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ABSTRACT
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In the last few years the wireless data traffic has been encountered an extremely fast growth
with a consequent high demand for accessible radio spectrum. In particular, the fifth-generation
(5G) wireless technologies require much more resources in order to be able to satisfy the require-
ments of high data rates, low latency and high-capacity.In order to satisfy all these requirements
it is necessary to look forward new resources that were not utilized before, like the mmWave
spectrum. The frequency bands characterized by wavelengths in the order of millimeters are
usually referred to as mmWave frequencies. They include all the frequencies between 30GHz
and 300GHz. These frequencies can be utilized in a very efficient way through techniques like
beamforming, which will allow us to obtain the best effort from the new spectrum available. The
main problem of the 5G generation is that the signal received from the arrays will result in the
sum of many delayed components of the original signal which usually are approximated as phase
shifts. Due to the very large bandwidth available in the mmWaves, it will not be possible to neglect
anymore the delays and thus the phased-arrays will be characterized by a frequency dependency.
This effect is referred to as beam squint.

In this work the effects caused by the beam squint are studied for the cases of uniform linear
array (ULA), uniform planar array (UPA) and uniform circular array (UCA). The simulations show
that the different array configurations are not affected in the same way by the beam squint problem
due to their different characteristics. In particular, it has been shown that the linear geometry is
the most affected by the beam squint. Finally, in order to study the impact on the transmission
of a signal, it was performed a simulation of an OFDM transmission characterized by an analog
beamforming architecture under the beam squint phenomenon. The results have confirmed that
beam squint decreases the channel capacity, and therefore, it should be taken into consideration
both for path selection and channel estimation.
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1 INTRODUCTION

In the last decades the applications of wireless technologies have been experiencing un-
precedented growth with a significant increase also in the number of devices connected.
As can be seen from figure 1.1, this trend is supposed to increase even more in the fol-
lowing years with an estimated number of connected users of 8.9 billion in 2025 and with
a consequent request of new resources to satisfy all the demands. In this scenario it is
extremely important to develop a new generation of wireless communications technolo-
gies.

The 5G generation of mobile communications will enhance the main specifications of the
current communication systems by offering higher data rates (up to 20Gbps) and lower
latency. The new generation will also extend the areas of interest for the mobile commu-
nications in order to develop new utilization such as automotive, connected devices and
others. In order to enhance the spectrum access it is possible to reuse the non-utilized
spectrum through dynamic spectrum access (DSA) or to move forward new frequencies
band such as the millimeter-wave (mm-Wave) bands.

Until now, most of the wireless communications have been using the frequency band in
the range of 300MHz-6GHz. The new generation, instead, opens the boarders towards a
new part of the frequency spectrum, the one of the mm-waves. With the term mm-Waves
it is referred the frequency spectrum from 30GHz up to 300GHz, but sometimes also the
frequencies between 20GHz and 30GHz are included.

The frequency spectrum beyond 52.6GHz is of particular interest allowing for faster data
speeds and much higher bandwidth than ever before. A particular interest has been
shown especially for the the frequency ranges above 50 GHz due to the fact that they offer
a very large frequency spectrum available with very large bandwidths. Moving to higher
frequency is definitely an easy way to utilize more efficiently the frequency spectrum,
but it also introduces some difficult challenges. In particular such small wavelength is
extremely affected by the propagation loss due to high atmospheric absorption, there is
a much higher phase noise, the power amplifiers are not to efficient due to nonlinearities
and strict requirments regarding the power spectral density are present, compared to the
sub-30 GHz bands.

The mm-wave communication systems can accomplish extremely high data rates but at
the same time they introduce problems that were not present before regarding the com-
ponent electronics used in the systems. In fact, components such as power amplifiers,
low noise amplifiers, mixers and antennas are too big in size and consume too much



power to be applicable in mobile communication [2].

Until now, the global wireless communications have been using the radio spectrum in
the frequency band under 6 GHz. The main benefit of the mm-wave is that the entire
bandwidth that has been used for the previous generations easily fits within the bandwidth
of the single 60 GHz unlicensed band [3], and even spectrum will remain available in the
higher frequencies.

In the mmWave bands there is a lot of spectrum available, but it also introduces new
challenges in the propagation system.

First of all, the effective communication distance is limited by a more sever signal attenua-
tion compared to microwave signals and thus reduces the cell radius. On the other hand,
line-of-sight (LOS) propagation can help to reduce significantly the co-channel interfer-
ence by the employment of highly directional antennas. This introduces new challenges
in the design of hardware components, such as very directive antennas, high density
antenna arrays and power amplifiers with large dynamic ranges [4]. Very often one of
the main problem is that the size and the power required by the systems used in these
applications exceed the limits applicable for mobile communications. This is why new
techniques to increase the transmitted power and to improve the directivity are needed.
One technique used for this purpose is the beamforming, which consists in controlling
the signal amplitude and phased both in the transmission and reception mode. With this
technique it is also possible to obtain spatial selectivity by adapting the radiation patterns
of the devices involved in the communication in an optimal way.

It is possible to compensate for those attenuation by using antenna arrays with an higher
number of elements and directing their beams towards the desired direction by using the
beamforming techniques. The compact arrays resulting from small wavelengths can be
friendly to mobile application [5].
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Moreover, that short wavelengths introduced by the frequency bands adopted are allow-
ing the integration of a very high number of radiating elements in a reduced surface,
which will help to compensate better for the higher attenuation introduced.

The new communications will need take advantage from the rapid changes of the wire-
less channel because antenna array with higher gain will be used to overcome the higher
attenuations. The rapid variations to which the signal will be subjected need to be pre-
dicted in order to design properly channel state feedback algorithms and to use the most
appropriated techniques for link adaptation and tracking of the channel.

The aim of the beamforming technique is to focus the energy of the signal towards the
desired used, in order to avoid any dispersion of the power. The beamforming techniques
basically consist on modelling in a precise way the amplitude and the phase of the signals
in such a way that they will combine coherently towards the desired target and incoher-
ently in the undesired directions. This will help to cover only the region of the cells where
the signal is needed. For massive MIMO antennas beamforming algorithms can be used
in order to predict the path for reaching the end user by undergoing the lowest possible
attenuation. This will help to aviod interference and to improve the data rate and spectral
efficiency of the communications. Modern communication systems utilize smart antenna
systems which are able to merge the benefits deriving from having high arrays and di-
versity gain. Is such a way it is possible to reduce the channel interference, resulting in
an increase of the capacity of the communication link. The mentioned techniques can
be accomplished by steering the signals transmitted by the antenna array. The beam-
forming can be applied in both the transmitter and receiver schemes. In the first case, it
can be developed between the signal source and the antennas of the array, in order to
focus the power of the signal towards the receiver location in the space. This procedure
is referred to as transmit beamforming. In the receiving chain, instead, it is common to
implement the beamforming techniques right after the antenna array. This techniques is
the so called receive beamforming.

In order to underline the importance of having very high antenna gains when operating
in these new frequency bands, typical link budgets for millimeter wave systems are pre-
sented in the 1.1 in the case the transmission is taking place in the open-air or inside a
building.

The usage of new techniques such as beamforming helps to achieve the desired results
in terms of available bandwidth, transmission rate ecc... The 60 GHz band has been
tested by using extremely simple analog beamforming methods, which have shown good
results only for short range indoor communications. Unfortunately these results may also
introduce new challenges that come out in order to optimize the available resources. For
examples, when having a very wideband signal it is possible to experiments transmission
behaviours that were not expected to happen.

In the analog beamforming, the phase shifter used in the array are usually tuned to the
carrier frequency of the signal, but apply to all the bandwidth. A phase shift can be



Table 1.1. Common link budgets for millimiter wave communication both for open air and
indoor[6]

Parameter Indoor Outdoor
Carrier Frequency (GHz) 60 28 72
Max. range(m) 10 1000 1000
Bandwidth (GHz) 2 0.5 0.5
Transmit Power(dBm) 10 25 25
Propagation Loss(dB) -88 -122 -130
Additional Loss(dB) 00 -20 =20
Implementation Loss(dB) -5 -3 -3
Thermal PSD (dBm/Hz) -174 -174 -174
Rx Noise Figure(dB) 10 10 10
Rx. Thermal Noise (dB) -71 =77 =17
Receiver SNR (dB) =12 -45 -53
Required SNR (QPSK) (dB) 10 10 10
System Margin(dB) -22 -55 -63
Transmit Antenna Gain (dBi) 20 40 40
Receive Antenna Gain (dBi) 10 20 25
System Margin (dB) wi_lh Tx 8 5 )
and Rx Antenna Gains

used to fairly approximate a time delay if the signal bandwidth is small, but unfortunately
this approximation is no longer valid when the bandwidth of the signal is much higher
and when the angle of arrival (AoA) or angle of departure (AoD) are not close to the
direction perpendicular to the array. This introduces a frequency dependency in the array
response, which implies that different frequencies in the desired bandwidth will be "squint"
as a function of the frequency. This phenomenon is called beam squint.

The effect of beam squint in the array are varying depending on different characteristics:
the AoA/AoD, the channel bandwidth utilized and also the number of elements in the
array.

In this thesis work the phenomenon of beam quint is introduced and its effects are stud-
ied. The beam squint is first modelled for the uniform linear array (ULA), uniform planar
array (UPA) and uniform circular array (UCA). lts effects are taken into account by con-
sidering it in the channel model propagation. It is shown how the beam squint introduces
a frequency dependency in the array gain which affects the maximum achievable gain of
the array, and thus the capacity, on different frequencies. It is also studied how the effects
of this problem are changing as a function of number of radiating elements in the array,
of the channel bandwidth and of the desired AoA or AoD.



The radio link simulations were confirming what studied theoretically. In fact, a transmis-
sion under beam squint is affected by it and is showing a much lower transmission gain
and very high losses especially on the edges of the considered frequency band.

The structure of this thesis is as follows. Chapter 2 provides a detailed background for
the new challenges encountered when working in the mm-Waves. In particular, it is first
discussed how higher path loss present for these waves is influencing the channel model.
One solution for this problem is represented by using very large antenna arrays in order
to be able to apply beamforming techniques. Thus, a short review of antenna arrays and
beamforming schemes is presented. Chapter 3 introduces the phenomenon of the beams
quint and its effects. In particular the models for beam squint for a ULA, UPA and UCA
arrays are developed, resulting in a baseband-equivalent models that incorporate beam
squint. Chapter 4 is studying the effects of the beam squint on a radio link simulation
with OFDM waveform. Finally, chapter 5 summarizes the conclusions of this work and
illustrates what are the possible directions for future research.



2 THEORETICAL BACKGROUND

In this chapter the propagation model that is encountered in mm-Wave communications
is analyzed and compared to the sub-6G GHz radio channel. The difficulties introduced
by the mm-Wave make necessary to utilize antenna arrays which allow to obtain a very
high gain. This can be achieved in different ways, for example by using arrays with a
very high number of elements or utilizing beamforming techniques. A short recap about
antenna arrays is done in section 2.2.

Then, the concept of beamforming is introduced and the the state of art on mm-Wave
beamforming is analyzed, with particular interest for the case of mm-Waves. Then the
different beamforming architectures are discussed.

Finally, the problem of beam squint is introduced and its main challenges are briefly
analyzed.

2.1 Channel model for mm-Wave communication

The wireless communication technologies preceding the fifth-generation are mostly work-
ing in the sub-6 GHz frequency band. 5G mmWave wireless channel bandwidths will be
much wider compared to today’s LTE. In fact LTE utilized 20MHz cellular channels, while
the idea for 5G is to use up to ten times bigger channel bandwidth. This will significantly
influence the wavelength shrink and thus it will be extremely important to understand and
study how the signals will behave when subjected to greater attenuation due to diffraction
and material penetration.

The radio propagation environment for frequencies over 52.6GHz generates also new
challenges regarding the propagation of the signals. The mm-Waves in fact are more
affected by path losses and will attenuate more due to atmospheric absorption. It should
also be noticed that while signals with longer wavelengths can penetrate through buildings
without being subjected to high attenuations, mmWave signals are not showing the same
characteristics. Moreover, as can be seen from figure 2.1 at mm-waves frequencies the
gaseous attenuation and weather start to have higher impact on the pathloss attenuation.
The signals are thus very sensitive to the atmospheric attenuation. In particular, it can be
noted that at 60GHz is present a very high peak of absorption due to Os. The behaviour
shown in the picture has to be taken into account only for long-range communication.
Thus, it is possible to take advantage of the 60 GHz frequency band for short-range
communications, enabling the development of heterogeneous network with microcells.
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Figure 2.1. Behaviour of the atmospheric attenuation as a function of frequency [7]

Many times it is assumed that the effects of the path loss are directly proportional to the
carrier frequency of the communication, but various studies made in different environ-
ments [8], [9], [10], have shown that according to Friis’ equation this is correct only in the
case when the gain of the radiating element is assumed constant over all the frequency
band. On the other hand, if the physical size of the antenna (e.g., effective aperture) in
not changing in the considered frequency band at both the transmitter and receiver sides,
then path loss in free space actually decreases quadratically as frequency increases [11].

The new communications will need to take advantage of the rapid changes happening in
the wireless channel and to exploit them in order to obtain an higher number of paths for
communicating. The higher gain of each radiate element will help to compensate for the
attenuation. Moreover, it should be considered that the lower wavelength will be more
affected by the diffuse scattering even if they will propagate for shorter distances [11].

In this scenario, the environment around the two communicating systems can introduce
large angular spread of incident waves on the receiving component, rich multipath com-
ponents and penetration loss relatively low can penetrate through building walls and win-
dows. Thus, in this case a distance dependent stochastic channel model is good enough
to describe the channel propagation. As was shown in [12], the power-delay profile (PDP)
of the channel is decreasing almost in a linear way with respect to the delay of of prop-
agation. This is also shown in figure 2.2. Thus, it is possible to estimate quite easily the
predicted loss in the propagation.

Usually at mm-waves the channel can be quite sparse and we do not have so many
multipaths and the incoming path are only for certain angles. Usually there is a very
strong LOS component and only few multipath components. This was also demonstrate
in [13] and the results are presented in figure 2.3, were a LOS peak is present and also
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Figure 2.3. PDP for a measured link at 32GHz [13]

two multipath components can be seen. It is extremely important to notice that when
the user moves the amplitude and the delays of these peaks are changing. Moreover, at
mm-waves we are more sensitive to blockage due to high penetration loss of objects and
reduced diffraction.

These problems were not present before because for lower frequencies the waves diffract
more easily, instead when using higher frequencies the channel model is more sensitive



to the specific environment and this makes the stochastic models not so useful.

All these conditions imply that for mm-waves we need high gain for the antenna design
and this can be achieved by utilizing antenna arrays. Moreover, in order to direct the main
beam of the transmitter towards the desired direction, beam steering is needed.

It is extremely important to take into account the path loss the signal will encounter. An
isotropic antenna radiates a power evenly in all the directions accordingly to the following
expression:

42

(2.1)

which basically is the antenna transmission power divided by the spherical area. This
power density is not affected by the frequency at all. This means that electromagnetic
waves attenuate exactly in the same way for both low and high frequencies.

In order to receive the power of the electric field, also a receiving antenna is needed. The
receiving antenna receives this power according to its effective aperture size

_ PA,

Pr=54c= A7r?

(2.2)

However, antenna gain is directly linked to the effective aperture of the antenna by the
relation

2
4,=9% (2.3)
47
so the receiving power can be written as
p, = DGX° (2.4)
" (4m)2r2 '
With directional transmit antenna, the Friis formula applies and results in:
PT’ >\ 2
— = r(— 2.
B = GG ) (2.5)
expressed with aperture P, P, = (24%).

We can notice that, if both RX and TX antenna are kept the same size the power transfer
actually increases proportional to ;—2 For this reason it is actually beneficial to use high
frequencies for point-to-point links.

Of course, we have also to remember that, even if the power transfer increases much,
higher losses will be present.
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2.2 Antenna arrays

In many applications it is necessary to have a very narrow pattern in a specific direction
in order to reach high values of directivity, especially for long distance communications.
Usually, it is not possible to reach these results by using a single antenna. Often antenna
elements with larger dimensions will result in an higher directivity value, but it is not very
practical to utilize antennas with big dimensions. That is the reason why, instead of using
antennas with very large dimensions, it is better to use an assembly of smaller elements
that will form the so-called antenna array.

The electromagnetic power radiated by the alignment of the antennas can be calculated
by the geometrical sum of the vector of the field of each single antenna. This means
that, in order to obtain patterns characterized by an high directivity, it is needed that the
patterns of the single antenna will combine coherently towards the desired angle and
destructively in the remaining space. The total pattern of the array can be influenced by
many factors [14]:

1. The geometrical shape of the array

2. The distance between the elements

3. The amplitude of the excitation of the individual element
4. The phase of the excitation of the individual element
5

. The pattern of the individual elements

2.2.1 Linear arrays

As demonstrated in [14], in order to make the design of the arrays much easier, the far-
zone field of an array is the product of the element’s pattern (usually positioned in the
origin) and the array factor of that array. The array factor (AF) is calculated by substituting
every single element with an isotropic antenna [14]:

E(total) = [E(single element at reference point)| x [Array factor] (2.6)

It is usually referred to it as pattern multiplication and one example is depicted in 2.6.

Considering a linear array composed of N identical antennas excited with equal amplitude
signals and a progressive phase delay of 4, the array factor can be express with the
expression :

AF =Y it 2.7)
n=1

where
1 = kdcosf + 6. (2.8)
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Figure 2.4. Example of pattern multiplication [14])

In this equation k is the wavenumber, d is the distance between the elements and 6 is the
angle between from where the signal is impinging the array.

The AF can be also written as:

=

M] | 2.9)

AF =
sin (39)

DO DD

The array factor is a function of ) and is a Fourier series [14]. Since it is common to
represent the polar plots as function of the angle 6, the nonlinear transformation from
to 6 can be accomplished graphically. The function 2.9 can be easily plotted in rectangular
coordinates. Then it is important to notice that it is a function of 6, thus it will be good
to plot it in polar coordinates. In particular the expression of ¢ is the equation of a circle
which is centered in ¢ = § and has a radius of kd 2.8. The diameter of the circle defines
the visible region. The distance between the antennas in the array expressed as function
of wavelength, %,is influencing the dimension of the circle and consequently also the
amount of array factor appearing in the visible region. determines the size of the circle

and thus how much of the array factor appears in the visible region. It is important to
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notice that when the antennas spacing is equal to d = A\/2 the visible region coincides
with one period of the array factor. Figure 2.5 illustrates one example about how to plot
graphically the array factor as a function of polar angle 6.

It is really interesting to notice that it is possible to obtain a tilt of the radiation pattern
by changing the phase of the signals of every single antenna. This application is made
possible thanks to the use of different phase excitation in each element. One method to
obtain this result is to feed each antenna with a transmission line with a different length,
because the time phase of the feeding signal is increasing with an increase of the length
of the transmission line. When the array is linearly aligned, the main beam will be directed
toward the direction

1 Ao
Omaz = ———9, 2.10
arccos — 5 — ( )

where § is the phase shift between two consecutive radiators.

Knowing the desired direction where we would like to direct the maximum, the value of §
can be found by using the inverse formula

0= —d2—7r coS Omaz- (2.11)
Ao
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Figure 2.6. Directivity as a function of element spacing for a broadside array of isotropic
elements for several element numbers N [15]

Once the phase shift is known, we will need to be very careful to control that no grating
lobes will exist. Since in most of the cases the array factor present a sinusoidal depen-
dence on the phase shift, it is possible to avoid the grating lobes by imposing that they
will exist only for non real angles. The array pattern can be modelled by adding a phase
shift such that §(f) = 0 at the desired direction. The desired difference of phase can be
obtained either by the use of phase shifters, which produce a constant phase shift, or
time delays, which produce a phase shift that is changing with frequency.

As we have seen until now, an element spacing lower than \/2 ensures the absence of
any grating lobe in the radiation diagram. On the other hand, there is a trade off between
the directivity of the array and the element spacing. Figure 2.6 plots the behaviour of the
directivity for arrays with different dimensions as a function of the spacing between the
elements when is not present any phase shift between consecutive elements (5 = 0). As
it possible to notice the directivity tends to increase also for element spacing bigger than
A/2 and then it falls off steeply around one wavelength. This behaviour can be explained
thanks to the fact that grating lobes are introduced in the visible region. A particular
results is obtained when the distance between the elments is a multiple integer of a half-
wavelength: the directivity is equal to the number of elements (D = N) for isotropic
antennas and element spacing of d = nA/2. Thus, we can conclude that for element
spacing which are integer multiples of half wavelength the directivity is independent of
the scan angle.

Many times arrays are designed in order to obtain the desired results by using the low-
est possible number of radiating elements. Thus, sometimes the elements are spaced
one wavelength apart each other. Referring to the figure 2.6 and considering what we
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analysed in the previous paragraphs, we can conclude that the best trade-off between
directivity and the presence of grating lobes can be achieved by using a broadside UE
ESLA array where the distance between the elements has as upper limit one wavelength.
The arrays are usually designed by considering a distance between their elements close
to a wavelength. In this way it is possible to maintain low the number of antennas used
and also to reduce the cost and complexity of the relative feeding network.

Array are often designed to have an element spacing near a wavelength to keep the
number of elements as low as possible and to limit the cost and complexity of the antenna
and associated feed network.

The directivity of the end-fire array as function of the distance between its elements is
analysed in Fig. 2.7. Comparing the two graphs of figures 2.6 and 2.7, it is evident that
broadside and endfire have very similar trends. In this case, the only difference is that the
curves are falling off steeply around half wavelength. This behaviour can be explained
thanks to appearance of grating lobes towards the endfire direction opposite the main
beam.

From figure 2.7 it is immediate to notice that, given a certain number of elements, the
Hansen-Woodyard array will achieve an higher directivity than any other endfire array. It
is really important to notice that this is true only when using an element spacing lower
than A/2. In fact, after this value its directivity is much lower than all the other cases.
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2.2.2 Planar arrays

Many applications require certain specifics that are not always obtainable by using linear
arrays. For instance, it is possible to scan linear arrays only in the plane containing the line
the antennas’ centers. These limitations usually affect the realizable gain. Thus, in all the
cases where linear arrays are not enough they are substituted by multidimensional arrays.
This category of arrays can provide pencil beams, higher gain or the capability to scan
the main beam towards the desired target. Multidimensional arrays are characterized by
four main factors [15]:

1. The perimeter of the array
2. The shape of the surface on which the element centers are located
3. The lattice of the array

4. The phase of the excitation of the individual element

The pattern multiplication principles that was described in the previous section can be
applied also for multidimensional arrays with similar elements. If we consider an array
composed of equal antennas and with the same orientation, the resulting pattern can be
factorized as shown in 2.7. It can be demonstrated that the array factor of a rectangular
geometry on the xy plane can be obtained by the multiplication of the array factors of the
linear arrays in the x- and y-directions. Also in this case the grating lobes will appear for
element spacing higher than A\/2. Thus, to avoid them it is necessary to satisfy the same
principles as in the linear case.

The directivity of a multidimensional array can be computed using the data from linear
arrays. It is important to notice that the directivity of an arrays with two main lobe is
the half of the directivity that we could obtain from the same array with only one lobe. To
calculate the directivity there are different methods. It is possible to compute the directivity
thanks to the formula provided in [15]:

47
D = FAcell. (2.12)
In the case of a planar array with a square lattice, the area of the cell is A..;; = d.dy =
(A/2)(A/2) = A\%2/4 and yields D.; = w. With the same procedure the directivity of a

complete arrays can be found:

47
2

Ditas = 5349 = 7Ds D, (2.13)

where A, is the physical area of the full array.

Th right side of this formula is derived from using A, = L, L,, where L, and L, are the
sides of the area to cover, and introducing the directivities of uniform line sources in the
x and y directions of a planar array in the xy-plane, where D, = 2L, /X and D, = 2L, /\.
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In most of the cases, the directivity has to be computed by using numerical integration
methods.

2.3 Beamforming

In the previous paragraphs it was introduced one of the main characteristics of the 5G NR
technologies, which is to utilize configurations with many antennas at both the sides of the
communication link. In order to obtain the best benefit from these big arrays of antennas,
it is necessary to utilize some beamforming techniques. The beamforming concept can
be introduced by thinking that we are primarily working in terms of the directions angles
and that the complete channel state information (CSl) of the instantaneous complex gain
are not necessarily used. The capacity provided by available time/frequency resources
can be divided in space (i.e. in physical environment). Thus, beamforming is one of
the key technologies in modern and future wireless systems. On the TX side, the full or
partial CSI based digital beamforming/spatial processing is commonly also called spatial
precoding, while on the RX side it is referred to as spatial filtering.

With fairly simple spatial signal processing, we can create directional properties to the
antenna system such that signal(s) from certain direction(s) are received well (combine
coherently) while the signals from some other directions (angles) are suppressed (com-
bine destructively). Besides directing the transmission/reception on the desired direction,
it is also possible to reject certain directions. This can be beneficial to reduce interference
of the system.

The beamforming technique is very useful because it enables to create space selectivity
both in transmission and in reception. It is basically a spatial filter which can be used
in combination with ordinary filtering and temporal signal processing. Directivity can be
obtained by properly adjusting/observing the relative phases of the transmitted/received
signal in separate antenna elements.

The beamforming concept is not used only in arrays of antennas, but can also be utilized
for other applications, for example with arrays of microphones in the audio processing.

There are a lot of alternative optimization and design methods for the combiner weight
in the literature. In general, for classical beamforming, we can conclude that the only
channel knowledge needed is the direction of arrival AoA. The simplest beam-forming
technique is the spatial matched filter. It is built on the assumed target angle 6; and the
corresponding steering vector s(®;): the weights utilized in this case have unit amplitude
and they are modifying the phase of the arriving signal. Thus, it is possible to conclude
that the weights used are the complex conjugate of signal steering vector 2.14.

W, = S(®) (2.14)

(s(®1)) " s(P1)

This technique maximizes the total output variance under the constraint || w||=1.
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Figure 2.8. Digital beamforming architecture

There are also other beamforming techniques which are based on CSI of the channel.
We will discuss later in the text.

There are three basic architectures for mmWave beamforming, including analog beam-
forming, hybrid beamforming and digital beamforming. In the next subsections it will be
discussed why the analog beamforming is the more appropriate for mobile mmWave ap-
plications.

2.3.1 Digital beamforming

In digital beamforming each antenna is connected to its own RF chain and either a DAC or
ADC as can been seen from figure 2.8. This makes the digital beamforming more flexible
than analog and hybrid beamforming from the point of view of the signal processing [16].

Unfortunately, this technique present many disadvantages that do not allow to use it for
mm-Wave applications. First of all, it is not possible to integrate an RF chain for every
radiating element in a small area like the one dedicated to the arrays for mm-Wave. In fact,
it is important to remember that a RF chain consists of a low-noise amplifier, a frequency
down-convert, digital to analog converter (DAC), analog to digital converter (ADC) and
so on [17]. Another problem, especially for mobile applications, would be the high power
consumption. Finally, there could be Gigabits of data for each RF chain to process in a
single second, and such high total data rate from all RF chains is a challenge for current
baseband signal processing hardware [16].

2.3.2 Hybrid beamforming

Hybrid beamforming is unifying the characteristics of both analog and digital beamform-
ing.This option has captured the attention of the scientists because it allows to reduce
the hardware complexity that is characterizing the digital beamforming schemes, but at
the same time is able to reach almost the same performance.
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Figure 2.9. Hybrid beamforming architecture

The extra digital processing permits to have more degrees of freedom then the analog
case but at the same time offers the opportunity to support multi-user transmission. As
shown in 2.9, the hybrid beamforming has usually the same architecture of the digital
beamforming but all the RF chain include a unique RF precoding block before passing
the signals to the antennas.

Since in mmWave system there is a large available bandwidth which causes the pres-
ence of frequency selective fadings, in [18] it is proposed an hybrid beamformer model
for broadband mmWave systems. In particular it is shown that the optimization in the
broadband scenario can be achieved through the same procedure as in the narrowband
scenario.

2.3.3 Analog beamforming

Analog beamforming is probably the easiest technique for developing MIMO in mmWave
systems. Each antenna is connected to its own phase shifter and all the phase shifters
are linked to a single RF chain, as can be seen from figure 2.10. It is possible to adjust
the phase shifter weight via software, in order to satisfy the desired objective. The only
limitation to the analog beamforming is represented by the fact that this technique is using
qguantized phase shifts and that is not possible to adjust the amplitude of the signals. This
is the reason why it is more difficult to finely tune the beam and steer nulls [19]. Since it
is the easiest to implement from the point of view of the hardware needed, this technique
is the most used for mmWave communications.
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2.4 Time delay vs phase

We want to consider the signal propagation in the case of a uniform array composed by N
isotropic antennas as shown in 2.11. Assuming the array is in the far field when receiving
the signal, the wavefront can be considered to be planar.

The propagation distance difference between the elements is:
de = dsin6
Which creates a phase difference between two adjacent element of:

_ dsin @
¢ =275

So every signal will experience a propagation delay difference:

de _ dsinf __ dsinf

— Qe asmgo
T=7 c feA

Thus, the delayed RF signal can be written as:

vpp(t = 7) = Relo(t — 7)) = Refu(t — 7)e "X ] = Relu(t — 1)ei®el!]

(2.15)

where ¢ = 2rd4sié.

As we can see the delay is affecting both the modulation and the carrier. If we con-
sider that the modulation changes at a much slower ratio than the carrier it is possible to
approximate v(t — 7) as v(t).

This approximation is usually done when we are considering narrowband signals. It is
important to notice that this is only an approximation because the signals are not actually
shifted in the time domain. In fact the effect is to change only phase, in order to make
it similar to the signal shifted in time. A signal is said to be narrowband if its bandwidth
is narrow enough to conclude that the signals received at its extremity will combine in a
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Figure 2.11. Geometry of the received signal

coherent way. In order to exploit the characteristics of the narrowband signals, in these
cases it is usually more common to generate a phase shift instead of delaying the signal
in the time domain. In this way,to apply the beamforming it will only be needed to apply
the correct phase shift, weight the amplitudes of the signals and sum them in such a way
that they will combine coherently.
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3 MODELING OF BEAM SQUINT

In this chapter the beam squint models for different array geometries are derived. It is
studied how the different array geometries are affected by this problem depending on
different parameters by simulating their responses with the software Matlab.

From the analysis of the previous paragraph, it is important to notice the delay 7 in equa-
tion 2.15 is not always negligible and it is particularly important in mm-wave communi-
cations, where very wide bandwidths are used. In general, every antenna of the array
will receive a copy of the transmitted signal v(¢) characterized by a certain delay. All the
received signals can be collected in a vector:

v(6,6) = [o(0) o= PEERE) (e W)]T (3.1)

C C

which can be rewritten as follows by applying the Fourier transform:

T
V(f, 0) _ V(f) |:17 ej27rc(’1>fdsin97 - 6j27rc<’1)f(n—1)dsir197 - ej27rc(’1)f(N—1)dsin 9:| (32)

Therefore, it is possible to express the received signal y(¢) as the sum off all the delayed
component of the original signal v(t) present in 3.1 and will result in:

N
Y(f7 9) _ Z V(f)ej%rc(_l)f(nfl)dsinQ (33)

n=1

We can notice that the gain provided by a phased array is is depending on the frequency
in the wideband system due to the time delays that cannot be approximated anymore.
This effect is the so-called beam squint phenomenon.

The beam squint phenomenon is caused by approximating time delays with simple phase
shifts in an analog beamformer. It is extremely important to notice that not only the array
response will depend on the frequency, but it will also depend on the angle that has been
considered. Thus, frequency and angular responses of the array are two different faces
of the same coin and they will always present symmetric characteristics.

The effects generated by the beam squint phenomenon are directly proportional to differ-
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ent characteristics of the array:

1. The AoA 6
2. The number of radiating elements N
3. The bandwidth of the signal B

Figure 3.1 presents an example on how the parameters listed above are influencing the
array response in the angular domain. In general, it is possible to conclude that increasing
each parameter will introduce an shift of the maximum gain of the subcarrier. Moreover,
if we consider a subcarrier different from the center one, we will noticed that the trans-
mission will also experience a gain loss towards the desired direction. As can be noticed
from figure 3.1(c), the changes to which the pattern is subjected in the frequency domain
can also be considered to be symmetrical to the variations that could be obtained for a
fixed AoA but for different subcarriers [16]. In particular, subcarriers with center frequency
lower than the carrier will present the maximum gain shifted towards higher angles, while
subcarriers with center frequency higher than f. will have their maxima shifted towards
lower angles. In general, the effects of beam squint increase as the angle diverges from
the beam focus angle, but it also tends to become higher when the beam focus angle
increases.

The effects of the frequency selectivity introduced by the wideband system are shown
in figures 3.2 and 3.3. It is immediate to notice that the frequency response is highly
affected by the beam squint problem. In fact, as can be seen from the figures, arrays
containing a not elevated number of elements are characterized by a more constant gain
in all the subcarriers. Instead, the higher is the number of elements in the array, the bigger
is the gain loss experienced at the edges of the band compared to the center frequency.
Moreover, figure 3.3 shows that the effects are more visible when a larger bandwidth is
available if compared to the case of figure 3.2.
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Figure 3.1. Beam squint effects: a)ldeal case without beam squint b) Beam squint effect
when the Ao0A is increased ¢) Beam squint effect when the CBW is increased d)Beam
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Figure 3.2. Frequency response of an array with carrier frequency at 656GHz, Target

direction of 30 °and CBW=1.8GHz
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Figure 3.3. Frequency response of an array with carrier frequency at 65GHz, Target
direction of 30 °and CBW=6.4GHz

In the frequency range from 57GHz to 7T1GH z, very wide CBWs are possible when op-
erating in unlicensed and licensed band. Due to the very high CBW to carrier frequency
ratio that can be encountered when operating at these frequencies, and also due to the
very large antenna arrays required to overcome the increased pathloss and atmospheric
attenuation, beam squint problem may be significant and cannot be neglected. Thus, it
needs to be taken into consideration in the system design.

It is important to notice that the beam squint has not always been seen as a negative
phenomenon. In fact, it was used is the firsts phased array in order to modify the beam
in what are called frequency-scan arrays [20].
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3.1 ULA

When considering a receiving linear array composed of N isotropic antennas and with an
element distance d, based on figure 2.11, it is possible to write the sum of all the received
signals as:

ane I=D®y ¢t — (n—1)7) (3.4)
d51n9

where ¢ = 274510

We can refer to the elements e—7(»~1® as a vector S(®). The coefficient w,, are usually
chosen to be the complex conjugate of the S(®) for a desired AoA. Thus w,, = S(®4)*
where &, = 2795004,

We can rewrite the received signal as:

D@yt (n —1)7)  (3.5)

E

(n=D@ae=i =1yt — (n —1)7) =

||M2

n=1

If we apply the Fourier transform we can derive this expression:

X(f) =D NGBy () (36)

We are interested in simulating the behaviour of the coefficients that are multiplying V(f).
V(f) is depending on the angle of arrival 6, frequency, number of elements N and element
distance d. To better understand the dependency of this equation from the parameters
we can rewrite it as:

=2

(n—1)(®gq— 7]27Tfn ik § : 2Trd(n 1)(sin ®4—sin @) fj27rf(nfl)£6“9 (3 7)

uMz

All the simulations were made considering a signal with carrier frequency of f. = 66GH z.
It is extremely important to underline that the variable f of the previous expression refers
to the baseband signal. It is also important to notice that in order to compare the achieved
result, the gain pattern is always plotted both for the nominal and the averaged configu-
rations.

The averaged plot is obtained by plotting the function for every desired angle of arrival in
the frequency domain, integrating it over the variable f for obtaining a vector which gives
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Table 3.1. Table of the variations depending on different number of elements for ULA

Number of elements (N) Guain Loss (dB) AoA  HPBW

N =36 0.6 14.96°  3.28
N = 256 7.18 14.26°  2.38
N =1024 13.0 14.19°  2.38

us the power for every desired 6,; and plotting P,.(0) as a function of 6.

The integration over the frequency domain was done by summing the square of the ab-
solute value of each frequency component.

3.1.1 Different number of elements

Given the expression 3.7 it was first studied how a change in the number of elements is
influencing the total pattern. All the simulations were done using an element spacing of
d = \/2, choosing the desired angle of arrival to be 6, = 15° and by using a channel
bandwidth of 10GHz.

Intuitively, it is immediate to think that an higher number of elements will results in a bigger
delay between the first and the last elements of the array. These simulations were done
for arrays of 36, 256 and 1024 elements. The results are respectively shown in figure 3.4
and 3.5. Comparing the two figures it is immediate to notice that when more antennas
are used in the array the nominal lobe is becoming narrower around the desired AoA,
but at the same time the beam squint effect is becoming more significant. This is due to
the fact that the first and last element of the array will experience a much higher delay
between them.

From the figures, it is evident that the beam quint phenomenon is causing a spreading
of the main lobe on the angular domain and a very significant loss in the maximum gain
achieved by the array. This is more evident when arrays with big sizes are taken into
consideration, like in figure 3.5, where it is demonstrated that the average case presents
a gain loss of 13dB.
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Variations depending on N
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Figure 3.4. Nominal and averaged plot for arrays with 36 and 256.

3.1.2 Variations depending on AocA

Finally, it was studied how different desired AoA will influence the main lobe. It is intuitive
to think that for bigger angles the effect due to the beam squint phenomenon will produce
more aggressive changes. This was also confirmed by the simulations. In fact, it was
demonstrated that for a desired angle of arrival of 0°the nominal and average configura-
tion match exactly as can be seen from 3.6. On the other hand, when the desired angle
of arrival is increasing it is possible to notice from figure 3.6 that the main lobe is getting
wider and reaches a lower power value because of the frequency dispersion.

This is something that we should absolutely take into account because it is important
especially for the downlink communications. In fact, we know that every base station
is serving a particular cell. Each cell can be subdivided in sectors to achieve better
performance. Now it is important to understand that, depending on the number of sectors,
the AoA can assume different maximum values. Here we considered a maximum angle
of arrival of 60°, which implies that the cell is divided in 3 sectors each of 120°.

In order to have a quantitative analysis of the achieved results for ULA arrays, the nu-
merical variations between average and nominal configurations were collected in 3.2. To
have a numerical comparison between all the cases, we focused on studying the differ-
ence between the maximum gain obtained in the ideal case with the averaged maximum,
the shift of the desired AoA and the 3dB bandwidth dispersion.
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Variations depending on N
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Figure 3.5. Nominal and averaged plot for array with 1024 elements.

Table 3.2. Table of the variations depending on different desired AoA

Desired AoA  Gain Loss (dB) Variation AoA HPBW

04 =0° 0 0° 0.08
0q = 15° 12.99 0.81° 2.38
04 = 30° 15.80 1.92° 5.16
04 = 60° 18.15 5.69° 16.37

3.1.3 Variations depending on CBW

Finally, it was interesting to study how the channel bandwidth is influencing the effects
created by the beam squint problem. As mentioned in the previous chapter, the beam
squint is due to a frequency dependency of the received signal. Thus, we are expecting
to face a bigger effect when using a larger channel bandwidth. This is due to the fact that
the element spacing is usually equal to half wavelength of the carrier frequency d = A./2,
but every subcarrier in the channel will have a center frequency which is different from
it. The larger is the bandwidth, the larger will be the difference between the expected
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Variations depending on 6
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Figure 3.6. Nominal and averaged plot for arrays with different AoA
element distance and the real one, this is why the effect of the beam squint will be higher.

Figures 3.7 and 3.8 show the beam squint phenomenon on the angular domain for two
arrays including respectively 36 and 256 elements for different CBW and AoA of 30°. It
is immediate to notice that the beam squint causes BF gain loss and angular spreading
that are increasing both with CBW and with the number of elements.

To have a better understanding of the variations introduced, the gain loss and the angular
spread towards desired direction for different combinations of channel bandwidths and
size of arrays are shown in the tables 3.3 and 3.4.
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Figure 3.7. Beam squint phenomenon for an array of 36 elements with different CBW

Table 3.3. Table of the beamforming gain loss with respect to ideal beamforming [dB]

CBW (GH=z) 0.4 0.8 1.6 3.2 6.4 10.0
N = 36 0.0044 0.0175 0.0697 0.2755 1.0503 2.2990
N =128 0.0551 0.2186 0.8428 2.8168 5.5843 7.3722
N =256 0.2186 0.8428 2.8183 5.6137 8.4441 10.2494
N =1024 2.8188 5.6152 8.5063 11.427 14.3195 16.1392

3.2 UPA

In the previous paragraph we examined the case of the linear array including the beam
squint. Now it is interesting to extend this concept also to the case of a uniform planar

array (UPA).

The geometry used in this case is shown in 3.9. It consist of a planar array of dimensions
MxN, where the lower-left antenna is assumed to be in the position (1,1,0) and the generic
element can be referred to as (p,q,0).
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Beam squint effect for different CBW (N=256)
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Figure 3.8. Beam squint phenomenon for an array of 256 elements with different CBW

Table 3.4. Table of the angular spread towards desired direction

CBW (GHz) 04 08 16 32 6.4 100

N = 36 3.00 3.00 3.03 3.15 3.76 5.28
N =128 0.84 0.87 1.00 1.67 3.31 5.16
N = 256 043 0.50 0.83 1.64 3.29 5.15
N =1024 020 0.40 0.81 1.64 329 5.16

We are interested in observing the signal coming from the point P which is assumed
very far compared to the dimensions of the array. If we consider two different antenna
elements of the array, one in positions (1,1,0) and the other in (p, q,0), it is possible to
see from the picture that the two antennas will experience a different delay of the receiv-
ing signal because it has to travel the distances di; and d,,, for reaching the respective
antennas.
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Far-field Observation Point

Figure 3.9. Cartesian geometry

Thus, the delay experienced by the different elements can be calculated as:

r=do i (3.8)

C
If we consider 7 to be the vector from (1,1) to P it can be expressed as:

7= rpty + Tyty + 7205,

Since we are using a 3-dimensional space it could be useful to introduce a spherical
coordinate system. In the following it is used the coordinate systems shown in 3.10.

In this new coordinate system, the component of ¥ can be expressed as:

T = sin 6 cos ¢ 3.9)

ry = sin @ sin ¢

r, = cosf

In the same way, the vector r,,, which is departing from (1,1,0) and which points to (p, ¢, 0)
can be expressed as:

Tpq = (P — 1)dytiz + (q — 1)dydy

We are interested in computing the projection of r, on the line whose unit vector is 7',
because it is the length difference between the distance that a wave generated in P will
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Figure 3.10. Polar coordinate system

have to travel for reaching (1, 1, 0) after being arrived in (p, ¢,0). We call this length path
difference Al,,.

The path difference can be calculated as the scalar multiplication of the vectors 7 and
rpq- RE€membering that the scalar multiplication corresponds to summing the respective
components we obtain:

Alpg =T rpg = 12(p — 1)datiz + ry(q — 1)dytiy (3.10)

By substituting the polar expression of r,, and r, we obtain:

Alp, = (p — 1)dysinf cos ¢ + (¢ — 1)d, sin @ sin ¢ (3.11)

The signal received in P from (1,1,0) is:

s11(t) = m(t) cos (wct)
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where m(t) is the modulation factor and cos (w.t) is the carrier.

The signal received from (p,q,0), instead, will arrived in advance. Thus it is possible to
write:

8pq(t) = s11(t 4 Tpq)

Following the same procedure described in section 3.1.3, we can write:

prq(t + Tpq) = Re[v(t + qu)ejwc(t+7pq)] = Re[v(t + qu)eijteijTM] _

— Re[u(t + g )eiweteiwe =22 = (3.12)

Alpq

]

Re[v(t + mpy) et el2™

we can call the term 27 Aip“ = ®,,. In the reception case, the total signal received can be

written as:

M N
x(t) = Z Z Wy (t + Tpy) e PP (8.13)

When moving to the Fourier domain we obtain:

M N
X(f) — Z wnej@pqeﬂﬂf'rpqv(f) (3.14)

p:l q:l

The coefficient w,, are usually chosen to be w,, = S(®,)*. Thus we can rewrite the two
first terms in the sum above as:

. . . o AL Al,
wneJ‘I’pq — efﬂ‘bpqd e]‘bpq — 6*]27f7§qd €J2W7>\pq
3.15
— efj27r/)\[(p71)dx(sin9605 ¢—sin 4 cos ¢q)]+(g—1)dy(sin 0 sin p—sin 64 sin ¢g) ( )
If we define:
u = sin # cos ¢ ug = sin 04 cos pgq (3.16)

v = sinfsin ¢ Vg = sin B, sin g (3.17)
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we can introduce the quantities:

U, = 2dezz(u — Uq) v, = 2dey(v —vq) (3.18)

and we can rewrite the coefficients of V() in 3.14 as:

N

M N
R(f) = Zej(p 1)y Z (g=1D)tby Zzeﬂ”ﬁm (8.19)
p=1

q=1 p=1g=1

The coefficients e/2™/™ depend on the value of f,p, q, d., d,, 6 and ¢ as can be deduced
from 3.11.
They can be written in a more compact way:

M

M N N
Z Z eI2m g — Z Z ejQW%[(p—l)dx sin 6 cos ¢p4-(q—1)dy sinfsing] _
p=1g=1

p=1qg=1

- . (3.20)
_ § :€j27r£(p—1)d1 sin 6 cos ¢ § :6j27r£(q—1)dy sin sin ¢

p=1 q=1

Thus, we can introduce two new quantities:
G, = — “—dyv (3.21)

So the coefficients that we are interested in plotting can be written as:

Mo ;N s
Z I (P—1)Ga Z &I PGy 7 (3.22)
p=1 q=1

Finally, the total expression of the received signal in the frequency domain can be written
as:

M N
Zeg(p D (e +4Ge) Zea a1y +£Gy) (3.23)

p=1 q=1

3.2.1 Different number of elements

Also for the planar case it is interesting to study how the different parameters are influ-
encing the angular and frequency responses of the arrays.
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Figure 3.11. Rectangular array response for UPA arrays with different number of ele-
ments

In this section the effects of varying the number of elements in the array are studied. In
order to have results that are comparable with the ones of the UL A case, the geometries
studied present the same total number of elements as the ones studied in section 3.1.3.
Thus, were used arrays with dimensions respectively of 626, 16216 and 32x32. All the
simulations were carried out considering a carrier frequency f. = 65G H z with a channel
bandwidth of 10GHz. In these simulations the AoA was identified by the pair (04, ¢4) =
(60°,45°). All the results in this and the following subsections are expressed in the Matlab
coordinate system, where the elevation angle is growing from the xy-plane towards the
positive z-axis.

It was of particular interest to notice that the results are not influenced by the choice of
¢4, instead they depend only on the elevation angle as will be shown in the next section.

Figure 3.11 represents the results of the simulation on the azimuth cut for the desired
phig. It is evident that the lower is the number of the elements in the array, the lower is
also the beam squint effect. In fact, for array size of 6x6 the nominal and average plots
are coinciding.

On the other hand, an increase in the array size implies that the H PBW gets wider and
the average main lobe presents a lower gain compared to the nominal.

The results showing how the gain loss and HPBW are changing with respect to the
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number of elements are collected in table 3.5.

Comparing the results of tables 3.1 and 3.5 is immediate to notice how the gain loss in
the planar array case is extremely reduced. In particular, as can be seen from 3.11, a
planar array with 1024 elements will present a maximum gain of 58.61d B considering the
frequency dependency, while in the linear case the maximum achievable gain was 47dB.

It is also possible to notice that, as expected, the main lobe is becoming narrower as the
number of elements is increasing, but the H PBW for the average cases are showing a
bigger angular spread compared when the increasing the number of elements.

Moreover, it is important to underline that the performances of the array are strictly related
with the desired elevation angle. For example, it was noticed that the beam squint effect
is more persistent when considering elevation angles that closer to the xy-plane. On the
other hand, if the desired direction of arrival is coinciding with the z-axis it is possible to
notice that there is no difference between the average and nominal case.

3.2.2 Variations depending on AoA

The angle of arrival is a crucial parameter for the beam squint phenomenon. Since we
are considering an uniform planar array, the AoA will be characterized by a pair (el, az).

As was mentioned in the previous subsection, the first thing that was noticed is that the
azimuth angle ¢, is not influencing at all the performances of the array. This is something
unexpected if looking at the geometry of the array. In fact, since a rectangular array is
not symmetric from its center, we would expect that for angles like ¢4 = 45°the response
would change significantly, because the signal is impinging on the corner of array. On the
other hand, the elevation angle of arrival is assuming a particular role in the behaviour of
the array response. In fact, the more the 6, is getting close to the xy-plane, the higher
will be the effect of the beam squint. This is also confirmed by the results in table 3.6
and figure 3.12. In this subsection all the simulations were done considering an array of
dimensions Mz N = 1024, with a channel bandwidth of 10GH .

The results in table 3.6 are confirming what was stated before. In fact, for low elevation

Table 3.5. Table of gain loss and HPBW variation depending on different number of
elements for an UFPA array

Number of elements Gain Loss (dB) HPBW av HPBW nom

MzxN = 36 0.06 21 ° 21°
MaxzN = 256 0.44 10° 8°
MaxzN = 1024 1.60 6° 4°
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Rectangular plot for different AoA
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Figure 3.12. Rectangular array response for UPA arrays with receiving signals from
different elevation angles

angles, which in Matlab coordinate system are very close to the xy-plane, the gain loss is
higher than for angle which are getting closer to the z-axis.

Considering the HPBW, instead, is extremely important to notice it is decreasing while
the elevation angle increases. A particular results is obtained in the case of very low
elevation angle: in these cases, in fact, the average beamforming gain gets much wider
compared to the nominal. This characteristic can potentially lead to the usability of the
array in these directions.

Table 3.6. Table of gain loss and HPBW variation depending on different number of
elements for an UPA array

AoA (el) Guain Loss (dB) HPBW av HPBW nom

15° 4.08 54° 15°
30° 3.68 17° 8°
60° 1.65 6° 4°
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3.2.3 Variations depending on CBW

The last simulations for the UPA array were the ones regarding the effects caused by the
changes of the channel bandwidth. As in the case of the linear array we would expect that
an increase of the channel bandwidth would imply a more strong presence of the beam
squint phenomenon. For very wide channels, in fact, we are expecting an extremely high
gain loss and a very high dispersion both on the frequency and angular responses. In
this subsection the simulations were made considering an array of size MaxN = 32232
and an angle of arrival AoA identified by the pair (64, p4) = (60°,45°).

The results of table 3.7 confirm the benefit of utilizing a planar array instead of a linear
one. In fact, even with extremely wide channel bandwidth the gain loss is reduced consis-
tently and the angular dispersion obtained for planar arrays is not so relevant if compared
to the respective channel bandwidth. This is the reason why table 3.7 is reporting only
the results obtained by varying the CBW of very large steps. The results show that an an-
gular dispersion of only 2°is present with a channel bandwidth of 10GHz while, as shown
in 3.4, for a linear array it was approximately 5° This is a very good improvement when
considering the performance of the array. The main benefits of the planar array are not
only seen in the improved CBW, but mainly in the higher gains obtained. A linear array
with 1024 elements and CBW = 10GH z is presenting a gain loss of 16dB, instead a
planar array with the same number of elements has a loss of only 4d B which means that
the gain was improved of almost the 20% compared to the linear case.

Table 3.7. Table of gain loss and HPBW variation depending on the channel bandwidth
for an UPA array

CBW (GHz) Gain Loss (d{B) HPBW av HPBW nom

0.5GH~z 0.005 4° 4°
SGHz 0.44 4° 4°
10GHz 1.60 6° 4°

20GHz 4.08 11° 4°
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Figure 3.13. Rectangular array response for UPA arrays with different channel band-
widths

3.3 UCA

The uniform circular arrays are of extreme interest because their symmetrical geome-
try allows the phased antenna to scan towards the azimuth direction introducing small
changes in terms of beam width and sidelobe level. Another characteristic of UCA is that
they do not present edge elements and thus it is possible to rotate the radiation pattern
electronically. The circular geometry is used also because it has the capability to com-
pensate the effect of mutual coupling by breaking down the array excitation into a series
of symmetrical spatial components [21].

Assuming the geometry depicted in 3.14, it is possible to consider that the wave is passing
through the center at the time t=0, and it will cross nth element of the array at the relative
time of [22]:

Tn = —% sin 0 cos (¢ — ¢y (3.24)

where « is the radius of the array. In this case a positive time delay implies that the wave
is impinging the nth antenna after crossing the center of the array, while a negative time
delay implies that the wavefront impinged on it before arriving to the origin.
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Y
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Figure 3.14. Geometry of an N-element circular array [14]

The expression of the steering vector of the uniform circular array was derived in [21] and
has the following expression:

a(f) = [e5°0 P91 5O 02 o5 osdbn] (3.25)

where ¢=kasin 6 and a(#) is used to represent source arrival direction.

More in general, the final expression of the sum of the received signals in very wideband
systems where the time delay cannot be approximated, is given by:

N N
R(f) _ z ejka[sin@cos (¢—n)—sin O cos (¢o—dn )] €j27rf7'n (326)
n=1 n=1

As it was done for the previous arrays, in the next sections it will be analyzed how the
different parameters are influencing the geometry response of the array both in the fre-
quency and angular domain.
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Figure 3.15. Nominal and averaged plot for an array with 36 elements

3.3.1 Different number of elements

As it was done in the previous sections for the linear and planar case, we are going to
investigate how changes in the different parameters are influencing the array response of
a circular array.

We first start by analyzing the changes due to a different number of elements in the
array. In order to be able to compare the results with the ones obtained for ULA and UPA
cases, the array was designed in such a way that it would occupy the same area of a UPA
array with the same number of elements. All the simulations were done considering the
circular array positioned on the xy-plane and a desired Ao A exactly on the positive z-axis
(el =90°).

For the previous cases we noticed that the planar array was showing a better response
under the beam squint phenomenon if compared to the linear one. In particular, the gain
loss experienced was strongly decreased compared to the case of the linear array. The
UCA configuration, instead, seems not to be affected at all by it. In fact, when considering
a desired AoA perpendicular to the array surface there is no gain loss, which is an highly
desirable characteristic.

On the other hand, as will be shown in the next section, when changing the AoA towards
the plane where the array is positioned the effects caused by the beam will degrade in a
very important manner the performance of the array.

The results are collected in 3.8: as mentioned before there is no gain loss when consid-
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ering a radiation perpendicular to the array. Probably the circular array is not showing
any gain loss because the maximum time delay between two elements is not so high
compared to the one present between the first and last element in a ULA or UPA array.
Moreover, also the HPBW variation of the array is significantly decrease compared to
the ULA and UCA cases.

3.3.2 Variations depending on AocA

More interesting results were obtained when studying the variation of the array response
for different AoA. As for the case of planar array, it was important to notice that a change
in the azimuth angle is not influencing at all the response of the array. In fact, this is one of
the strength points of the circular array because its pattern is symmetric for all the azimuth
angles. On the other hand, its response is strongly affected by the elevation angle. As
we have seen in the previous section, the array response is perfect when considering
a signal coming from the direction perpendicular to the array and the effect of beam
squint. Unfortunately, even small variations from the perpendicular direction introduce
big changes in the array pattern. In particular, a variation of 20° from the perpendicular
direction is already enough for obtaining an array pattern which is not similar at all with
the desired one. It means that the Ao A will be shifted of several degrees and a huge gain
loss will be present.Figure 3.16 is already showing the effects for an AoA with el = 70°.

Table 3.8. Table of gain loss and HPBW variation depending on different number of
elements for an UCA array

Number of elements Gain Loss (dB) HPBW variation AoA (el)

N =36 1 0° 90°
N =128 0 0° 90°
N =1024 0 0° 90°

Table 3.9. Table of gain loss and HPBW variation depending on different number of
elements for an UCA array

AoA (el) Guain Loss (dB) HPBW av HPBW nom

70° 11.16 13.5° 1.5°
80° 8.53 11° 1.0°
90° 0 2° 1.0°
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Figure 3.16. Nominal and averaged plot for AoA with el =70 °

Table 3.9 is showing us that the UCA response is influenced much more by the elevation
angle. In fact, its results are characterized by an extremely high gain loss if we move of
only few degrees from the z-axis. The planar array, instead, was presenting much lower
gain loss even when considering AoAs very close to the xy-plane.

3.3.3 Variations depending on CBW

Finally, as last parameter, it was analyzed how the channel bandwidth is influencing the
array response. Simulations were done utilizing an array of 128 elements, AoA perpen-
dicular to the array and CBW respectively of 0.5, 5, 10 and 20GHz.

Also for this parameter the circular array showed a better response compared to the
linear and planar ones when considering that the signal is coming from the direction
perpendicular to the array. In fact, changing the channel bandwidth is not affecting at all
the gain loss and the HPBW is not deteriorating so much. The results are collected in
table 3.10.

Since the response for the array under beam squint phenomenon due to different channel
bandwidths was almost perfect for AoA perpendicular to it, it was also decided to study
how a different elevation angle would affect it. Thus, simulations with el = 60°were made
in order to compare it with the case studied in paragraph 3.2.3.

The patters obtained for the different CBWs are depicted in figure 3.17. As can be seen
from the figure, the gain loss is very high if compared to the one obtained for the planar
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Figure 3.17. Nominal and averaged plot for UCA array of 128 elements, with AoA el = 60 °
and different CBWs

array for the same elevation angle. This is really surprising because usually the circular
configuration is preferred due to its symmetric characteristics while now it is showing an
unexpected behaviour.

The results are collected in table 3.11. Comparing them with table 3.7 which was showing
the same results for the planar case, we can see that there is an enormous difference
between them. In fact, when using a circular array we have a gain loss of already 6.81dB
for a CBW of only 0.5G H z, which is higher than the gain loss experienced by a planar
array with a CBW of 20G H z. Moreover, it is also interesting to notice that the growth of the

Table 3.10. Table of gain loss and HPBW variation depending on the channel bandwidth
for an UCA array for AoA perpendicular to the array

CBW (GHz) Gain Loss (d{B) HPBW av HPBW nom

0.5GH~z 0 2° 2°
S5GHz 0 2° 2°
10GHz= 1 0° 2°

20GHz 4 0° 2°
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channel bandwidth is causing an extreme dispersion of the main lobe for CBW = 10GH z,
which results in an HPBW of 41.00°. Obviously this is something we would like to avoid.

Table 3.11. Table of gain loss and HPBW variation depending on the channel bandwidth
for an UCA array for AoA with el = 60 °to the array

CBW (GHz) Gain Loss (dB) HPBW av HPBW nom

0.5GHz 6.81 8.00° 2°
5GHz 14.58 16.00° 2°
10GHz= 15.61 41.00° 2°

20GHz 15.98 7.0° 2°
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4 RADIO LINK SIMULATION AND RESULTS

In the previous chapter it was analyzed how the beam squint phenomenon is affecting
the responses of different array geometries. The objective of this chapter is to link the
theoretical results derived in chapter 3 with the effects caused by the beam squint phe-
nomenon in an OFDM transmission link. In mm-Wave communications it is extremely
important to choose the best path for the transmission due to the very high propagation
losses, thus the beam squint phenomenon has to be taken into consideration when es-
timating the channel. The simulations in the previous chapter have shown that one of
the main consequences of this problem is to introduce a frequency selectivity of the array
response. Moreover, the current methods for estimating the channel are not considering
any beam squint and this is increasing the channel estimation error which is the cause of
the reduced capacity.

In this chapter we consider a a radio a link characterized by an analog beamforming
architecture on the transmitter side, as it is shown in figure 2.10. The transmitting and
receiving scheme utilized for the simulations are depicted in the figures 4.1 and 4.2:
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Figure 4.1. Transmitter architecture with phased array
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The communication is characterized by a carrier frequency of fc = 656GHz. In the
communication we assume a number of 120000 active subcarriers with 15K Hz car-
rier spacing. Such a big number of subcarriers is resulting in an available bandwidth of
1.8G H z, which is a fairly value for the channel bandwidths available for communications
over 60GHz. As can be seen form figure 4.1 the beamforming architecture consists of a
phased array on the transmitter side and the beam squint phenomenon is modelled there.
On the other hand, instead, the receiver is assumed to have only one antenna. Given
the wavelength at this carrier frequency, and considering an element spacing equal to
A/2, the array is characterized by a total length of 0.37m, which is an extremely small
dimension if we consider that it is composed of 160 elements. This confirms the fact that
it is possible to integrate a very high number of antennas in a limited area on a device.
The transmit array was tuned to have his angle of departure in the direction of 30°. Due
to the long dimension of the array compared to the sample duration, it was noticed that
between the first and and last radiating element there was a delay of approximately 9
samples. This means that the signal transmitted from each antenna was delayed of 1/17
of a sample if compared to the previous transmitting element.

The main challenge of this work came from the fact the the delays are substantially
smaller than the sample duration of our simulator. Thus, it was need to apply some
fractional delay filters to the propagating signal in order to see its effects. Since the signal
was delayed of only a fraction of the sample duration, it was necessary to design a proper
fractional delay filter which could simulate the desired delay. In particular, since every 17
antennas a signal is subject to a delay of one sample, it was necessary to design 10
fractional delay filters and to apply them in parallel.

In order to compare the results with the theory introduced in the previous chapter, we
were interested in analyzing the spectra of the transmitted and received signals, which
are shown in figures 4.4 and 4.5.

The simulations show that the behaviour of an array composed of 160 antenna elements
with an available CBW of 1.8G H =z are matching the results of figure 3.2. In fact, the power
spectral density of the subcarriers at the extremity of the frequency band is showing
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Figure 4.5. Power spectral densities of the transmitted and received signals in a commu-
nication characterized by the beam squint phenomenon

a loss of power, which is exactly what we were expecting to experience according to
figure 3.2. In fact, the very large bandwidth of the signal and the very large dimensions
of the array were generating a delay between the two ends of the array that was not
negligible anymore if compared to the sample duration. This made the assumption of
narrowband signal not to be valid anymore and is the exact interpretation of the beam
squint phenomenon. In fact the delays have been modelled without approximating them
with phase shifts and this made the received signal to be frequency dependent.
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5 CONCLUSIONS

Beam squint is a concern for millimeter wave beamforming. In this thesis, one of the
new challenges and problems that occur when working in the new frequency spectrum
of millimeter waves is analyzed. It was shown that since the new generation technolo-
gies will utilize an higher frequency spectrum, their wavelength will be much smaller and
thus more subjected to attenuation and to path loss. On the other hand, the smaller
wavelengths will enable to reduce in a significant manner the dimensions of the antennas
used in the array and thus, it will be possible to integrate an higher number of elements
in the same area that was used before. This will improve the performances of the array
resulting in an higher array gain. Nevertheless, the mm-wave communications are repre-
senting one of the most important topics regarding 5G technologies and they seem to be
the best approach for LOS communications.

The problems deriving from utilizing very high frequencies make necessary to study and
implement new techniques that will help to compensate for the higher losses. One of the
main solution is represented by the beamforming. In chapter 2 the different architectures
currently available were analyzed and it was pointed out that the best approach would
be to used an hybrid configuration. The important characteristic of beamforming is that
it will allow to increase in a consistent way the array gain in order to compensate for
the path losses. The main benefit deriving from it is that it allows to create directional
properties to the antenna system with fairly simple spatial signal processing. This will
help to generate essentially a spatial filter, which will increase the spatial multiplexing
gain of the transmission.

Since the 5G communication technologies will move towards an unexplored spectrum of
frequencies, they will also be characterized by very wide bandwidths for the signals. In
particular, since beamforming can be obtained by simply choosing accurately the phase
and amplitude of each antenna element, this will influence the received signal at the array.
In fact, the signals perceived at the elements which are on opposite sides of it will have
time delays that will not allow them to combine coherently. This will make the narrowband
approximation not to be valid anymore and thus it will imply a frequency dependency of
the array response. This is the so called phenomenon of the beam squint.

In chapter 3 the beam squint phenomenon was modeled for different array geometries.
In particular it was shown that it is depending on different parameters such as:

* Number of elements in the array
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* AOA
« Channel bandwidth

Simulations have shown that a communication influenced by the beam squint phenomenon
is experiencing a gain loss and a spread of the main lobe. It was demonstrated that, con-

sidering different array geometries with always the same number of elements, the linear

array is the one experiencing an higher gain loss because of the higher delay difference

between the antennas at his extremities. The simulations have shown an extremely in-

teresting point for the UPA e UCA responses. In fact, these geometries are not changing

their behaviour when the azimuth angle of arrival is changing.

Finally, we developed a channel model to conveniently capture wireless line of sight prop-
agation as well as beam squint in a uniform linear array. Our study showed that beam
squint can reduce channel capacity and increase channel estimation error. Therefore,
system functions such as path selection or beam selection should also take beam squint
into consideration. Generally speaking, the effects of beam squint on wireless system
increase with the beam focus angle away from broadside, the number of antennas in the
array or the fractional bandwidth.

This work provides a general overview and a fundamental study of beam squint in wire-
less communication systems. There remain a number of problems relating to beam squint
that should be explored in the future, including but not limited to the following.

 Carrier Aggregation: it could be interesting to extend the carrier aggregation prob-
lem to UPA or other array geometries and to consider multiple paths within the main
lobe in combination with carrier aggregation.

» Beamforming Codebook Design: it includes the problem of designing a set of
beams, called a beamforming codebook, to cover a given range of AoA or AoD.
The beams (codewords) in the codebook should meet some minimum performance
requirements, such as minimum channel capacity or minimum array gain.

» Channel Estimation: it was shown that the beam squint is causing an increase in
the channel estimation error and thus it could be interesting to study and implement
new estimations algorithms that will be less influenced by it.
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