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Abstract

Since spectrum is becoming a more and more scarce resource, the idea of
reusing it for more than one application is attractive, as it can avoid under-
utilization of otherwise permanently allocated spectral resources. Over the
past few years, an alternative to radar signals has been studied, which consists
of digitally generated orthogonal frequency division multiplexing (OFDM)
waveforms.
This thesis aims to investigate the performance of a communication signal,
the fifth generation (5G) new radio (NR) one, when used for sensing pur-
poses. A radar system and a processing algorithm based on frequency do-
main OFDM radar processing are implemented and complemented with an
interpolation method to account for null subcarriers within the transmit re-
source grid. Then, computer simulations are performed to evaluate range
and velocity estimation performance; it is shown that low target estimation
error can be achieved even at low signal to noise ratio (SNR). Furthermore,
5G NR waveforms, thanks to their impressive channel bandwidth, scalable
numerology and robustness against multipath, are proved to perform well
even in fading channels. Through the help of receiver operating characteris-
tic (ROC) curves, the difference of the radar performance is illustrated when
two types of radio channels are used, which are the additive white Gaussian
noise (AWGN) and multipath fading channel.
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Introduction

Given the abundance of connected devices and services, the frequency spec-
trum is becoming increasingly congested with the rapid growth of the wire-
less communication industry. With the allocation of the available frequency
bands to wireless communication systems such as 5G NR, long term evolu-
tion (LTE) and Wi-Fi, the interference in the radar bands is on the rise and
has raised concerns both from government and military organizations for the
safeguard of critical radar operations. To this end, research efforts are well
underway to address the issue of sharing communications and radar spectrum
[1]. Over the past few years, a possible alternative has been studied, capable
of achieving performance beyond the conventional radar systems operating
with analog-generated linear frequency modulated signals. This alternative
consists of a radar operating with digitally generated OFDM waveforms.
Due to the wide use of OFDM for various communication applications, and
thanks to the robustness against multipath fading and high flexibility in ra-
dio resource management, many researches have been focused on combining
OFDM radar with communication in order to jointly perform sensing and
communication, motivated by the efficient use of limited spectral resources
based on a single waveform capable of performing both applications.
Therefore, this work aims to study the feasibility of a radar operating with
digital generated OFDM waveforms with particular focus on the 5G NR mo-
bile networks’ base station and their utilization for radar purposes [13].
This thesis is organized as follows:

• In Chapter 1 a description of a general OFDM system and signal struc-
ture is proposed, with emphasis on the cyclic prefix and its advantages
both in communications and radar sensing.

• Chapter 2 provides an overview of the 5G signal, focusing on the pa-
rameters necessary from a radar sensing point of view, such as the
subcarrier spacing, the channel bandwidth and the resource grid. A
detailed description of the different numerologies introduced for the
5G physical layer and of the radio frame structure, both in the time
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and frequency domain, is given.

• Chapter 3 presents a classical signal processing model for a basic mono-
static OFDM radar system and a signal processing algorithm for dis-
tance and velocity estimation based on frequency-domain processing.

• Chapter 4 shows the main performance results of the OFDM radar
algorithm applied to the 5G signal. At first the correctness of the
detection algorithm is proved and then the performance is analyzed
when two different kinds of channels are considered.



Chapter 1

OFDM System

During the development phase of the 5G technology, many waveforms and
modulation techniques were taken into consideration, but cyclic prefix or-
thogonal frequency division multiplexing (CP-OFDM) was chosen as the
main candidate.
The OFDM is a frequency multiplexing technique based on transmission
of multiple parallel data streams on orthogonal frequency subcarriers, used
when a high data rate traffic is transmitted over a frequency-selective radio
channel. The OFDM transmission technique allows to split the total available
bandwidth BW into many narrow subchannels with low data-rate, spaced on
the frequency axis by a factor ∆f . The channels can be made narrow enough
to consider a flat channel spectral response, allowing single tap equalization.
Each subchannel is modulated individually and transmitted simultaneously
in a parallel form.

1.1 OFDM Signal Generation

The OFDM signal is made up of a sum of N complex orthogonal subcarriers
(indexed with k = {0, 1, 2, . . . , N − 1}), each one independently modulated.
The input bits are mapped into the complex symbols dk[n] usually following
an M-QAM modulation (or M-PSK modulation).
One OFDM symbol with duration T and starting at t = ts has the following
passband expression in the time domain, referred to the carrier frequency fc
[2].

sk(t) =


[h]Re

{N−1∑
k=0

dke
j2π

(
fc+

(N−1−2k)
2T

(t−ts)
)}

; t ∈ [ts, ts + T ]

0 ; otherwise.

 (1.1)
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4 OFDM System

Figure 1.1 shows a representation of a general OFDM system. In this
system, the M-QAM modulated symbols are critically sampled (one sample
per information symbol/subcarrier) at a rate fs = 1/Td, where Td is the
duration of the symbol at the output of the M-QAM modulator, grouped
within the vector dx = [dx[0], . . . , dx[N − 1]]T of length N . The symbols
dx[n] are parallelized and fed to the inverse fast Fourier transform (IFFT)
to modulate separately the N orthogonal subcarriers during the whole i-th
time interval Ii = [iT, iT + T ], defined for one OFDM symbol with period
T = NTd = N/fs. After serialization, the output represents the digital
OFDM signal in time domain. For any instant t the complex envelope of the
base-band OFDM signal can be written as:

bx(t) =
N−1∑
k=0

dx(k, i)e
j2πfkt; t ∈ Ii (1.2)

Figure 1.1: Block diagram of the OFDM modulation stages [2].

where fk = kfs
N

= k
T

is the k-th subcarrier frequency and dx(k, i) is the
M-QAM symbol modulating the k-th carrier during the whole i-th OFDM
symbol interval [3].
From (1.2), the corresponding OFDM symbol at the critical sampling rate fs
consists of a set of Td-spaced base-band signal samples bx = [bx[0], bx[1], . . . ,
bx[N − 1]]T . At the transmitter, this enables efficient generation of digital
OFDM signals by taking the inverse discrete Fourier transform (IDFT) of
the incoming data-frame dx. Therefore, the n-th element of the equivalent
low-pass (ELP) signal bx(t) is given by:
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bx[n] = bx(nTd) =
N−1∑
k=0

dx[k]e
j 2π
N

nkw[n/(N − 1)]

= N · IDFT[dx[k]] = N · IFFT[dx[k]]
(1.3)

where w[·] is a discrete rectangular window that is defined by

w[r] =

{
[h] 1 ; 0 ≤ r ≤ 1

0 ; otherwise.

}
(1.4)

The calculation of (1.3) for (n, k)= {0, ..., N − 1} can be equivalently
performed as the following matrix operation:

bx = FHdx (1.5)

where F is the discrete Fourier transform (DFT) matrix whose hermitian is
associated to the inverse operation IDFT. According to (1.5) and (1.3) this
matrix F can be defined as:

F(N×N) =



1 1 1 1 · · · 1

1 e−j 2π
N e−j 4π

N e−j 6π
N · · · e−j2πN−1

N

1 e−j 4π
N e−j 8π

N e−j 12π
N · · · e−j4πN−1

N

1 e−j 6π
N e−j 12π

N e−j 18π
N · · · e−j6πN−1

N

...
...

...
...

. . .
...

1 e−j2πN−1
N e−j4πN−1

N e−j6πN−1
N · · · e−j2π

(N−1)2

N


(1.6)

where this important condition can be observed:

FHF = I(N). (1.7)

Every column in (1.6) corresponds to a complex subcarrier with a nor-
malized frequency that depends on the size of the Fourier Transform (N must
be power of 2 in order to perform IFFT and fast Fourier transform (FFT)
using a radix-2 or radix-4 algorithm).
After the IFFT is performed and the signal is reconverted from parallel to
serial, a cyclic prefix (CP), which will be better discussed later, is appended
to the OFDM symbol to avoid inter-symbol interference (ISI) at the receiver.
Subsequently, the resulting signal is converted to the analog domain with a
digital-to-analog converter (DAC) and then is transmitted through the chan-
nel.
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At the receiver, the signals are analogously quadrature demodulated, sam-
pled with analog-to-digital converters (ADCs) after which the CP is removed.
To simplify the basic signal model description it is assumed that the trans-
mission block is characterized by a perfectly linear discrete transfer function.
Then, according to this assumption, for signals sampled at the Nyquist rate,
the OFDM demodulation consists of applying an FFT to the transmitted
ELP signal samples by[m] to recover the original M-QAM data. Hence, the
k-th data symbol given to the M-QAM demodulator is obtained as follows:

dy[k] =
N−1∑
m=0

by[m]e−j 2π
N

mk. (1.8)

At the receiver, the vector dy=[dy[0], . . . , dy[N − 1]]T , with the demod-
ulated M-QAM symbols from the respective transmitted block, can also be
obtained by multiplying the received sequence by by the matrix F in (1.6):

dy = Fby. (1.9)

1.2 Guard Time and Cyclic Extension

One of the benefits of the OFDM transmission technique is its effective way
of dealing with the spread of multipath delay. To prevent ISI, such that dif-
ferent symbols do not overlap at the receiver despite different delays of the
multipath channel, a guard interval is inserted between OFDM base-band
signal blocks. Tipically, this guard time is greater than the predicted delay
spread, so that multipath components from one symbol do not interfere with
the next one. The guard time could consist of no signal at all. However,
this solution would allow to solve the ISI problem, but at the same time, it
would lead to the intercarrier interference (ICI) problem. In fact, by adding
a number of zeros in the guard time, the subcarriers could lose their orthogo-
nality because there could be a non-integer number of cycles within the FFT
interval.
To overcome the ICI problem, normally the OFDM is cyclically extended
along the guard time, so that any subcarrier coming from direct or delayed
signal replicas will continue to have an integer number of cycles within an
FFT period, as long as the delay is smaller than the guard time. In Figure 1.2
this cyclic extension (CE) is implemented by copying the last NCE samples
of the IFFT-block output, of length N , at the start of the OFDM symbol.
So, the total symbol duration becomes equal to T1 = T + TCE adding the
last NCE samples, of the original signal vector of length N , to the front of
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the extended symbol, thus forming the cyclic prefix NCE .

Figure 1.2: Cyclic extension and windowing for three OFDM subcarriers [2].

As already stated, the guard time must be chosen larger than the max-
imum duration of impulse response among the N subchannels. As long as
the frequency spectrum is concerned, this means that the ICI in OFDM is
avoided since the maximum of any single subcarrier should correspond to the
zero crossing of all the other subcarriers.
Hereafter, x̄ will represent the cyclically extended version of any discrete sig-
nal x, and NCE the length of CP, as a number of samples. Furthermore, at
critical sampling rate will have T1= T NCE

N
.

The samples of the cyclically extended OFDM symbol in discrete-time are
described from (1.3) by including a simple extension of the discrete window
w[·],

b̄x[n] =
N−1∑
k=0

dx[k]e
j 2π
N

nkw[n/(N +NCE)− 1]. (1.10)

The CE operation over the input vector bx can be defined as:

b̄x = Pηbx (1.11)
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Figure 1.3: Spectrum of an OFDM signal [5].

where the cyclic extension operator Pη depends on the relation η = NCE

N

which defines the following partitioned matrix:

Pη =



0(NCE×N∆) I(NCE)

I(N)


(1.12)

where N > NCE and N∆ = N − NCE. Hence, in (1.11) this matrix adds
the last NCE samples of the original signal vector of length N at the start
of the OFDM symbol, thus forming the cyclic prefix NCE. In general, the
dimensions of Pη depend on the length of the vector to be extended. This
will depend on whether the CE process takes place before or after signal
oversampling, which will be discussed in the next section.
The definition of one independent OFDM symbol implies that the subcarriers
should be declared null when out of the corresponding interval of duration
T . Nevertheless, in practice the system will transmit the cyclically extended
symbol b̄x where these N components are no longer orthogonal, although
they remain centered at the same frequencies fk. Therefore, in the reception
branch, the samples of the CE must be discarded to re-create the original
OFDM symbol, thus obtaining the periodic-like signal block. Furthermore,
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windowing the received frame by T is required to restore the orthogonality
between subcarriers before demodulation. Nevertheless, removing the CE
(along with the use of guard time which is discussed later) implies a certain
cost in terms of SNR. Thus, processing the CE leads to a better spectral
efficiency but at the cost of increasing processing complexity.

Figure 1.4: Comparison between OFDM spectra using two different values
for the window that defines the FFT interval. (a) using Tp=T results in
orthogonality, (b) using Tp > T the subcarriers are no longer orthogonal [2].

1.3 Oversampling

In previous expressions, the indexing of the elements from time-dependent
vectors and the discrete-time evaluation using (nTs) = [n] coincide in de-
noting the critical sampling at Nyquist rate. However, since oversampling
should take place according to transmission hardware requirements, another
notation must be introduced, such as x[n/L], to refer in general to the over-
sampling of the signal x[n] by a factor L, and xL for the oversampled version
of any vector x [2].

In fact, if oversampling was not present, when the samples of the OFDM
symbol pass through a DAC converter intolerable aliasing would be intro-
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duced, due to the critical sampling chosen. The time-domain interpolation
tipically consists of two steps: the addition of (L − 1) zeros in the origi-
nal sequence after each sample, and then a lowpass filtering of the resulting
extended sequence resulting from it. The vector at the output of the in-
terpolator filter then includes the unmodified original samples with (L − 1)
interpolated values in between. The first half of the rows in the complex
IFFT corresponds to positive frequencies while the second half corresponds
to negative frequencies. The zeros can then be inserted at the center of the
data vector when oversampling is used so that the zero data value is assigned
to frequencies close to ±fs

2
, while the nonzero data values are mapped onto

subcarriers around 0Hz. Regardless of the cyclical extension, it is assumed
that the spectrum of a well interpolated sequence bxL is almost identical to
the spectrum that would result from sampling the original signal bx at an
L-times higher sampling rate. In practice, an oversampled version of (1.3)
can be obtained more efficiently through a frequency-domain interpolation,
which can be implemented by zero padding the IFFT as shown in Figure 1.5
[2]:

bx[n
L
] =

N−1∑
k=0

dx[k]e
j 2π
NL

nkw[n/(NL− 1)]

=

(N
2
−1∑

k=0

dx[k]e
j 2π
NL

nk +
NL−1∑

k=NL−N
2

dx[k −N(L− 1)]ej
2π
NL

nk

)
w[n/(NL− 1)]

= NL · IDFT[dx[0]...dx[N/2− 1] 0...0︸︷︷︸
N(L−1)

dx[N/2]...dx[N − 1]]

= NL · IDFT[dxzp ].

(1.13)

Thus, the oversampled OFDM symbol vector bxL = [bx[
0
L
]...bx[

NL−1
L

]]T is
given by:

bxL = FHdxzp . (1.14)

In (1.14) the matrix dimensions correspond to (NL x NL). At the in-
creased sampling rate fos = Lfs, the length of the discrete CE is now NLce =
NCEL samples, while its equivalent time-domain span is still TCE = NCE

T
N
.

Then, the oversampled version of the cyclically extended symbol in (1.10) is
obtained with
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Figure 1.5: Transmission stages including oversampling [2].

b̄x[n/L] =
N−1∑
k=0

dx[k]e
j 2π
NL

nkw[n/(L(N +NCE)− 1)]. (1.15)

Equivalently, using the CE operator defined in (1.12),the corresponding out-
put vector for transmission can be expressed as

b̄xL = PηF
Hdxzp (1.16)

where the extension ratio is specifically η =
NLce

NL
. This leads to larger CE

matrix dimensions but maintains the relative value of the CE over the over-
sampled signal vector length.

1.4 OFDM Radar Principle

Whereas in a communication system the purpose is to transmit an unknown
signal in a previously estimated channel, in a radar system the transmitted
signal is known, and the target and channel characteristics are usually un-
known. Therefore, communications and sensing functionalities tend to be at
odds with one another and are usually treated separately and with different
waveforms. However, in the last years, the possibility of pursuing sensing
purposes by using OFDM-based signals has been taken into consideration.
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In OFDM radar applications, the evaluation of target delays is tipically per-
formed based on matched filtering implemented in the frequency domain.
The signal is transformed to the frequency domain via FFT, which sepa-
rates the OFDM subcarriers as shown in Figure 1.6. In frequency domain,
a delay of a single reflection x(t) represents a complex exponential over the
subcarrier:

x(t− τ)
F−→ X(f)e−j2πτf (1.17)

where X(f) is the spectrum of x(t). One major difference form other radar
systems is that OFDM radar operates with arbitrary OFDM waveforms
generated digitally, providing adaptability and better spectral usage, and
that the demodulation of the radar signal takes place in the digital domain.
OFDM modulation and demodulation and distance-velocity estimation are
performed based on FFTs and IFFTs, making efficient radar processing pos-
sible and enabling real-time implementation.

Figure 1.6: Time-frequency representation of the OFDM radar signal: µ
is the index of the OFDM symbol whereas Nsym is the number of OFDM
symbols [5].

1.4.1 High Peak-to-Average Power Ratio (PAPR)

One fundamental drawback of multicarrier signals such as OFDM, both for
radar and communication, is the potentially high peak to average power
ratio (PAPR). For a time domain signal x(t), PAPR is defined as:

PAPR =
Ppeak

Pavg

=
max(|x(t)|2)
mean(|x(t)|2)

(1.18)
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where Ppeak is the peak power and Pavg denotes the mean power. When the
OFDM signal is transformed to time domain, the resulting signal is the sum
of all the subcarriers, and when all the subcarriers add up in phase the result
is a peak N times higher than the average power. High PAPR degrades
performance of OFDM signals by forcing the analog amplifier to work in
the nonlinear region, distorting the signal and making the amplifier consume
more power [4]. Non-linearities in the signal chain cause distortion of the
OFDM signal, leading generally to a raise of the noise floor during radar
signal processing. To prevent this, the power amplifiers need to operate in
the linear region, limiting the maximum power level and, as a result, a lower
SNR at the receiver.
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Chapter 2

5G New Radio Physical Layer

Due to the intensive growth in demand for wireless broadband services and
Internet of Things (IoT), where large numbers of smart devices communicate
over the Internet, a new generation of wireless systems, 5G NR, has been
developed and is now ready to be deployed. This new technology introduces
several enhancements on the physical layer that enable the applicability to
several fields with different requirements ( extreme broadband speed, ultralow
latency, ultra-reliability, high data-rates, low error rates, ...).
5G networks and devices will require different architectures, radio access
technology and physical layer algorithms. By providing higher bandwidth
capacity than the current fourth generation (4G)-supporting broadband, 5G
will enable a higher density of mobile broadband users and support device-
to-device and massive machine-type communications. In Table 2.1 some key
5G NR parameters are compared to the previous generation 4G LTE.

5G NR 4G LTE
E2E Latency < 10ms 100ms

Connection density per km2 106 104

System spectral efficiency (bit/s)/Hz/cell 10 2.6
Peak throughput (downlink (DL)) per connection 10Gpbs 100Mbps

Table 2.1: Key 5G NR Parameters

2.1 5G Use Cases

Different application fields thought for the 5th generation of cellular net-
works are stated in the recommendation ITU-R M.2083 [6] and are essen-

15



16 5G New Radio Physical Layer

tially three: Enhanced Mobile Broadband, Ultra-reliable and low-latency
communications, and Massive machine type communications.

• Enhanced Mobile Broadband (eMBB) addresses the human-centric use
cases for access to multi-media content, services and data providing
faster connections, higher throughput and higher capacity. This usage
scenario is strictly related to the constant increasing of mobile data-
traffic generated by more and more data-consuming devices coupled
with multimedia applications. Hence, eMBB covers a range of cases,
including wide-area coverage and hotspot, finalized to a better commu-
nication experience.

• Ultra-reliable and low-latency communications (URLLC) has stringent
requirements for capabilities such as throughput, latency and availabil-
ity. This use case focuses not only on human-centric communication but
there is a particular attention on machine connectivity exploiting wire-
less networks. Examples include vehicle-to-vehicle communication for
safety, vehicle-to-infrastructure (V2I) communications, remote medical
surgery and autonomous driving.

• Massive machine type communications (mMTC) is characterized by a
very large number of connected devices. Therefore, it involves large
number of transmissions of small data volumes not particularly sensi-
tive to delays. One of the fundamental requirements for mMTC devices
is to keep costs low, since it is expected a very large number of ma-
chines used in the environment, and have a long battery lifetime. This
use case is tipically used for consumer and industrial IoT, Industry 4.0
mission-critical machine-to-machine (MC-M2M).

2.2 5G Spectrum

The spectrum of 5G technology includes new frequency bands but also fre-
quencies that were allocated for mobile networks of previous generations such
as third generation (3G) and 4G LTE.
In standardization, third generation partnership project (3GPP) has focused
its activities on bands where a high interest is present. The spectrum of
interest can be divided into bands at low, medium, and high frequencies [7]:

• low-frequency bands correspond to existing LTE bands below 2GHz,
which are suitable as coverage layer, providing wide and deep coverage,
including indoor. The bands with highest interest here are the 600 and
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700MHz bands, which correspond to 3GPP NR bands n71 and n28.
Since these bands are not very wide, a maximum of 20MHz channel
bandwidth is expected in the low-frequency bands.

• Medium-frequency bands are in the range 3 − 6GHz and can provide
coverage, capacity, as well as high data rates through the wider channel
bandwidth possible. The highest interest globally is in the range 3300−
4200MHz, where 3GPP has designated NR bands n77 and n78. Due
to the wider bands, channel bandwidths up to 100MHz are possible.
Up to 200MHz per operator may be assigned in this frequency range
in the longer term, where carrier aggregation could then be used to
deploy the full bandwidth.

• High-frequency bands are in the mm-Wave range above 24GHz. They
will be best suited for hotspot coverage with locally very high capacity
and can provide very high data rates. The highest interest is in the
range 24.25−29.5GHz, with 3GPP NR bands n257 and n258 assigned.
Channel bandwidths up to 400MHz are defined for these bands, with
even higher bandwidths possible through carrier aggregation.

Therefore, there is a very wide range of diverse spectrum allocations where
NR can operate. The allocations vary in block size, channel bandwidth
and duplex spacing supported. RF requirements for both devices and base
stations are divided into two frequency ranges, as shown in Figure 2.1:

• Frequency range 1 (FR1) includes all existing and new bands below
6GHz, where 5G NR is expected to coexist with LTE and previous
generations of systems.

• Frequency range 2 (FR2) includes new bands in the range 24.25 −
52.6GHz. This rage covers a part of whats is often referred to as the
millimetre wave (mm-Wave) frequencies. At such high frequency prop-
agation properties are different, with less diffraction, higher penetration
losses and in general higher path losses. This can be compensated for
by having more antenna elements both at the transmitter and receiver,
to be used for narrower antenna beams with higher gain and for massive
multiple-input-multiple-output (MIMO) [7].

2.3 Frame Structure and Numerology

In 5G NRmultiple OFDM numerologies are supported, as shown in Table 2.2,
where µ and the CP for a bandwidth part are obtained from the higher-layer
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Figure 2.1: Frequency ranges FR1 and FR2 and corresponding IMT identi-
fications. Note that the frequency scales are logarithmic [7].

parameter subcarrier spacing and cyclic prefix, respectively [8]. A bandwidth
part, which will be discussed in Section 2.3.3, consists of part of the frequency
band used by the device. Compared to LTE numerology, the most outstand-
ing difference is that 5G NR supports different types of subcarrier spacing,
whereas in LTE there is only one type of subcarrier spacing, equal to 15 kHz,
employed in 5G NR to maintain the backward compatibility. This provides
a scalable numerology that guarantees the adaptability of 5G to different
scenarios with various requirements. It is commonly denoted the subcarrier
spacing ∆f depending on the parameter µ according to ∆f = 2µ · 15 kHz.

µ ∆f = 2µ · 15[kHz] Cyclic prefix
0 15 Normal
1 30 Normal
2 60 Normal, Extended
3 120 Normal
4 240 Normal

Table 2.2: Possible numerologies in 5G NR

A large subcarrier spacing is beneficial from a frequency-error perspective,
as it reduces the impact from frequency errors and phase noise. Another
parameter strictly related to the subcarrier spacing is the CP length, as the
relative overhead increases as the subcarrier spacing becomes larger, where a
smaller CP would be preferable. A further version of the CP is the extended
CP, which has a longer duration and is exploited when the delay spread is
critical, even if it impacts on the resulting overhead. The extended cyclic
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prefix can be used only when ∆f = 60 kHz, while at other spacings only
normal CP is deployed.
The selection of the subcarrier spacing needs to carefully balance overhead
from the CP against sensitivity to Doppler spread/shift and phase noise [7].

Numerology (µ) 0 1 2 3 4
Subcarrier Spacing (kHz) 15 30 60 120 240

OFDM Symbol Duration (µs) 66.67 33.33 16.67 8.33 4.17
CP Duration (µs) 4.69 2.34 1.17 0.57 0.29

OFDM Symbol including CP (µs) 71.35 35.68 17.84 8.92 4.46

Table 2.3: OFDM Symbol Duration

2.3.1 Time Domain Structure

In 5G NR, physical signals are transmitted over the time domain organized
as fixed size frames and subframes. A frame in NR serves as a numerology-
independent time reference, as the length of each radio frame is always 10ms.
Each frame is further divided into ten equally sized subframes of 1ms each.
Frames and subframes structure is equivalent to the one adopted for LTE in
order to guarantee the backward compatibility.
The radio frame structure is different depending on the type of numerology.
In particular, each subframe is divided into slots consisting of 14 OFDM
symbols, as shown in Figure 2.2, with a variable number of slots precisely
depending on the parameter, as can be seen in Table 2.4.

µ Nslot
symb N

frame(µ)
slot N

subframe(µ)
slot

0 14 10 1
1 14 20 2
2 14 40 4
3 14 80 8
4 14 160 16

Table 2.4: OFDM symbols per slot, slots per frame, slots per subframe

Since a slot is defined as a fixed number of OFDM symbols, a higher
subcarrier spacing leads to a shorter slot duration. This can be used to
support low-latency transmission, but as the CP shrinks when increasing the
subcarrier spacing, it is not a feasible approach in all deployments. Therefore,
to facilitate a reduction in the slot duration and the associated delay while
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Figure 2.2: Frame, subframes and slots in NR [7].

maintaining a CP similar to the 15 kHz case, an extended CP is defined
for the 60 kHz subcarrier spacing as shown in Table 2.2, at the cost of an
increased overhead.

2.3.2 Frequency Domain Structure

The spectrum flexibility requirement points out the need for NR to be scal-
able in the frequency domain over a large range. Due to the scalable nu-
merology, NR channels support bandwidth that varies from 5 to 400MHz
but devices cannot be expected to handle such wide bandwidth as it is not
reasonable from a cost perspective. For this reason, they will be able to
handle only a part of the frequency band, specified as a maximum number
of physical resource blocks (PRBs). Furthermore, the part of the frequency
band received by a specific user equipment may not be centred around the
carrier frequency and each NR device may have its direct current (DC) lo-
cated at different locations in the available frequency band (unlike LTE where
all devices have the DC coinciding with the carrier frequency). This enforces
the deployment of DC subcarriers, as illustrated in Figure 2.3, which do not
carry useful data but instead are used by each device to discover the centre
of the bands where transmission takes place.

The elementary unit defined in the frequency domain is referred to as
resource element (RE), consisting of one OFDM symbol upon one subcarrier
and it is denoted by a pair (k, i)p,µ, where k is the frequency index and i
represents the symbol time index, p is the antenna port, and µ is the scaling
factor. Furthermore, as illustrated in Figure 2.4, a set of 12 consecutive
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Figure 2.3: Handling of the DC subcarrier in LTE and NR [7].

subcarriers along one OFDM symbol (that is 12 RE) is called resource block
(RB). Unlike LTE, where transmission occupies a complete slot, in NR the
RB is defined just in the frequency domain due to the flexibility in time
duration for different transmission.

Figure 2.4: Resource grid and resource element in 5G [7].

The alignment in the frequency domain is maintained as one RB having a
subcarrier spacing of 2∆f covers the interval of frequencies occupied by two
RBs at with subcarrier spacing ∆f . The alignment among RBs at different
scaling factors is maintained through the definition of resource grids, where
there is one resource grid per subcarrier spacing and antenna port. A re-
source grid consists of Nsize,µ

grid,y x NRB
SC subcarriers in the frequency domain and

Nsubframe,µ
symb OFDM symbols in the time domain, where Nsize,µ

grid,y is the specific
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carrier bandwidth adopted for scaling factor µ on the channel with direction
y that may be either DL or uplink (UL) while NRB

SC is the number of subcar-
riers per RB [8].
As 5G NR supports multiple numerologies and not all devices may support
the full carrier bandwidth, in order to indicate the RB within the carrier
where the transmission takes place it is used a common reference point called
point A, together with two types of RBs: common resource block (CRB)
and PRB. There is a third type of RB, virtual resource block, which are
mapped to PRB when describing the mapping of the physical shared chan-
nels PDSCH/PUSCH.

• Point A is the subcarrier 0 of CRB 0 for every scaling factor, and it is
used to map PRB to the corresponding CRB. Point A may be located
outside the actual carrier.

• Common Resource Blocks, given µ, are numbered from 0 and upwards
in the frequency domain and the center of their subcarrier 0 is the
reference point A. If nµ

CRB is the index of CRB, then it holds that
nµ
CRB=| k

NRB
SC

| where k is the subcarrier index relatively to point A.

• Physical resource blocks (PRB), which are used to describe the ac-
tual transmitted signal, are labeled through a number between 0 and
Nsize

BWP,b, where b is the number of bandwidth part, which will be dis-
cussed in the next section. The mapping between CRBs and PRBs is
nCRB = nPRB + Nstart

BWP,b with nCRB being the number of CRB, nPRB

the number of PRB, and Nstart
BWP,b the initial CRB of the bandwidth part

with respect to the CRB 0.

2.3.3 Bandwidth Part

Given the very wide carrier bandwidth supported in 5G NR, if the same
approach as in LTE is used, where the DL control channels can occupy the
full carrier bandwidth, it would result in an increase of power consumption of
the device. Therefore, in NR, devices can use narrower bandwidth for receiv-
ing small-to-medium sized data transmissions and open the full bandwidth
only when a large amount of data is scheduled, allowing a receiver-bandwidth
adaptation. Hence, a bandwidth part (BWP) is defined as a set of contigu-
ous PRBs for a fixed numerology and is described through two parameters:
Nstart,µ

BWP,b as the starting RB of the bth bandwidth part and Nsize,µ
BWP,b being the

size of the bandwidth part itself. Therefore, bandwidth parts identify the
PRBs where each user is able to handle the communication. Furthermore,
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each user is designed in such a way to receive only one numerology per time.
Each device can be assigned up to four bandwidth parts for DL and up to
four additional bandwidth parts for the UL. When a user has to initiate
a connection, it receives from the physical broadcast channel (PBCH) the
initial bandwidth part for the DL, while the physical downlink control chan-
nel (PDCCH) signals the initial bandwidth part for the UL [8]. In Figure
2.5 it is illustrated an example of how the device switches to a bigger BWP
when a large amount of data is transmitted.

Figure 2.5: Example of bandwidth adaptation using bandwidth parts [7].

2.3.4 Transmission Techniques

NR has been designed in order to support both time division duplex (TDD)
and frequency division duplex (FDD) schemes.
In Time Division Duplex transmissions, UL and DL are allocated on the same
subcarrier but on different time slots in order to guarantee the nonoverlap-
ping in time domain. In TDD scheme it is necessary to reserve a guard period
where neither UL nor DL transmissions occur and to guarantee a transient
period to switch from a direction to the other. The length of the guard pe-
riod is proportional to the cell size, hence it increases as the distance from
the base station gets higher. This type of scheme is particularly useful in
small-cell deployments.
In Frequency Division Duplex UL and DL transmissions happen simultane-
ously in the time domain while they are assigned to different subcarriers in
the frequency domain, denoted fUL and fDL, hence UL and DL channels are
distinguished within the entire available bandwidth. This scheme requires
filtering operations both in transmission and reception, known as duplex fil-
tering, in order to guarantee the UL and DL separation in the frequency
domain.
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Chapter 3

OFDM Radar

3.1 OFDM Radar Estimation Problem

In order to develop algorithms able to perform radar sensing based on 5G
NR systems and their downlink transmit signal, as anticipated in Section 1.4,
it is essential to understand how OFDM signals behave when used mainly
for radar purposes. This is necessary since 5G signals are based on a OFDM
signal type.

Generally, in a basic monostatic radar system, both transmitter and re-
ceiver are implemented on the same device. To obtain the radar image, a
signal bx(t) is transmitted. Subsequently, the radar receives a signal by(t),
which consists of a superposition of signals reflected both from the desired
target and from other objects positioned nearby, to which the receiver noise
is added, as shown in Figure 3.1. The radar system then analyzes the re-
ceived signal to determine range and relative velocity of the targets.
For this chapter, only one antenna at the transmitter is assumed, which oper-
ates as the receiver as well, and that the radar is not attempting to estimate
the direction of arrival of the backscattered signal.

Assuming a total of H reflecting objects, the received signal has the form
[9]:

by(t) =
H−1∑
h=0

ahbx(t− τh)e
j2πfD,htejφ̃h + z̃(t) (3.1)

where the magnitude of every signal reflection is attenuated by a factor ah.
This factor depends on the distance of the target rh and its radar cross

25



26 OFDM Radar

Figure 3.1: Schematic of a radar system [9].

section (RCS), σRCS,h. The attenuation can be written as:

ah =

√
Gc20σRCS,h

(4π)3r4hf
2
c

(3.2)

where G is the antenna gain, c0 is the speed of light and fc is the carrier
frequency of the radio frequency (RF) signal. The signal is delayed by a
quantity τh, which is the time it takes for it to travel from the transmitter
to the target and receive back at the origin:

τh = 2
rh
c0
. (3.3)

A moving target with relative velocity vrel,h will cause a Doppler shift in
the frequency expressed as:

fD,h = 2
vrel,h
c0

fc. (3.4)

Furthermore, the signal is rotated by an additional random phase φ̃h. Fi-
nally, AWGN, z̃(t), is added to the receiving signal.
A new notation is introduced to apply the (3.1) to OFDM signals. A trans-
mitted OFDM frame is represented by a matrix

GTx =


dx(0, 0) · · · dx(0,M − 1)
dx(1, 0) · · · dx(1,M − 1)

...
. . .

...
dx(N − 1, 0) · · · dx(N − 1,M − 1)

 ∈ AN×M (3.5)

where each row of GTx represents a subcarrier, each column represents a
different OFDM symbol of the transmitted frame and A ∈ C is the complex
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modulation alphabet. The frequency of the k-th subcarrier is denoted by
fk = f0 + k∆f . If some subcarriers are left empty (such as the DC carrier),
the corresponding elements dx(k, i) are set to zero. Usually, empty subcar-
riers at the edge, used as guard bands, are not present in the transmitted
matrix, therefore GTx has N < NIFFT rows, where N is the number of active
subcarriers and NIFFT is the dimension of the IFFT at the modulator.

Symbol Parameter
A Modulation alphabet
N Number of active subcarriers
M Number of OFDM symbols
∆f subcarrier spacing

T= 1
∆f

OFDM symbol duration

TCE Cyclic Prefix duration
T1 = T + TCE Total duration of one OFDM symbol
NIFFT ≥ N IFFT length

fs = NIFFT∆f Sampling rate

Table 3.1: Parameters in an OFDM transmitter

By modulating the GTx matrix, in combination with the knowledge of
the parameters given in Table 3.1, the time domain signal can be obtained
and, vice versa, the matrix can easily be obtained by demodulating the time
domain signal.
In particular, at the receiver the signal backscattered from the target is de-
modulated to obtain the received frame matrix GRx, by performing analog
to digital conversion, removal of the CP, and lastly the calculation of an FFT
of length NIFFT for every column of the matrix.

Theoretically, the received matrix GRx can be obtained given a transmit
matrix and a set of H reflecting targets. To simplify this, it is assumed at
first that only one object is present (H = 1) in order to easily analyze the
effects of each target.
A frequency shift by fD is simply a modulation of every row of GTx with a
discretely sampled complex sinusoid ej2πfDT1i, i = 0, ...,M − 1.
Differently, the time delay causes a phase shift of the individual elements
dx(k, i) and the phase shift value is different for every subcarrier, depending
on its frequency. For a delay τ , the phase shift on the k-th subcarrier is thus
e−j2π(k∆f+f0)τ . By combining these effects, GRx for H = 1 becomes [9]:

(GRx)k,i = a0(GTx)k,ie
j2πT1fD,0ie−j2πτ0(k∆f+f0)ejφ̃0 + (Z̃)k,i (3.6)
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where Z̃ ∈ CN×M is the matrix representation of the AWGN at the receiver.
Its elements are i.i.d. complex random variables from a circular, zero-mean
Gaussian distribution with variance σ2. As f0 and φ̃0 are constant, another
notation can be defined φ0 := φ̃0 − 2πf0τ0 and thus (3.6) can be simplified
to:

(GRx)k,i = a0(GTx)k,ie
j2πT1fD,0ie−j2πkτ0∆fejφ0 + (Z̃)k,i. (3.7)

As GTx serves no purpose for the estimation problem, it is removed from
the equation by element-wise division:

(G)k,i =
(GRx)k,i
(GTx)k,i

= a0e
j2πT1fD,0ie−j2πkτ0∆fejφ0 +

(Z̃)k,i
(GTx)k,i

. (3.8)

Another notation is introduced in order to remove the influence of the
transmitted data from the model. In particular, an alternative noise matrix
(Z)k,i = (Z̃)k,i/(GTx)k,i can be defined since the elements of Z̃ are from a
circular, zero-mean Gaussian distribution and a division by a phase matrix
preserves its statistics. Therefore Z is still a white noise process if Z̃ is white.
Having defined Z, G can be written as

(G)k,i = a0e
j2πT1fD,0ie−j2πkτ0∆fejφ0 + (Z)k,i. (3.9)

Since all operations used to calculate GRx from by(t) (FFT and removal
of the CP) are linear with respect to their input signal, the sum from (3.1)
can be reintroduced and the following expression can be obtained:

(G)k,i =
H−1∑
h=0

ahe
j2πT1fD,hie−j2πkτh∆fejφh + (Z)k,i. (3.10)

One advantage comes from the fact that calculations of Doppler and de-
lay are entirely separate. As is the case for FMCW radar systems, they do
not impact each other and can be estimated independently.
From (3.10), a generic target estimation problem can be articulated as fol-
lows:

1. Estimation of the number of targets.

2. For every target, estimation of the respective frequencies Ω̂r (column-
wise) and Ω̂v (row-wise) of the sinusoids.
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3. Translation of these frequencies into distance and relative velocity us-
ing the following expressions, which represent the basic distance and
velocity resolutions in the range-Doppler map:

r̂ =
1

2
τ̂ c0 =

Ω̂dc0
2(2π)∆f

, (3.11)

v̂ =
f̂Dc0
2fc

=
Ω̂vc0

2(2π)fcT1

. (3.12)

3.1.1 Interpolation

The 5G NR technology (as well as the LTE one) transmit grids contain un-
used subcarriers within the transmit signal, whose location vary from OFDM
symbol to another. The direct calculation of (3.10) is therefore not feasible
in these point, but is carried out only for the active subcarriers. Therefore,
before target detection and range-velocity estimation, the radar processing
proposed in [13] adopts linear interpolation across OFDM symbols and, thus,
defines the interpolated grid sample (Ḡ)k,l at an unused subcarrier k of an
OFDM symbol i as:

(Ḡ)k,i = (G)k,i +

(
Gk,i2 −Gk,i1

i2 − i1

)
(i− i1) (3.13)

where i1 < i < i2 and the subcarrier k is assumed to be active at OFDM
symbols i1 and i2. In case of unused subcarriers in the first or last symbol
of the transmitted grid, (3.13) cannot be used, therefore the calculation of
(3.10) is still not feasible. In this work these symbols are simply calculated
using (3.13), considering i1 and i2 such that i < i1 < i2 for the unused
subcarrier k in the first OFDM symbol, and i1 < i2 < i for the unused
subcarrier k in the last OFDM symbol.

3.2 Periodogram-based Estimation Algorithms

The actual radar processing building on the known transmit waveform can be
implemented in multiple ways, either with time domain or subcarrier-domain
processing [13]. In this work, the subcarrier-domain processing, utilizing di-
rectly the transmit and receive grids of samples, ḠTx and ḠRx respectively,
is adopted.
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The input data for the periodogram is the matrix Ḡ, obtained through
element-wise division between the transmit and receive matrix, as shown in
(3.10), and interpolation. Then the periodogram is calculated as follows:

PerḠ(n,m) =

∣∣∣∣NPer−1∑
k=0

FFT of length MPer︷ ︸︸ ︷(MPer−1∑
i=0

(Ḡ)k,ie
−j2π im

MPer

)
e
j2π kn

NPer︸ ︷︷ ︸
IFFT of length NPer

∣∣∣∣2. (3.14)

Choosing a value of MPer > M and NPer > N , hence increasing the num-
ber of points of the discrete periodogram, will increase the accuracy of the
estimation at high SNR values [12]. For this work MPer and NPer are set to
M and N respectively.
The resulting matrix directly represents a two-dimensional radar image in
range and Doppler. The sinusoids in Ḡ will result in a peak in PerḠ(n,m),
which will be detected in order to estimate the position and velocity of the
target. Then, if PerḠ(n̂, m̂) corresponds to a peak value, Ḡ will present a
column-wise oscillation of frequency Ω̂r = 2πn̂/NPer caused by the propaga-
tion delay, and a row-wise oscillation of frequency Ω̂v = 2πm̂/MPer caused
by the Doppler shift. Now, by applying n̂ and m̂, respectively to (3.11) and
(3.12), it is possible to rewrite them as:

r̂ =
n̂c0

2∆fNPer

, (3.15)

v̂ =
m̂c0

2fcT1MPer

. (3.16)

Therefore, once the values n̂ and m̂ which maximize the periodogram are
found, it is simply necessary to insert them into (3.15) and (3.16), respec-
tively, in order to obtain the distance and velocity estimations. The indices
n and m are chosen such that

n = 0, ..., NPer − 1 and m = [
−MPer

2
], ..., [

MPer

2
]− 1. (3.17)

Since Doppler shifts can be negative (and correspond to targets moving
away from the sensor), m is shifted symmetrically around the zero, whereas
negative distances have no physical meaning. Any periodogram-based esti-
mate must therefore automatically lie within the intervals 0 ≤ r̂ ≤ rmax and
−vrel,max ≤ v̂ ≤ vrel,max in order to find the discrete values which are closest
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to the real values τ0 and fD,0.
The resolution for the distance estimation, determined by the observation
time of the transmitted pulse in conventional radar systems, is determined
by the bandwidth over which the delay-induced complex exponentials are
observed. Thus, the inverse of the bandwidth BW determines the resolution
with which the delays ∆τ = 2∆r/c0 are measured, which leads to

∆r =
c0

2BW
=

c0
2∆fN

(3.18)

for the distance resolution. For the last identity in (3.18), BW = N∆f
is used.

Analogously, the velocity resolution is determined by the observation time
of the Doppler-induced complex exponentials. The Doppler resolution ∆fD =
2∆vfc/c0 leads to the following expression for the velocity resolution:

∆v =
c0

2fcT1M
. (3.19)

Figure 3.2 shows a block diagram of an entire OFDM radar system.
Given that the CP duration, TCE, is assumed larger than the propagation
time of the reflected signal to the furthest target and back, and ∆f is at least
one order of magnitude larger than the largest Doppler shift, as will be later
discussed in Section 3.2.3, then the indices n and m can be chosen in order
to analyze the periodogram only in determined search ranges [12]. If CP is
a fraction of the OFDM symbol used as cyclic prefix ( tipically CP=1/4),
and D is a fraction of subcarrier distance the Doppler shift can maximally
be (tipically D=1/10), then maximum values for n and m are defined as:

nmax = [CP ·NPer],
mmax = [D ·MPer].

(3.20)

Having defined these maximum values, the periodogram of (3.14) can be
computed in the range −mmax, . . . ,mmax for the velocities and 0, . . . , nmax

for the distances.

3.2.1 Distance Estimation Parameters

In radar applications, the range resolution is defined as the minimum dis-
tance between two targets for which it is possible to distinguish both targets
without ambiguity and can be estimated through (3.18), given in Section 3.2.
The distance estimation for OFDM radar is based on the processing of delay-
induced complex exponentials. Hence, the subcarrier spacing ∆f corresponds
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Figure 3.2: Block diagram of a periodogram-based OFDM radar system [10].

to the sampling step with which these complex exponentials are sampled,
and thus determines the maximum unambiguosly measurable range of de-
lays. Therefore, the maximum unambiguously measurable delay τh=2rh/c0
is determined by considering |τ∆f | <1, given the discrete nature of Ḡ, which
leads to

runamb =
τunambc0

2
=

c0
2∆f

. (3.21)

Another distance parameter of interest is the maximum distance de-
tectable rmax. This parameter is determined by the duration of the CP and
typically needs to be set to the maximum distance from which potentially
considerable reflection power can be expected. Thus, based on the chosen
TCE duration, the maximum distance can be written as:



3.2 Periodogram-based Estimation Algorithms 33

rmax =
TCEc0
2

. (3.22)

3.2.2 Velocity Estimation Parameters

The velocity resolution is defined as the minimum difference of radial veloc-
ity between two targets at the same distance from the radar for which it is
possible to distinguish both targets without ambiguity and can be estimated
through (3.19), given in Section 3.2.
The velocity estimation for OFDM radar is performed through estimation of
Doppler-induced complex exponentials over the consecutive OFDM symbols,
therefore, they represent the sampling points. Hence, the maximum unam-
biguously measurable Doppler frequency is fD,h = 2vrel,hfc/c0 and the unam-
biguously measurable velocity range is determined, considering |T1fD| < 1/2,
as:

vunamb =
c0

2fcT1

. (3.23)

The velocity estimation typically exhibits both positive and negative fre-
quencies. Therefore, the unambiguous velocity range vunamb needs to be set
such that both positive and negative velocities are detected unambiguously.
As (3.19) and (3.23) show, the velocity estimation parameters depend on the
carrier frequency. The higher the carrier frequency, the less the unambiguous
velocity range and the better the velocity resolution.

3.2.3 OFDM Radar Parametrization

The validity of the signal model given in (3.10) implies the following as-
sumptions, that guarantee that the OFDM symbols received can be correctly
demodulated and simplify the design of the algorithm:

1. TCE is larger than the propagation time required for the signal to travel
to the furthest target and go back to the receiver.

2. The Doppler shift of OFDM subcarriers is assumed insignificant for all
targets. This requires the subcarrier spacing ∆f to be much larger than
the maximum expected (positive or negative) Doppler shift fD,max, i.e.
∆f ≥ 10|fD,max|.

3. All the subcarriers are affected by the same Doppler shift. The carrier
frequency fc is larger than the signal’s bandwidth, i.e., BW ≪ fc. This
can be interpreted as narrowband assumption, i.e. assumption that all
frequencies in the signal are influenced identically by the channel.
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4. During one OFDM radio frame the target’s position can be assumed
constant if the measurement is lower than the distance resolution of
the radar when the relative velocity is small enough.

5. The modulation system is normalized to unit power. This assumption
is always verified for constant-modulus alphabets such as phase shift
keying (PSK) [12].

3.2.4 Signal-to-Noise Ratio and Processing Gain

Generally, the SNR is defined as the power of the received signal divided
by the power of the noise present in the signal bandwidth. Due to the
normalization to unit signal power, SNR can be simply defined by the noise
power [12]:

SNR = −10 log10 σ
2. (3.24)

In the next chapter this will be taken into better consideration in order
to determine the noise variance σ2 for different scenarios.
When a target is present, the backscattered signal power PRx can be expressed
as:

PRx =
PTxGc20σRCS

(4π)3f 2
c r

4
(3.25)

where PTx is the transmit power and G is the antenna gain. The relevant
SNR, calculated before the signal processing in the matrix ḠRx, is given by:

SNRḠRx
=

PRx

kBθ · NF ·N∆f
(3.26)

where the noise power density, expressed as kBθ · NF, consists of the Boltz-
mann constant kB, the temperature θ and the noise figure NF, which incor-
porates the noise from all the components of the receiver chain, including
the ADC. By multiplying this by the actual occupied bandwidth (N∆f),
this becomes the total noise power.

The division by ḠTx in (3.10) does not change the SNR, as it affects
noise and received power alike. The matrix Ḡ thus has the same SNR as the
matrix ḠRx,

SNRḠ = SNRḠRx
. (3.27)

However, the target detection is performed on the periodogram, not onG.
Its signal-to-noise ratio, SNRPer, is therefore defined for the bin containing



3.2 Periodogram-based Estimation Algorithms 35

the target’s corresponding peak only. In each Fourier transform the signals
add in a coherent deterministic process, resulting in a total power gain of
N2 from the outer sum in (3.14) and of M2 from the inner sum, therefore
a total power gain of (NM)2, whereas noise, as a stochastic quantity, only
experiences a power gain of NM [11]. This results in a processing gain PG
in the logarithmic scale equal to

PG = 10 log10(NM). (3.28)

This results in
SNRPer = SNRG + PG. (3.29)

More energy is backscattered towards the receiver when multiple targets
are present, but if the targets are far apart this has little effect on the SNR
in one individual bin of the periodogram.

3.2.5 Window Functions

Window functions are usually applied to the input data in periodogram-
based spectral estimation. Usually, for any signal processing the main mo-
tivation for windowing is to reduce sidelobes in the discrete time Fourier
Transform (DTFT). Windows reduce the energy in the data and its effective
time domain duration by tapering the data near the edges. The reduction
in energy is reflected in the DTFT as a reduction in the peak value. By
reciprocal spreading property, the reduced effective width of the data in the
time domain is reflected in a wider main lobe of its DTFT in the frequency
domain. Thus, the frequency resolution of the DTFT is degraded [14].

Window functions have two main features: the width of the main lobe
Ωs, where −π ≤ Ωs ≤ π, and the sidelobe attenuation amin, expressed in dB.
The costs of windowing are offset by a great reduction in sidelobes levels,
depending on the window shape, which is useful for reliable detection of
targets.
In this case a two-dimensional window matrix W ∈ RN×M is defined, which
is multiplied element-wise with the matrix Ḡ. The expression in (3.14) is
thus refined to

PerG(n,m) =

∣∣∣∣NPer−1∑
k=0

FFT of length MPer︷ ︸︸ ︷(MPer−1∑
i=0

(Ḡ)k,i(W)k,ie
−j2π im

MPer

)
e
j2π kn

NPer︸ ︷︷ ︸
IFFT of length NPer

∣∣∣∣2. (3.30)
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The window matrices are designed by calculating the outer product of
two one-dimensional windows,

W =
1

||wd||2||wv||2
wT

d ⊗wv (3.31)

with wd ∈ R1×N and wv ∈ R1×M . The normalization factor is introduced to
ensure that the total energy in the periodogram is independent of the chosen
window matrix. An extensive study on various windows is present in [15].
The following window types are of interest for the OFDM radar applications:

1. Rectangular window : this actually represents no windowing at all (other
than enforcing a finite length to the data) and can be interpreted as a
“lack” of a window function, having a constant value for all samples:

(wd)k = 1 k = 0, ..., N − 1. (3.32)

The rectangular window has the smallest main lobe width (which is
optimal for the radar resolution). However, it also has the smallest side
lobe attenuation (which is bad for the dynamic range), which makes it
generally not a good choice for the radar system.

2. Hamming window : compared to the rectangular window, this window
has a higher sidelobe attenuation, but twice the main lobe width.

3. Dolph-Chebyshev window : this window is defined in the frequency do-
main in terms of uniformly spaced samples of the window’s Fourier
transform. Furthermore, the sidelobe level can be configured according
to the required dynamic range and determines the main lobe width.

SNR Loss by Windowing

Windowing does not change the SNR at the input of the periodogram, since
noise and signal are influenced in the same way by element-wise multiplica-
tion with W . However, since the main lobe’s widths differ between according
to the window of preference, the height of their peaks also varies, resulting
in an SNR loss that needs to be taken into account into the processing gain.
The processing gain is therefore calculated as:

PG = 10 log10(NM) + SNRwd
+ SNRwv (3.33)

where SNRwd
and SNRwv are the SNR losses for the row and column-wise

windows, respectively. They are given by
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SNRwd
=

∣∣∑N−1
k=0 (wd)k

∣∣2
N

∑N−1
k=0 |(wd)k|2

, (3.34)

SNRwv =

∣∣∑N−1
k=0 (wv)k

∣∣2
N

∑N−1
k=0 |(wv)k|2

. (3.35)
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Chapter 4

5G NR Performance Results

In this work 5G NR baseband waveforms are generated in the MATLAB en-
vironment through the help of built-in functions available in the 5G Toolbox.
Simulations are carried out to evaluate the performance of the periodogram-
based OFDM radar, described in Section 3.2, to compare the behaviour of
NR waveforms with different characteristics and their feasibility for high-
precision range and velocity estimation. In these evaluations, waveforms
with subcarrier spacing (SCS) ∆f = 15 kHz and bandwidth equal to 20MHz,
and also waveforms with ∆f = 30 kHz and bandwidth equal to 40MHz and
100MHz, are adopted. For the generation of the symbol, a quadrature phase-
shift keying (QPSK) modulation alphabet is used, with each OFDM sym-
bol normalized to have unitary power. A downlink radio frame of 10ms
is transmitted for each simulation. The main OFDM radar parameters are
summarized in Table 4.1.

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

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

IFFT length 2048 4096 4096
Active subcarriers 1272 1272 3276
OFDM symbols 140 280 280

Table 4.1: OFDM Radar parameters for the considered NR channel band-
widths

The assumed carrier frequency is fc = 3.5GHz, therefore, according to ∆r
and ∆v in (3.18) and (3.19) respectively, the resolution in the range-Doppler
map can be calculated, as shown in Table 4.2. The main downlink physical

39
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channels and signals, such as CSI-RS, SS burst, CORESET, PT-RS, PDSCH
and PDCCH, are modeled when applicable. A basic rectangular window,
shown in Section 3.2.5, is used as the window function (W)k,l in (3.30).
In order to study the performance of this signal, a simple radar system, which
generates the received signal by(t) of (3.1), has been developed. The distance
from the radar, r, and the relative velocity, vrel, of a target are chosen and
according to these values the generated baseband waveform is attenuated
by a factor a, delayed by a value τ and a Doppler frequency fD is applied,
according to the equations (3.2), (3.3) and (3.4) respectively. Then, as a first
approximation, complex white Gaussian noise of variance N0 is added to the
signal.

NR 20 NR 40 NR 100
Distance resolution ∆d (m) 7.9 3.9 1.5
Maximum distance dmax (m) 700 350 350
Velocity resolution ∆v (m/s) 4.2 4.2 4.2
Maximum velocity vmax (m/s) ± 64 ± 128 ± 128

Table 4.2: Key parameters for the considered NR channel bandwidths at
3.5GHz

4.1 Range-Doppler Image

The main goal of Section 3.2 was to present an algorithm for radar detection.
Therefore, the resulting matrix, Per, expressed in (3.14) has been computed
to create the range-Doppler map, which aims to simultaneously show the
estimated range and radial velocity of the target. This map is a graphic
representation of the matrix Per.
In this section, in order to show a radar image similar to those generally
obtained through radar signals, such as FMCW, the axes have been con-
verted from bin indices to range and Doppler values. The abscissa represents
the range in the interval [0;rmax], whereas the ordinate represents the radial
velocity in the interval [−vmax; vmax], where for negative velocity the target
moves towards the base station.

Figure 4.1 shows an example of a range-Doppler map where a 5G downlink
signal of duration 10ms, SCS = 30 kHz and BW = 40MHz is transmitted.
The dimensions of the image correspond to the values in Table 4.2, but to
obtain a map with a better definition, the resolution is further improved
choosing values of n and m, shown in (3.17), with a step ≪ 1. The colour
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Figure 4.1: Example of a Range-Doppler image obtained through peri-
odogram calculation when a single target is present at 200 m with a relative
speed of 40m/s in AWGN channel. The signal is characterized by SCS =
30 kHz and BW = 40MHz.

of the periodogram’s bins are related to the power received from the target,
represented as a red spot due to a higher intensity. Nevertheless, since in
this case AWGN noise is considered, the image presents impurities, which
become more and more pronounced as the noise level increases. It can be
noticed that, unless the noise overwhelms the signal, the correctness of the
algorithm is confirmed.

As seen in Section 3.2.5, the main advantage of a window function is
to enable a finer control of sidelobe levels, useful especially for a reliable
detection of multiple targets. Figure 4.2 shows the range-Doppler map for
two identical cases, but each using a different window. The periodogram is
evaluated when three targets are present, in particular two targets have the
same distance from the radar and the same radial velocity, but one target
moves away from the receiver whereas the other moves towards it. Another
target is present at a higher distance, but is characterized by a lower RCS
therefore reflects less power. In the first case, a rectangular window is used,
hence the main lobe width is very small and targets close to each other can
be distinguished, but there is less sidelobe attenuation. In the second case,
a Dolph-Chebyshev window is applied, which is characterized by a higher
sidelobe attenuation. This allows weaker targets to be better distinguished
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(a) Rectangular window (b) Dolph-Chebyschev window

Figure 4.2: Periodogram of multiple targets obtained with a different window
choice in AWGN channel. The downlink signal is characterized by SCS =
30 kHz and BW = 40MHz.

from sidelobes of stronger targets, but reduces the radar resolution, hence
targets close to each other are not easily distinguished.

4.2 Performance in AWGN Channel

In this section, the performance of the radar system implemented, in terms
of root mean square error (RMSE) of the distance and velocity estimation, is
studied for AWGN channel. At first, the 5G waveform generated needs to be
normalized in order to verify the assumption (5) in Section 3.2.3. The actual
number of subcarriers of the signal is given by the number of points of the
IFFT at the modulator, NIFFT, but only a number N < NIFFT are active and
actually used in the transmitted frame matrix. Therefore the power after the
IFFT block needs to be normalized to unit power according to the following
expression:

Pxnorm =
N2

IFFT

N
Px (4.1)

where Px is the transmitted power after the IFFT block, and Pxnorm is the
normalized transmitted power.
Hence, the transmitted waveform is normalized to unit power as follows:

bxnorm =
NIFFT√

N
bx. (4.2)

This is necessary because the IFFT introduces a power loss due to the
inactive subcarriers and of the multiplicative factor, N , appearing in its def-
inition.
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Now, taking into account the presence of the inactive subcarriers, the pa-
rameter Es/N0, which represents the symbol energy to noise power spectral
density ratio, can be written as:

Es

N0

=
Eb

N0

Nk

NIFFT

(4.3)

where Es is the energy per symbol, N0 is the noise spectral density, Eb is the
energy per bit, and k is the number of bits per symbol (in this case equal
to 2, because a QPSK modulation has been used). Considering the equation
(4.3), the SNR in linear scale can be calculated as:

SNRlin =
Esfs

N0BW
(4.4)

where fs is the sampling frequency, Esfs is the power of the signal and BW
is the bandwidth of the signal. According to the assumption (5) and the
normalization applied in (4.2), the energy per symbol can be assumed Es = 1.

4.2.1 Numerical Performance Analysis

In these simulations, the main goal is to analyze the performance for different
values of the SNR at the receiver. It was chosen to define a set of SNR[dB]
values and derive the noise spectral density N0 from the equation (4.4) to
define the noise samples to add to the signal. So, in this case, it has been
chosen to vary the SNR through N0 while keeping constant the power of the
received signal at varying the target’s distance.
At first, the SNR is transformed from dB to the linear scale through SNRlin =
10(−SNR[dB]/10), to obtain:

N0 =
fs

SNRlin · BW
. (4.5)

The evaluations are carried out when only a single target is present. The
actual distance and velocity of the target is varied randomly, through M
Monte Carlo iterations, with uniform distributions from 20 to 200m (dis-
tance) and from −40 to 40m/s (velocity). In each iteration, the signal is
delayed by a quantity τ and a Doppler frequency fD is applied. In the
radar processing, no prior information about the target distance or speed is
assumed, therefore, in the periodogram calculations and the corresponding
detector, the overall feasible space contains distances up of a one-way propa-
gation delay and velocities up to the maximum velocity detectable vmax. The
resolution of the periodogram is chosen according to the parameters of Table
4.2.
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(a) target distance estimation RMSE

(b) target velocity estimation RMSE

Figure 4.3: Radar performance at 3.5 GHz as a function of the SNR at the
receiver input when a single target is present.
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As shown in Figure 4.3, the RMSE is calculated, which is a measure of
absolute error in which errors are squared to prevent positive and negative
values from canceling each other out. The expression of the RMSE can be
written as follows:

RMSE =

√√√√ 1

K

K∑
k=1

(x̂k − xk)2 (4.6)

where x is the parameter for which the RMSE needs to be calculated, in
this case the actual distance from the radar and the relative velocity of the
target, whereas x̂ is the estimation of this parameter.
As can be seen, reliable target detection can be achieved for input SNRs
in the order of -33 to -41 dB, the exact number depending on the channel
bandwidth and subcarrier spacing. At these SNR values the distance and
velocity estimation errors are coherent with the resolution values of the radar
shown in Table 4.2. The RMSE values converge toward

√
(∆r)2/12 and√

(∆v)2/12 for distance and velocity, respectively, reflecting uniform error
distribution within the pixel width as in [13].

4.3 Performance in Multipath Fading Chan-

nel

Generally, radio propagation channels can be classified into: line-of-sight
(LOS) and non-line-of-sight (NLOS). In the first case, signals travel through
the wireless medium mainly in a direct path without encountering any ob-
stacles from a transmitter to a receiver. In the latter case, signals from
the transmitter encounter multiple obstacles before arriving at the receiver,
therefore the line of sight is obstructed. In both scenarios, signals can be
reflected, scattered, diffracted, refracted or absorbed by obstacles i.e. build-
ings, trees, ground, creating a multipath propagation. Therefore different
versions of the signal arrive at the receiver at different times, from different
paths, and with different power.

4.3.1 Channel Characterization

Generally, for a communication channel, the main parameters which describe
the behaviour of the channel in the presence of multipath propagation are:
Power Delay Profile, RMS Delay Spread, and the Maximum Excess Delay.
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Power Delay Profile

The power delay profile describes how the power of the received signal, filtered
through a multipath channel, varies as a function of the time delay, and is
defined as follows

Ph(t) = |h(t)2| =
∣∣∣∣L−1∑
l=0

h[l]δ(t−∆t)

∣∣∣∣2 (4.7)

where h(t) is a continuous channel impulse response, h[l] is the discrete time
channel impulse response, L is the number of samples and ∆t is the size of
the time step.
In a power delay profile plot, the signal power of each path is plotted against
their respective propagation delays.

RMS Delay Spread

The mean delay spread (τmean) is the statistical mean of the delay introduced
by the multipath channel when a signal is transmitted. For a discrete channel
it is given by:

τmean =< τ >=

∑
Ph(τ)τ∑
Ph(τ)

. (4.8)

RMS delay spread, denoted as τrms, is similar to the standard deviation
of a statistical distribution. For a discrete channel it is calculated as follows:

< τ 2 >=

∑
Ph(τ)τ

2∑
Ph(τ)

. (4.9)

τrms =
√
< τ 2 > − < τ >2. (4.10)

The RMS delay spread is inversely proportional to the coherence band-
width Bc, which is the bandwidth over which a channel may be considered
flat. To avoid ICI, it is important that the subcarrier spacing is chosen larger
than the Doppler spread. However, to make sure that adjacent carriers from
one OFDM symbol experience similiar fading coefficients, ∆f must also be
smaller than the coherence bandwidth of the channel:

BD ≪ ∆f ≪ Bc (4.11)

where BD is the Doppler spread, which describes the widening of the spec-
trum caused by different Doppler shifts on each multipath. It is inversely
proportional to the coherence time TC, which is the time over which the
channel may be assumed constant.
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Maximum Excess Delay

Maximum excess delay τe is the relative time difference between the first
signal arriving at the receiver and the last signal whose power level is above
a given threshold. if the maximum excess delay is greater than the symbol
time period, the ISI arises and the signal is distorted, therefore another
condition must be verified

T1 > τe. (4.12)

4.3.2 Numerical Results

The evaluations in this section are carried out in the same way as for the
AWGN channel. In particular, the transmitted signal is normalized to unit
power according to (4.2). A single target is considered, and the actual dis-
tance and velocity of the target is varied randomly with uniform distributions
from 20 to 200m (distance) and from −40 to 40m/s (velocity). In each it-
eration, the signal is delayed by a quantity τ and a Doppler frequency fD is
applied. As for the AWGN channel, the signal is not attenuated by a factor
ah, contrary to the expression given in (3.1). Furthermore, the signal is fil-
tered through a multipath fading channel with the characteristic summarized
in Table 4.3. For the radar case, if shadowing is not considered, as in this
case, a main path is present and the multipath fading channel is character-
ized by a Rician distribution i.e., the direct path follows a Rice distribution,
while the diffuse component is modeled with a Rayleigh one. In this evalu-
ations a simple power delay profile of a two-ray model is considered, where
the first ray (which models a bundle of rays with similar delays) is the direct
component and has an average path gain of 0 dB, whereas the second ray
(which also models a bundle of rays with similar delays) consists of multi-
path components with an average paths gain (APG) and paths delay given
in Table 4.3.

Fading distribution Rician
K Factor (direct path) 100
RMS Delay spread 130 ns

Average Paths gain (APG) -15dB

Table 4.3: Parameters of the multipath fading channel

These additional paths are regarded as interference, therefore the SNR has
to be expressed in another form. At first, in order to estimate the attenuation
introduced by the channel, a discrete pilot tone d[k], which consist of a Dirac
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impulse, is transmitted and filtered by the channel. The attenuation α is the
response of the channel to this signal and can be expressed as follows:

α = |d[1]|2. (4.13)

This attenuation is considered only for the direct reflected signal, whereas
for the interference introduced by the multipath components another no-
tation must be introduced, called signal to interference ratio (SIR). This
parameter is defined as the ratio between the power of the signal and the
total power I of the interference signals, which are signals that fall in the
same bandwidth of the signal transmitted but are not useful. The SIR is
obtained through the average paths gain of the second ray, which correspond
to the power of the interference signal with respect to the useful signal, as
SIR[dB] = −APG[dB] and can be easily transformed to the linear scale
SIRlin = 10(−APG[dB]/10). The SNR in the case of multipath fading channel in
linear scale becomes:

SNRlin =
αEsfs
N0BW

(
1 +

1

SIRlin

)
(4.14)

where Es = 1 for the same assumption made for the case of AWGN channel.
Consequently, the noise spectral density becomes:

N0 =
α(SIRlin + 1)fs
SNRlinSIRlinBW

. (4.15)

Figure 4.4 and 4.5 show a comparison between the performance of the
radar system when different channels are applied to the signal. It can be
seen that, due to the randomness of the fading channel, the curves are not
as smooth as for the case of AWGN channel. In Figure 4.6 a better repre-
sentation of the deterioration of the performance caused by interference and
attenuation introduced by the channel is shown. It can be seen that when
a multipath scenario is introduced, errors both in the distance and in the
velocity estimation begin to increase for values of SNR higher than those of
the AWGN channel. Furthermore, if the SIR decreases, the error increases
at higher SNR, i.e. for SIR = 5 dB where the distance estimation no longer
converges towards

√
(∆r)2/12 as for the other cases, because the power of

the multipath components is now higher and also closer to the power reflected
by the true target, making distance estimation more difficult.
On the contrary, the RMSE on the velocity is not affected by the SIR as for
the RMSE on the distance and, despite a degradation of the velocity estima-
tion, the error still converges towards

√
(∆v)2/12. This stems from the fact

that velocity estimation for OFDM radar is performed through estimation of
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(a) target distance estimation RMSE in AWGN channel

(b) target distance estimation RMSE in multipath fading
channel

Figure 4.4: Radar performance at 3.5GHz as a function of the SNR at the
receiver input when a single target is present. Comparison of the distance
estimation RMSE when an AWGN channel and a multipath fading channel,
with a SIR = 15 dB of the multipath components relative to the direct path,
is considered.
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(a) target distance estimation RMSE in AWGN channel

(b) target velocity estimation RMSE in multipath fading
channel

Figure 4.5: Radar performance at 3.5GHz as a function of the SNR at the
receiver input when a single target is present. Comparison of the velocity
estimation RMSE when an AWGN channel and a multipath fading channel,
with a SIR = 15 dB of the multipath components relative to the direct path,
is considered.
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(a) target distance estimation RMSE

(b) target velocity estimation RMSE

Figure 4.6: Radar performance at 3.5GHz as a function of the SNR at the
receiver input when a single target is present. Comparison between AWGN
channel and multipath fading channel for a downlink signal with SCS =
15 kHz and BW = 20MHz for 3 values of SIR [5dB, 10dB, 15dB].
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Doppler-induced complex exponentials, whereas distance estimation is based
on the processing of delay-induced complex exponentials and therefore is
more sensitive to time delays.

4.4 Signal Detection and False Alarm Rate

A target detector must be part of the periodogram-based OFDM radar sys-
tem in order to estimate real target locations from peaks of the periodogram
matrix PerḠ(n,m) and differentiate them from spurious effects. In this case,
there are two main causes of errors:

• peaks caused by the AWGN;

• ambiguities caused by targets’ side lobes.

Hence, two types of detection errors can arise from this:

1. Missed target: a valid target can be missed because it is identified as a
side lobe of another, previously detected, target with higher backscat-
tered power;

2. False alarm: a side lobe of a previously detected target can be identified
as the main lobe of a non-existent target.

As mentioned previously, the choice of a suitable window matrix W can
decrease the ambiguities caused by targets’ sidelobes since they can be con-
trolled, at the cost of reduced resolution. However, peaks caused by AWGN
are still a source of error.

In order to evaluate the performance of the detector, ROC curves are
used. They consist of a graphical plot that illustrates the diagnostic ability
of a system varying the discrimination threshold η, for constant SNR. This
plot is derived through a diagnostic test which consists of subjecting the
periodogram to a hypothesis test:

PerḠ(n,m)
H1

≷
H0

η (4.16)

where H0 is the null hypothesis (no target is present) and H1 is the hypothe-
sis that a target contributes to the amplitude of the given bin. The location
of the peak of the periodogram can be obtained through the maximum like-
lihood estimator:
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(n̂, m̂) = argmax
(n,m)

Per(n,m). (4.17)

The ROC curve plot shows the true positive rate against the false positive
rate at various threshold values.

• True positive rate (TPR), also known as sensitivity or probability of
detection, is defined as the probability of detecting a target when it is
indeed present. It is expressed as follows:

TPR =
TP

P
(4.18)

where TP represents the true positive, or number of times a real target
is detected, whereas P is the number of real positive cases. Therefore
(4.18) is defined as the number of correct positive results occurring
among all positive samples available during the test.

• False positive rate (TFR), also known as probability of false alarm,
defined as the event where the target detector decides that there is a
target at a range and relative speed which did not contribute to the
received matrix ḠRx, but only noise was present (ḠRx = Z). It is
expressed as follows:

FPR =
FP

N
(4.19)

where FP represents the false positive, or number of times a target is
detected when only noise is received by the radar, whereas N is the
number of real negative cases. Therefore, (4.19) is defined as the num-
ber of incorrect positive results occurring among all negative samples
available during the test.

The main advantage of this plot stems from the value of the area under
the curve, which represents the accuracy of the test. The greater the area
under the curve, the more accurate the test. The best possible prediction
method corresponds to a step function, representing no false negatives and
no false positive. A random guess, such as a flip of a coin, is represented by
a diagonal line in the plot, which also divides the ROC space. Points above
the diagonal line represent good classification results, whereas points below
such line represent bad results.
In order to calculate the expressions mentioned previously in this section,
the periodogram needs to be calculated. For this case the simulations are
similar to those performed in the previous sections for different values of
SNR, but during each Monte Carlo iteration a decision is made whether the
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signal should be transmitted or if only noise is present and consequently the
value of N and P can be calculated. Once the periodogram is calculated, it
undergoes the threshold test in order to decide if the target is present or not
and the values TP and FP can be calculated.
In Figure 4.7, 4.8 and 4.9 the ROC curves for the various bandwidth taken
into consideration are shown. For all cases under investigation, the detector
performance has been analyzed both in presence of a simple AWGN channel
and a multipath fading channel with the same characteristics shown in Table
4.3. As it can be seen, as the bandwidth increases, the curves tend towards
the step function for low values of SNR. For the signal with BW = 100MHz
at SNR = −40 dB the curve resembles the step function whereas for signals
with BW = 20MHz at SNR = −38 dB the curve is already degraded. This
is verified by the curves shown in Figure 4.3 where it can be seen that target
detection errors start to increase sooner for shorter bandwidth. Furthermore,
for every case, a visible degradation of the curve between the scenario of a
simple AWGN channel and the fading channel is shown as the bandwidth
increases.
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(a) ROC curve for AWGN channel

(b) ROC curve for multipath fading channel with SIR =
15 dB

Figure 4.7: Comparison between ROC curves for different channels when a
5G NR signal with SCS = 15 kHz and BW = 20MHz is transmitted.
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(a) ROC curve for AWGN channel

(b) ROC curve for multipath fading channel with SIR =
15 dB

Figure 4.8: Comparison between ROC curves for different channels when a
5G NR signal with SCS = 30 kHz and BW = 40MHz is transmitted.
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(a) ROC curve for AWGN channel

(b) ROC curve for multipath fading channel with SIR =
15dB

Figure 4.9: Comparison between ROC curves for different channels when a
5G NR signal with SCS = 30 kHz and BW = 100MHz is transmitted.
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Conclusions

The purpose of this thesis was to introduce the 5G NR technology along with
its application to radar systems, and to show the main performance results.
At first, the general OFDM system model was analyzed, in order to under-
stand the main characteristics of the 5G signal, which consists of an OFDM
signal after all. Then, a classical frequency domain OFDM radar process-
ing approach was studied, complemented with an interpolation method to
account for null subcarriers within the transmit resource grid, in order to
study the performance of the radar system varying the SNR at the receiver.
Two types of channels have been considered, a simple AWGN channel and a
multipath fading channel.
In this thesis three different 5G waveforms were targeted, therefore the anal-
ysis was carried out varying two main parameters: the number of active sub-
carriers N (which is strictly correlated with the bandwidth) and the number
M of OFDM symbols (which depends on the SCS).
At first, a basic monostatic radar system was designed, then the different
types of 5G waveforms were generated and used in order to verify the cor-
rectness of the signal processing algorithm devised for an OFDM radar sys-
tem. Subsequently, simulations were carried out, in which the position and
the velocity of the target were estimated. A first analysis was focused on
the RMSE between the actual position and velocity of the target, and the
parameters estimated by the periodogram-based algorithm. A second type
of simulations was focused on the performance of the detector through the
analysis of ROC curves, obtained performing a binary test.
In Chapter 4 it has been shown that if the number of subcarriers increases,
the distance resolution is improved, whereas the velocity resolution mainly
depends on the carrier frequency fc. Furthermore, from the results shown
in Figure 4.3, it can be seen that, for higher bandwidth, target detection re-
mains reliable for values of SNR lower than the case for smaller bandwidth.
In Figure 4.6, results obtained from the two types of channel considered are
shown, in order to compare the behaviour of the radar processing algorithm
when only noise is present and when the channel also presents multipath
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propagation. The implemented multipath channel model features two paths,
where each path models a cluster of paths with similar delays; the first path
is the direct one, while the second one is regarded as interference. When the
interference power increases, a degradation of the detection algorithm occurs,
mainly caused by different paths which arrive at the receiver with different
delays and different powers that can dominate the true target path. This
can be seen clearly from the ROC curves produced for both channels.

The results obtained in this thesis, together with other cited results avail-
able in the scientific literature, suggest that 5G NR waveforms are a viable
option to perform radar applications, and can compete with the more tradi-
tional radar waveforms. An important next step would be the performance
analysis of a dual-function radar and communication system, and also the
extension of the analysis in this work, based on a single transmitting and
receiving antenna, to a MIMO framework. 5G NR networks, in order to
achieve better spectral efficiency, aim to work with hybrid massive MIMO,
designed for communication purposes, where the number of antennas at the
base station is much larger than the number of devices and hybrid beamform-
ing is used, which combines multiple array elements into subarray modules,
with one transmit/receive module dedicated to a subarray in the array.
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