-free environment, as well as in a
laboratory setting. Secondly, the system is tested with a bandwidth of 80 MHz in
a more standard-compliant setup. In this instance, the system is tested in both the
laboratory and an outdoor environment. The specific parameters used for these
measurements will be outlined in the respective sections.

6.2.1 Clutter-Free Environment - Anechoic Chamber

In order to assess the system in a clutter-free environment, measurements were
conducted within an anechoic chamber.

Table 6.2 presents the parameters used in the experiment. The aforementioned

parameters diverge from those presented in Section 2.1. In this case, the bandwidth
is set to 100 MHz. The Wi-Fi standard permits the utilization of 2048 subcarriers.
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Parameter Value
Frequency 3.2GHz
Bandwidth 100 MHz
Number of subcarriers 2048
Number of pulses 1519
Subcarriers spacing 48.828 kHz
Tcp 3.2 s
Torpm 20.48 11s
Distance resolution 1.5m
Speed resolution 1.303m/s
Maximal detectable range 480 m
Maximal detectable speed | 989.76 m/s

Table 6.2: Parameters used for the sensing experiment in an anechoic chamber.

The spacing of the subcarriers differs from that of the Wi-Fi standard, with a
value of 48.828 kHz instead of 78.125 kHz. During this test, the transmitter emits
a signal composed of multiple pulses, as presented in the second sensing method
from Section 3.7.2, so no preamble is added to the signal and only OFDM symbols
are emitted in a repeated manner. This signal is evaluated solely in terms of its
sensing capabilities.

The distance resolution, which is defined as the minimal distance between two
targets that can be resolved, is given by the following formula:

c
Ar=— 6.3

r=2%, (63)

where c is the speed of light and B is the bandwidth of the signal. In this case, the

range resolution is equal to 1.5m. The speed resolution is given by the following

formula:

A
~ 2PTegr;’

where A is the wavelength, P is the number of pulses and Tpg; is the pulse repeti-
tion interval'. In this case, the velocity resolution is equal to 1.303m/s.

Av

(6.4)

The maximal detectable delay by the system is given by the length of the cyclic
prefix, Tep, which is equal to 3.2 ps. The maximal detectable range is given by

CTCP

max — s 6.5
o = ©5)

"Tor1 = Torpm + Top = 23.68 ps.
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and is thus equal to 480 m.

The maximum Doppler that can be detected is given by the following formula:

1
max — o ¢ 6.6
The maximal detectable speed is thus given by
A
(6.7)

(Y = —_—
max 2TPRI )

and is thus equal to 989.76 m/s.

Both the maximal detectable range and velocity are high enough not to be a
limitation for the measurements in the different scenarios presented in this work.
To remove the clutter present in the environment, the removal algorithm presented
in Section 5.2 is performed. To increase the precision of the Distance-Speed maps,
a zero padding increasing the length of the FFT and IFFT processing to obtain
such maps is preformed. The zero padding factor is here set to 52. For the different
tests with a moving target, the speed of the target is not known as this movement
is created by a human operator moving during the measurement and not constant.

Experiment - Anechoic Chamber Scene

Figure 6.2: Scene in the anechoic Figure 6.3: Scene in the anechoic
chamber antennas. chamber scene.

2If the original length is L, after the zero padding it becomes 6L.
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> '
1

360cm

469cm

Figure 6.4: Scheme of the scene in the anechoic chamber.

The dimensions and a representation of the anechoic chamber are presented in
Figure 6.4. In the scene a non-moving object covered partially with anechoic foam
is present for all the measurements. This object is located at a distance of 3.8 m.
A picture of this object is presented in Figure 6.3 and referred to as the "DC ob-
ject". The distance between the transmitter and the receiver, D, is 21 cm and is
kept constant for all the following results. Both antennas are depicted in Figure 6.2.

Experiment - Without Target
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Figure 6.5: Distance-speed map in the Figure 6.6: Distance-Speed map in the
anechoic chamber without target with  anechoic chamber without target with
clutter removal and without ZP. clutter removal with ZP.
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The scene used in this experiment is depicted in Figure 6.4. If not removed, the
clutter is present in the Distance-Speed map as shown in Figure 6.6. It can be
observed that the clutter persists for all distances with a velocity equal to Om/s.
It is probable that this phenomenon is attributable to the existence of a direct link
between the transmitter and receiver, the DC object, the response of the cable
linking the antennas to the USRP, as well as its internal components. The ripples
observed on the map, which propagate from the clutter to other speeds, are a con-
sequence of the zero padding performed. However, some clutters seems to be still
present in at non-zero speed as the non-zero padded Distance-Speed map present
in Figure 6.5 shows. As the time reference of the signal is equivalent to the direct
link between the receiver and transmitter, a displacement of 21 cm is applied to
the distance axis.

Once the clutter is removed, the non-moving component is eliminated, and the
ripples caused by the clutter and the zero-padding operation are greatly reduced.
The resulting Distance-Speed map is presented in Figure 6.7. The horizontal bar
at a distance of 0.5 m and 2m, as well as the vertical one at a speed of 0 m/s are due
to the clutter removal algorithm. The amplitude of the remaining clutter after the
removal is very low compared to the amplitude of the clutter before the removal.
It is important to note that if a target is not moving, it cannot be distinguished
from the clutter, and it will not be visible in the processed Distance-Speed map.
For the different tests, the target will thus be moving.

Distance [m]

Speed [m/s]

Figure 6.7: Distance-Speed map in the anechoic chamber without target with
clutter removal.
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Experiment - 1 Target

B0 - =
Object \ﬁm. °
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469cm

Figure 6.8: Picture - Scene in the Figure 6.9: Scene in the anechoic
anechoic chamber with 1 target - circled chamber with 1 target - circled in red.
in red (view of the antenna).

The scene with a moving target is presented in Figure 6.9. The circle labeled "1"
represents the human operator, while the bar in front of him represents the metal
plate. The dimensions of this plate is a square of 70 cm by 70 cm. The distance A
is equal to 2.8 m. All thoses elements can be observed in Figure 6.8.
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Figure 6.10: Distance-Speed map in the Figure 6.11: Distance-Speed map in the
anechoic chamber with 1 target without anechoic chamber with 1 target (circled
clutter removal. in red) with clutter removal.
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When a moving target is present in the scene, the Distance-Speed map without the
removal of the clutter is presented in Figure 6.10. The outcome is comparable to
the one obtained with the absence of a target and no target can be distinguished
from the clutter. The Distance-Speed map that has undergone the cleaning process
is presented in Figure 6.11. The target is more clearly discernible in the processed
Distance-Speed map. The distance of the target is estimated to 2.75m. The
speed was not estimated, as it was not measured during the experiment. As the
human operator moves the plate in a repetitive front-back motion, the speed is
not constant and varies between positive and negative values as the plate moves
towards or away from the receiver.

Experiment - 2 Targets

360cm

469cm

Figure 6.12: Picture - Scene in the Figure 6.13: Scene in the anechoic
anechoic chamber with 2 targets - the  chamber with 2 targets - the closest is
closest is circled in blue and the farthest circled in blue and the farthest in red,
in red. the closest is circled in blue and the
farthest in red.

The scene with two moving targets is presented in Figure 6.13. The circle labeled
"1" represents a human operator, and the bar in front of it represent the metal
plate. This plate is a square of 70 cm by 70 cm. The distance A is equal to 3.5m.
The circle labeled "2" represents another operator, and the bar in front of it repre-
sents another metal plate. The dimensions of this plate are 50 cm by 70 cm. The
distance B is equal to 1.6m. In Figure 6.12, operator "1" is the humain in the
scene, while operator "2" is the plate on the left part of the picture and during the
measurement an operator comes to move it.
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The result obtained without the application of the clutter removal algorithm are
consistently similar and therefore not relevant for drawing any conclusions. As
such, these results are not presented. Multiple measurements were performed and
different results from the processed Distance-Speed maps can be drawn.

It is important to notice that in the case of targets that are close, the clutter
removal algorithm needs to be adapted. Indeed, to have access to close targets
during this test, only the clutters present at a distance of 0.5 m as well as all the
clutters at a speed of 0m/s are removed. Here, as the second operator is at a
distance of 1.6 m, the clutter present at a distance of 2m is not removed to be able
to see this operator.

Experiment - 2 Targets - Test 1

r—25

r—30

Distance [m]

-35

-40

—45

Speed [m/s]

Figure 6.14: Distance-Speed map in the anechoic chamber with 2 targets (circled
in both blue and red) with clutter removal.

For the first measurement, the result is presented in Figure 6.14. In this test
the two targets are grouped into a single observable entity, circled in both blue
and red. This is due to the fact that the two targets are moving at the same
speed and are nealry at the same distance from the receiver. The resolution of
the system allows for the distinction of 2 targets that are separated by more than
1.5m. In this configuration the distance between the two targets is 1.9 m in a static
position. However, this value can vary as the operators move the plate, making
the distance between the plate smaller than the resolution of the system. The
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estimated position of the target is 2.75m, situated between the actual positions
of the two present targets. During this measurement, Only a negative speed is
observable. Two targets were thus, at this time, moving at the same speed and in
the same direction.

Experiment - 2 Targets - Test 2
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Figure 6.15: Distance-Speed map in the anechoic chamber with 2 targets (the
closest is circled in blue and the furthest in red) with clutter removal.

The results of a second measurement are presented in Figure 6.15. This figure de-
picts the two targets, which are separated and can be distinguished. The furthest
target is located at a distance of 3.25m compared to the ground truth of 3.5m,
and the closest one is located at a distance of 1.75m compared to the actual 1.6 m.
As the two are not moving at the same speed, even if the distance between them
is smaller than the resolution of the system, they can be distinguished.

Experiment - 1 Target Without Metal Plate

The scene in this test is presented in Figure 6.16. The circle 1 represents a human.
The distance A is equal to 2.8 m. The operator is moving continuously in front of
the receiver. Only the movement of the operator in the direction of the receiver
can be observed. The scene is thus similar one in Figure 6.8 without the plate.
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The Distance-Speed map is presented in Figure 6.17. The target is less discernible
in the Distance-Speed map as the amplitude of the map shows. The distance of
the target is estimated to be approximately 3 m.
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o

|

360cm

469cm

Figure 6.16: Scene in the anechoic
chamber with 1 target (circled in red)
without metal plate.
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Figure 6.17: Distance-Speed map in the

anechoic chamber with 1 target (circled

in red) without metal plate with clutter
removal.
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6.2.2 Laboratory Environment

In this subsection, the results in an environment with a clutter is presented. The
chosen environment is a laboratory and is first described. The results of the system
are then presented in this environment.

Scene Description

Figure 6.18: Picture 1 - view of the Figure 6.19: Picture 2 - view of the
antennas. scene.
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Figure 6.20: Picture 3 - view of the Figure 6.21: Plan of the laboratory.
scene and antennas.

In the laboratory setting, the same parameters for sensing as those presented in
Table 6.2 are employed. The scene is depicted in Figure 6.21. The distance between
the transmitter and the receiver, D, is 21 cm. The scene features a wall composed
entirely of windows, rendering it highly reflective (see Figure 6.20). Additionally,
a metal locker is situated behind the antennas (see Figure 6.18). This locker may
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potentially interfere with the system. Some absorbing foams are present in the
scene. They are depicted in the accompanying images and represented as gray
lines on the plan. The scene is presented in three different views in Figures 6.18,
6.19, and 6.20.

Experiment - Without Target

When no target is present, the Distance-Speed map is presented in Figure 6.22.
The clutters are present in the Distance-Speed map. The shape of the clutter is
similar to the one obtained in the anechoic chamber and the same analysis can be
made on this map. The clutter removal algorithm is applied and the processed
Distance-Speed map is presented in Figure 6.23 and works as in the anechoic
chamber. Nonetheless, the amplitude of the clutter and of the remaining clutter
is higher than the ones of the anechoic chamber.
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Figure 6.22: Distance-Speed map in the Figure 6.23: Distance-Speed map in the
laboratory without target without laboratory without target with clutter
clutter removal. removal.

Experiment - 1 Target

The scene with a moving target is presented in Figure 6.26. The circle labeled "1"
represents a human operator and the bar in front of it represent the metal plate.
This plate is a square of 70 cm by 70 cm. The distance A is equal to 4.2 m.
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660cm
>
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o

920cm

Figure 6.24: Plan of the laboratory with  Figure 6.25: Picture - Scene with 1
1 target (cirled in red). target (cirled in red).

In the unprocessed map presented in Figure 6.26, the target is discernible at a
distance of 3.75m. Following the removal of the clutter (see Figure 6.27), the
target is more discernible on the Distance-Speed map. The distance of the target
is also estimated to be approximately 3.75m. The speed was not estimated, as it
was not measured during the experiment.
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Figure 6.26: Distance-Speed map in the Figure 6.27: Distance-Speed map in the
laboratory with 1 target (circled in red) laboratory with 1 target (circled in red)
without clutter removal. with clutter removal.

Experiment - 2 Targets

The scene with two moving targets is presented in Figure 6.28 and a picture from
the scene is present in Figure 6.29. The first operator being is holding a 70 cm by

86



Chapter 6. Experimental Results

70 cm metal plate at a distance of 3.6 m. The second one is holding a 50 cm by
70 metal plate and is located at a distance of 1.8 m. Both operators are executing
a repetitive front-back movement with the plate.

The processed Distance-Speed map is presented in Figure 6.30. The two targets
are clearly visible on the map. The distance of the first target is estimated to be
approximately 3.5m, while the distance of the second target is estimated to be
approximately 1 m. The speed was not estimated, as it was not measured during
the experiment. The ripple effect observed above the two targets is due to the zero
padded FFT.

[

660cm

D

—

920cm

Figure 6.28: Plan with 2 targets - The Figure 6.29: Picture - Scene with 2
closest one is circled in blue and the targets - The closest one is circled in
farthest in red. blue and the farthest in red.
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Figure 6.30: Distance-Speed map in the laboratory with 2 targets (The closest
one is circled in blue and the farthest in red) with clutter removal.

Experiment - 1 Target Without Metal Plate

660cm
>

920cm

Figure 6.31: Plan of the laboratory with  Figure 6.32: Picture - Scene with 1
1 target (circled in red) without metal  target (circled in red) without metal
plate. plate.
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Figure 6.33: Distance-Speed map in the laboratory with 1 target (circled in red)
without metal plate with clutter removal.

Without the metal plate and at a distance A of 4m in Figure 6.31. A picture of
the scene is presented in Figure 6.32.

In this scenario, the target is less visible in the Distance-Speed map, shown in Fig-
ure 6.33, as the reduced intensity shows. The distance of the target is estimated to
be approximately 4m. Due to the repeated front-back movement of the operator,
the speed is not constant and varies between positive and negative values.

80 MHz Bandwidth

Going from a 100 MHz to a 80 MHz bandwidth allows the system to be more stan-
dard compliant. Measurements were performed in the laboratory environment
with the same scene as the one presented in the previous subsection. The pa-
rameters for this experiment are presented in Table 6.3. For this experiment, the
addition of the preamble of the Wi-Fi 6 is used and the transmitter emits a signal
composed of a single packet in a repeating manner, as presented in the first sensing
method from Section 3.7.2. The only difference is an increase in both resolution
and the results are the similar to those obtained with a 100 MHz bandwidth. For
this reason, the results are not presented here.
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Parameter Value for 80 MHz bandwidth
Frequency 3.2 GHz
Bandwidth 80 MHz
Number of subcarriers 1024
Number of pulses 1519
Subcarriers spacing 78.125kHz
TCP 3.2 ns
TorpMm 12.8ps
Distance resolution 1.875m
Speed resolution 1.929m/s
Maximal detectable distance 480 m
Maximal detectable speed 1464.84m/s

Table 6.3: Parameters used for the sensing experiment - 80 MHz bandwidth.

6.2.3 Outdoor Environment

For the outdoor environment, the used parameters are the same as the one previ-
ously presented for the 80 MHz bandwidth in Table 6.3 and the Wi-Fi 6 preamble
is also added.

Scene 1 - Description

The first outdoor environment is presented in Figure 6.34. The transmitter and
receiver are represented by the blue pin and the spacing between them is still
21 cm. The operators are placed on the place in front of the setup. A view of the
front of the antennas is shown in Figure 6.35.

Figure 6.34: Map of the outdoor
environment, the blue pin represents the
setup (Map data ©2021 Google).

Figure 6.35: Picture - View in front of
the antennas (TX/RX).
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Scene 1 - Experiment - 1 Target Without Plate and 1 With a Plate
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Figure 6.36: Picture - Scene with 2 Figure 6.37: Processed Distance-Speed
targets a few seconds after the map in the outdoor environment with 2
measurement - The closest one, without targets (The closest one, without metal
metal place, is circled in blue and the place, is circled in blue and the farthest,
farthest, with a metal plate, in red. with a metal plate, in red).

In this experiment, 2 targets are present and the scene is shown in Figure 6.36.
The first target, circled in green, is moving and does not have a metal plate during
the displacement. The other target, circled in blue, is a moving operator holding
a 70cm by 70cm metal plate. After the processing of the data, the obtained
Distance-Speed map is presented in Figure 6.37 and the two targets are observable
and circled in the same color as the scene description. The results are similar to
the ones obtained in the laboratory environment and even if the distance between
the farthest target is higher than the one in the laboratory, it is still observable by
the system.
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Scene 1 - Experiment - 2 Targets Without Plate
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Figure 6.38: Picture - Scene with 2 Figure 6.39: Processed Distance-Speed
targets - A few seconds before the ~ map in the outdoor environment with 2
measurement - The closest one is circled  targets (The closest one is circled in
in blue and the farthest in red, both blue and the farthest in red, both
without metal plate. without metal plate).

In this experiment, 2 targets are present and the scene is shown in Figure 6.38. The
two targets are circled in different colors and they both move without a metal plate.
After the processing of the data, the obtained Distance-Speed map is presented in
Figure 6.39 and the two targets are observable and circled in the same color as the
scene description. Without a metal plate, the distance of the targets can still be
estimated by the system at a high distance. This highlight the possible use of the
system with human targets in various environments.

Scene 2 - Description

The second outdoor scene is presented in Figure 6.40. A view of the front of the
antennas is shown in Figure 6.41.
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UCLouvain-LOCI
Faculté d'architecture: ..

Figure 6.40: Map of the outdoor environment 2, the Figure 6.41: Picture - View
blue pin represents the setup (Map data ©2021 in front of the antennas
Google). (TX/RX).

Scene 2 - Experiment - 1 Target Without Plate at Different Distances

Figure 6.42: Scene in the outdoor environment 2 with 1 target without metal
plate.
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For the experiment, an operator is placed at different distances going from 4m
to 24m from the receiver. It performs a repetitive back-and-forth motion. This
repetitive motion prevents a perfect ground truth of the distance of the target and
thus an area of uncertainty is represented in the results. Figure 6.42 shows the
scene with the operator at a distance of 24 m.

25 4 =O— Ground truth =7
Motion of the target /
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Figure 6.43: On the upper graph: Evolution of the estimated distance of the
target with respect to the real distance. The real distance is represented by the
black line, while the gray zone indicates the area of uncertainty of the position of
the target. The gray dotted line represents the upper and lower bounds of the
precision of the system around the ground truth, without zero padding at
80 MHz. The yellow line represents the mean of the estimated distance of the
target, while the yellow filling represents the standard deviation of the different
measurements (3). On the lower graph: the evolution of the absolute error with
respect to the real distance.

Three different measurements are made for each distance and the results are shown
in Figure 6.43. This figure shows the mean and standard deviation of the estimated
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distance to the target. Since the resolution of the system is 1.875m, the upper
and lower bounds of the precision of the system are shown around the ground
truth, allowing us to see where the target could be observed by the system. The
absolute error of the estimated distance with respect to the ground truth is also
shown in this figure. One can notice that the error made by the system is less
than its resolution.

This experiment validates the system for the estimation the distance of moving
human target, in an outdoor environment.

Scene 3 - Description

Figure 6.44: Map of the outdoor Figure 6.45: Picture - View in front of the
environment 3. The blue dot antennas (TX/RX).
represents the position of the setup
and the orange double arrow
represents the road taken by the
cars. (Map data ©2021 Google).
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Figure 6.46: Picture - Panoramic view of the scene - on the left part is the setup
and on the right part is the road used.

The map of the third outdoor environment is presented in Figure 6.44. The trans-
mitter and receiver are represented by the blue pin and the spacing between them
is still 21 cm. The scene is shown in Figure 6.45 and a panoramic view of the
scene is shown in Figure 6.46. The road is used to test the system with cars as
moving targets in order to observe the performance of the system with a higher
speed target.
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Scene 3 - Experiment - 1 Car Going Away from the Antennas
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Figure 6.47: Picture - Scene Figure 6.48: Processed Distance-Speed map in the

with 1 car (circled in red) outdoor environment with 1 car (circled in red)
going away from the going away from the antennas.
antennas.

One can observe that even if the car is moving away at high speed (=65km/h at
maximal speed during the measurement on the car speedometer) from the anten-
nas, the system is still able to detect it. The processed Distance-Speed map is
presented in Figure 6.50 and the car is circled in red. The results are similar to
the ones obtained in the laboratory environment and the car is observable by the
system. Nevertheless, one can notice objects present at low distance. A hypothe-
sis for those are the presence of operators behind the antennas, as well as a high
reflective surface behind the antennas (an office building with some windows). To
remove the clutters, the applied algorithm has removed the clutter at a distance
from Om up to 4.25m from the antennas, as well as all the clutters at a speed of
Om/s.
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Scene 3 - Experiment - 1 Car Going Towards the Antennas
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Figure 6.49: Picture - Scene Figure 6.50: Processed Distance-Speed map in the

with 1 car (circled in red)  outdoor environment with 1 car (circled in red)
going away towards going towards the antennas.
antennas.

When a car is moving towards the antennas, the system is also able to detect
it. The processed Distance-Speed map is presented in Figure 6.50 and the car
is circled in red. The results are similar to the previous experiment and the car
is observable by the system. The same hypothesis as the one presented in the
previous experiment can be made for the targets present at low distance.

Scene 3 - Experiment - Video of the Experiment

A video of the experiment is available at the following link: https://www.youtube.
com/watch?v=xAvASR4mWxM[59]. In this video, the system is tested with a car mov-
ing towards and away from the antennas. The video shows the ability of the system
to detect the car in both cases. The evolution of the distance and speed of the car
is also shown in the video.

This experiment with cars as moving targets validates the system for the estimation
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of the distance and speed of moving targets with a higher speed in an outdoor
environment. Nonetheless, this experiment should be performed with a precise
ground truth to validate the system for speed estimation.

6.3 Summary of the Results

The objective of this chapter was to present the results obtained with the system
in different environments. Firstly, the communication part of the system was
studied and tested in a laboratory environment. Then the sensing part was tested
in various scenarios, including an anechoic chamber and an outdoor environment.
The sensing part functions as expected, as well as the clutter removal algorithm
and the targets are visible in the processed Distance-Speed map. The outcomes
observed in the laboratory environment were comparable to those observed in the
anechoic chamber. Similarly, the outcomes observed in the outdoor environment
were similar to those observed in the laboratory environment. Therefore, it can
be concluded that the system is functioning as intended, with the targets being
discernible in different environments.
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The objective of this research was to develop an experimental JCAS setup that
can perform communication and sensing tasks with an OFDM signal. In order to
achieve this goal, several steps have been followed. Each of these steps has been
presented in the different chapters of this report. These were the following:

o In Chapter 1, the state of the art of the JCAS systems was presented with a
broad overview, with a particular focus on the OFDM JCAS systems. This
allows the reader to gain an understanding of the context of the research
and how such systems are used in the literature. Different points of view
are presented in this chapter, from the communication to the sensing with a
focus on the OFDM systems.

e In Chapter 2, the Wi-Fi standard and the new IEEE 802.11bf amendment
were presented. This chapter also presents the experimental setup scenario.
The IEEE 802.11bf amendment is the first amendment that focuses on the
sensing capabilities of the Wi-Fi standard. This chapter is important to
understand the context of the experimental setup and the new features that
are available in the Wi-Fi standard.

o In Chapter 3, the experimental setup used in this work was presented, ac-
companied by some details on the hardware and software utilized. A char-
acterization of performance in a stress test of the setup was also presented.
This chapter is essential for understanding the setup that was used in this
research and the different components that compose it. The transmitted
signal is also presented, as well as how the reception of a signal is done.

o In Chapter 4, capabilities of different time and frequency synchronization
methods were compared in the context of OFDM systems. This chapter
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is important to understand the various methods that can be employed to
synchronize the receiver with the transmitter. Synchronization is important
for the correct reception of the signal and for its demodulation. The different
methods are presented and compared in this chapter in order to identify the
best method for the experimental setup.

In Chapter 5, the OFDM system and its constituent blocks were presented.
This chapter is important to understand the different blocks composing an
OFDM system used and how they interact with each other. The different
blocks are presented in this chapter.

In the final chapter, the experimental results for the communication and
sensing tasks are presented. This chapter outlines the results obtained with
the experimental setup, which are then analysed and discussed.

The developed setup can be enhanced in multiple ways. Some of the improvements
that can be made include the following:

MIMO capabilities could be added to the setup. This would allow having
multiple antennas at both the transmitter and the receiver. This would
enhance the communication link and improve sensing with the addition of
an angular resolution capabilities to the setup.

The signal processing could be improved and conducted in real-time with
the utilization of the embedded FPGA. This approach would facilitate faster
signal processing at the receiver, the transmitter, or both.

It is possible to enhance the sensing capabilities. The sensing capabilities
could be enhanced by employing a distinct algorithm to process the received
signal and achieve a more precise resolution of the sensing. One possible algo-
rithm that could be employed is the MUSIC algorithm, while another is the
ESPRIT algorithm. Moreover, the use of deep learning could be employed
to enhance the sensing capabilities of the setup.

It is possible to use additional aspects of the IEEE 802.11 standard. The
IEEE 802.11 standard has a number of features that could be employed to
enhance the communication capabilities of the system. Indeed, the algorithm
used by access points could be employed to enhance the communication of
the system, eliminating the necessity for the emission of pilots for the purpose
of channel estimation. In the context of sensing, the utilization of only the
preamble of the standard represents a viable approach for achieving non-
intrusive sensing.
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