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Chapter 1

Introduction

1.1 Motivation

For more than two decades, huge efforts are done to realise networks that have a high
data transfer capability (e.g. fifth generation of wireless systems (5G) will have to
provide a peak data rate of 20 Gbps). To achieve this goal, the research community
has identified three different ways to increase by several orders the throughput of
communication[l]: large bandwidth utilisation, higher spectral efficiency and den-
sification of the infrastructure. These three techniques are briefly discussed in the
following paragraphs.

To accommodate for a large available bandwith, the millimeter wave| (mmWave))
spectrum with carrier frequency at 30-300GHz seems promising. For example, the
IEEES802.11ad/ay amendments to the IEEE802.11 standard were defined to enable
Wi-Fi communication in the unlicensed 60 GHz band where more than 12 GHz of
bandwidth is available[2]. The wider is the bandwith, the higher is the channel
capacity, that is the theoretical maximum data rate achievable in a communication
between two or more jstations| (STAs|) without transmission error.

Furthermore, the spectrum is very convenient for increasing the densifica-
tion of the infrastructure. Obstacles and high path losses present at such frequency
reduce the interferences perceived by other [STAsl This allows for a better spatial
reuse of the spectrum and smaller cells.

The millimeter wave| spectrum is thus very convenient to enhance the data through-
put of the communication thanks to large bandwidth utilisation and high density of
the cellular infrastructure. Let us focus on the improvement of the spectral efficiency.
For that purpose, multiple-input multiple-output| (MIMO)|) wireless systems have
been studied and related training stages are included in recent standards[3].
These systems use dozens or hundreds of antennas, which can be implemented in a
small form factor thanks to the small size of the antennas at such frequencies. Two
different techniques that try to exploit the full channel capacity are commonly used

with [MIMO)] systems: [spatial multiplexing] (SM)) and [beamforming] (BF])[4]. This two

techniques are presented here below.




[Spatial multiplexing| provides multiplexing gain by enabling the simultaneous trans-
mission of multiple streams of data on the same [RF] channel. Those streams can
either be transmitted to the same juser equipment| (UE|) or either to multiple .

In the first case, the communication is said to be [single-user MIMO]| (SU-MIMO))
while on the latter case, it is said to be [multi-user MIMO| (MU-MIMO)). [SM] is

very efficient when the channel possesses a diversity that allows the transmission
of multiple orthogonal streams. However, because the power is split among the
different streams, the communication suffers from a low [signal-to-noise ratio| (SNRI)
condition and low order modulations must be used which reduces the data throughput.

In this case, [BF] should be used to maximise the power send over the stronger
singular modes of the channel. provides array gain by transmitting
a common signal with multiple antenna elements. By adapting the relative phases
between the signals emitted /received by the different antenna elements, the radiation
pattern of the array may take the form of a beam in the direction of the other [STA]
thereby enhancing the [SNR]level of the link. [BF] allows also for a reduction of the
interferences because less power is radiated toward not aligned with the beam.

As explained, [SM] and [BF] are two techniques that are used by [MIMO] systems to
maximise the spectral efficiency. Several architectures of transceivers have
been proposed to extract the benefit of both techniques.

Among these architectures, fully digital ones (Figure extract the advantages of
[SM] and BF] simultaneously. The different streams that a transmitter wants to send
over the channel are first encoded before being transmitted to each antenna element.
Between the encoder and the antenna elements, [RF] chains are inserted to convert
the baseband digital signals to high frequency analog signals. They are generally
composed of a[digital-to-analog converter] (DAC]), a frequency upconverter and an
amplifier.

Despite several demonstrations [5], the high power consumption, cost and complexity
of an increasing number of RF] chains makes currently difficult the implementation
of fully digital architecture [MIMO)| transceivers[6] and other architectures need to be
explored.

Fully analog architecture relies on the use of a single [RF] chain for the whole antenna
array. After being upconverted in [RE] band, the signal is divided among the different
antenna elements. Before each antenna element, a phase shifter is inserted and

provides capability. A fully analog [single-input single-output| (SISO

architecture is depicted in Figure 1.2

Even if complexity, cost and power consumption are less problematic with them,
fully analog architectures are not sufficiently optimal because they can not benefit
from [spatial multiplexing] Therefore, hybrid architectures containing advantages
of both architectures have been designed such as the one presented in Figure [I.3]




UE
> crain |
> RF Chain Y
N »{ i cmain | Y
ooocer| -
— > RF Chain Y
o AF Ghain | Y
»| AF Ghain | o

Figure 1.1: Fully digital MIMOQOJ architecture for transmitting multiple streams of
data in a multi-users environment.
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Figure 1.2: Fully analog SISO architecture for transmitting one stream of data in a
single user environment.

Hybrid architectures are very convenient since they can combine thanks to the
digital encoder with an analog [BF] enabled via the phase shifters.

Analog[BF]is however challenging. On one hand, a careful training procedure between
the transmitter and the receiver must be established to allow the determination of
optimal weights for the phase shifters. This procedure needs to be robust, efficient
and fast. On the other hand, the weights should be adapted in the case of moving

in order to prevent loos of [BF] capacity by the [STAs|

The main objective of this thesis is to design and evaluate the performance of
[beamforming training] (BFT)) algorithms compatible with the IEEE802.11ad/ay
standards for Wi-Fi communication at 60GHz. More specifically, we focus on two
scenarios. The first scenario considers a communication between a static [base stationl
and a static . The second scenario considers a communication between a
stationary [BS| and a [UE] who is free to move in its environment.
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Figure 1.3: Hybrid digital/analog [MIMO| architecture for transmitting multiple

streams of data in a multi-users environment.

1.2 Outline and contributions

Chapter [2] introduces the principle of [beamformingl A theoretical study of the

emission of plane waves from a linear antenna array and from a rectangular antenna
array is described. This study highlights the benefits of multi-antenna systems on
the link budget. For large antenna arrays, the radiation pattern of the antenna array
tends to become exceedingly narrow. This leads to a high drop of the [SNR]level in
presence of a small misalignment of the beam, ideally directed toward the other [STA]
To address this problem, a novel beam widening algorithm is proposed in the second
part of this chapter.

Chapter |3|consists in an explanation of the different aspects of the IEEE802.11ad/ay
specifications of the IEEE802.11 standard. The main contributions to the
laccess controll (MAC)) and [physicall (PHY)) layers of the standard will be analysed
and special emphases will be given to the explanation of the different
training| (BFT]) procedures. The Matlab chain used for the validations of the m
algorithms presented in the rest of this master thesis will be described at the end of
this chapter.

Chapter [4] investigates two different [BF'T] algorithms for the communication be-
tween a[BSY|and a stationary user. The first algorithm is based on an exhaustive beam
search technique which can be considered as the conventional [BFT]algorithm of the
IEEE802.11ad/ay amendments of the standard. The performance of this algorithm
will be presented and the benefits obtained by the beam widening algorithm described



in chapter [2] will be emphasised. The second [BFT] algorithm tries to optimise the
beamforming capability of a multi-antenna systems by estimating the channel via
different measurements. Two different channel estimation methods will be
presented. The first one is based on [7] and proposes a procedure based on four
measurements for each channel coefficients. The second method has been derived
from the first method and requires three [SNR] measurements for estimating each
channel coefficient. The performance of those methods in presence of additive noise
on the [SNR] measurements will be investigated.

In Chapter [5 a novel beam tracking| (BT] algorithm is presented. The purpose of
this algorithm is to adapt continuously the weights of the phase shifters in a scenario
considering a moving user to conserve high gain. This algorithm is to-
tally compatible with the IEEE802.11 standard and is based on stochastic prediction
of the user motion thanks to the use of a [particle filter| (PF)). Unless the author is
mistaken, this technique has never been explored before and its performance will be
evaluated via simulations.







Chapter 2

Beamforming

signals suffer from high penetration and path losses. These phenomenons
degrade the quality of wireless communications. To understand better the impact of
the path loss, let us illustrate it through a simple example. The path loss between
two antennas can be estimated using the well know Friis transmission equation:

PR A \2
P DTDR(m) , (2.1)
Where Pr and Pr are the received and transmitted powers, Dr and D are the
antenna directivities, d is the distance between the transmitter and the receiver and
A is the wavelength. Since A = ¢/ f, where c is the travelling light speed and f is
the wave frequency, the path loss is proportional to (1/f?). Therefore, the path loss
for communications at 60GHz compared to the one for communications at 6 GHz is
increased by 20dB.

To enhance the link quality, multi-antenna systems are interesting due to their
formingj capability. The principle is to focus the energy sent by a transmitting
station toward a receiving [STA|and thus beneficing from array gain. Another
advantage of [BF]is the reduction of interferences that could potential harm other
wireless communications.

In this chapter, a review of the BF] principle will be presented, considering the
emission of a plane wave from a linear array and a rectangular array. The utilisation
of the BF] principle for the reception of a plane wave over linear and rectangular
antenna arrays is similar.

The second part of this chapter is dedicated to the description and validation of a
beam widening algorithm. The purpose of this algorithm is to design a codebook
containing a set of weights, named jantenna weight vector| (AWV)), for the different
phase shifters connected to the different antenna elements (see section [L.1)). This set
should allow the [STA] to properly steered its radiation pattern toward the [STA|] with
whom it is communicating.




2.1 Emission of a plane wave by a linear antenna
array

Figure 2.1: Single plane wave emitted by a linear array of N = 6 antennas.

Let us consider a single plane wave emitted by a linear array of N antennas each
equally spaced by a distance d (see Figure . The antennas are placed along the y-
direction so that the n*® antenna is located in a, = (0,nd) withn =10,1,2,..., N — 1.
The direction of departure of the wave is described by & = (cos¢,sin¢). By
considering that the receiver is sufficiently far away from the user, the difference of
travelling distance between the wave emitted by antenna 0 and the wave emitted by
antenna n is given by the projection of a, over i

dn,p = ndy = a, - 0 = ndsin ¢. (2.2)

The additional travelling time 7,, between antenna 0 and antenna n can be written
as:

dng  ndsing (2.3)

Tn —
C Cc

where ¢ represents the travelling speed of light. Suppose that a narrowband signal is
emitted by the linear antenna array. That is a signal with a bandwidth not exceeding
the channel coherence bandwidth or, in other word, for which the channel can be
consider as being "flat". The signal s, (t) received from each antenna element is
described by the set:

so(t) so(t)
s1(t) So(t + 71)
sty =| s2() | = | solt+72) | (2.4)
_SN—'l ()] | so(t +. TN-1)

Because the signal is narrowband, the system of equations here above can be rewritten



as:

SR .
ejwq—l €j27r§ sin ¢
s(t) = so(t) | &7 | = so(t) | X (2.5)
_ejWTN—l_ pi2m 5 sin g
R(¢)

where w = 27 f denotes the carrier frequency of the transmitted signal and A = ¢/ f
the carrier wavelength. The displacement phase factor R(¢) € CV describes the
phase shift between the different emitted waves perceived by a receiving [STA]standing
in the angular direction ¢.

Let us denote by a = {ap, aq, ..., an_1} € C*¥ the fantenna weight vector| (AWV))
(= weights of the phase shifters). At the reception, the signals of the different
antennas will be combined according to a weighted sum:

y(t) = OéQSO(t) + Oélsl(t) + ...+ O./N_18N_1(t),
— qpso(t) + ar1€2TF MO0 (1) . an_ TR s (1),
= aR(¢)so(t),
= A(¢)so(t),

With A(¢) being a complex scalar. The term |A(¢)|* describes the power gain of
the antenna array (= array gain) in the direction ¢.

(2.6)

Figure [2.2| presents some power gain for linear arrays with equal weights and isotropic
antennas. The effect of the number of antennas is an increasing gain of the main
lobe and the apparition of secondary lobes in the radiation pattern with a reduced
gain. The inter-antenna distance d has also an impact. The smaller is d compared
to the wavelength, the larger and fewer are the lobes. For d > A\/2, there is an
apparition of lobes steered in ¢ = 4+90°, named grating lobes. Those lobes are
generally unwanted since the array is emitting power toward these directions which
can potentially increase the interference level perceived by other [STAsl For the
rest of this thesis, half wavelength inter-antenna distance will be assumed since it
combines a good array gain with a low emission of potential interferences.

Multi-antenna transceivers are thus able to focus their radiation pattern into a beam.
However, the beam should be oriented in the direction of the receiver so that it can
really benefit on an enhanced quality link. This is possible by adapting the AWV]
of the transmitter. If R(¢) is known, o should be chosen to maximise the received
power. This optimisation problem is equivalent to maximise the array gain A(¢) and
can be written as in ([2.7)).

o' = argmax |aR(¢)|* such that ||| = 1. (2.7)

In (2.7)), the normalisation constraint imposes that the total emitted power should
not be modified with a. One can show that the solution of this optimization problem
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Figure 2.2: Array gain |A(¢)]* with a = 1V/|[1V|| for N = {2,4,8} and d =

{0.25X,0.5\, A\}. Array gains are expressed in dB.

is: .
astar — R ((b)

IR()[|”
And the array gain for this [AWV]is given by:

[A@)F = [ R(¢)]* = |[R(¢)||* = N.

(2.8)

(2.9)

Equation ([2.9) implies that the optimal array gain of a multi-antenna transceiver is
N and increases thus linearly with the size of the array. This is the beamforming
effect. In practice, R(¢) is not always known and the emitter and the receiver must

estimate it.

As explained, the effect of a is to steer the beam toward a particular reference
direction, noted ¢q. Figure depicts the radiation pattern for different directions
¢o. One can observe that the width of the main lobe increases as the beam is steered

10
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Figure 2.3: Array gain |A(¢)> = |aR()|* for @ = R (¢g)/||R(¢o)|| with ¢y =
{30°,60°, 90°}.

more and more toward 90°. This means that the directivity of the radiation pattern
is reduced when emitting into these directions.

The directivity of the radiation pattern of an antenna array can be measured via the
half-power beamwidth. This parameter is a measure of the angle of the half-power
angle in the main lobe and is defined as the angle ¢ at which:

[A(¢o)I”

)P = AT (2.10)
Considering (2.5)), |A(¢)|* can be simplified as follow:
1 2
A = =7z [R(00) "R(¢)
IR (¢0)][? | |
- 1 - 2
€j2n§sin¢
:]1[ [1 6—j27r§sin¢o e—jQW(N;Dd Sin(ﬁo} eﬂﬂ%smqﬁ (2'11>
€j27r7(N;'\l)d sin ¢
LIS pengingosing)|
- Z e_]Qﬂ—nX sin ¢g—sin
N n=0
Remembering that >0 a" = % if a # 1. Equation ([2.11]) leads to:
2
1 11— €—j27rN%(sin¢0—sin¢)
[AQ))* = —
N 1—e¢ J2m 5 (sin ¢o—sin @)
1 |sin (lN27r4(sin ¢o — sin (b)) No1 ?
_ = 2 A €7j27rTf%(sin¢>ofsin¢>) (212)
N'| sin (%27r§(sin ¢o — sin gb))

1 (sin (NW%(SHI $o — sin ¢)) :
sin (ﬂ%(sin ¢o — sin gzﬁ))
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At ¢ = ¢y, the optimal array gain |A(¢y)|* = N is obtained. So, we are looking for
the value of ¢ such that |A(¢)]* = N/2.

Figure represents the evolution of the beamwidth with ¢q and N. The beamwidth
is minimal in ¢y = 0°. However, the influence of ¢q is relatively small compared to
the influence of the number of antennas. When N increases, the beamwidth rapidly
decreases. As it will be discussed in section [2.3] a too narrow radiation pattern might
be problematic and with larger beamwidth are generally preferred at the price
of a smaller array gain.
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Figure 2.4: Half-beamwidth angle with respect to N with d = \/2.

2.2 Emission of a plane wave from a rectangular
array

Let us consider a rectangular array with N antennas in the horizontal direction
(y-direction) and M antennas in the vertical direction (z-direction). The total number
of antennas is thus N x M. The vector describing the position of the n'" antenna in
the y-direction and m'™™ antenna in z-direction is aym = (0, nd,, md.) where d, and
d, are describing the distance between adjacent antennas along y- and z-directions.
The azimuth angle of the plane wave emitted from the antenna array is denoted by
¢ while the elevation angle is denoted by 6 (Figure .

The planar wave is emitted by the rectangular antenna array with a direction given
by G = (sin @ cos ¢, sin f sin ¢, cos ). Once again, the additional travelling distance

12



Figure 2.5: Spherical coordinates - convention
for the wave emitted by an antenna at localization (n,m) on the antenna array is
given by the projection of the direction of departure @i over ay m:

dnm.0 = U - anm = nd, sinfsin ¢ + md, cos 6. (2.13)

The additional travelling time of the wave is

_ dpmge  ndysin@sing + md. cos

Tnm = —

” : (2.14)

Similarly as for the linear antenna array, the displacement phase factor R (¢, ) €

CNMX1 ig of the form:

1 1
. .o dy sin 0 si
JT10 eﬂﬁw

jor (N—l)dy)\sinﬂ sin ¢

eIWTN-1,0 e
. 5 _d s 6
eijOJ ejgﬂ-zc%
. . dy sin 0 sin ¢p+dz cos 6
eJWTLl €J2W%
R(qb’ 9) - - (N—1)d ' 0 sin ¢+d 0
. . -1 sin 6 sin ¢+ cos
6.7WTN71,1 6.727r Y by =
. . M—1)d, cos 6
eJwWT0, M —1 632W7( ),\z
. . dy sin 0 sin ¢+ (M —1)d, cos 6
e]WTl,Mfl 6‘727T Y by =
. . N —1)dy sin 0 sin ¢+ (M —1)dz cos 6
EIWTN-1,M—1 6]27T( 1y By ( -

The displacement phase factor represents the phase shift between the signals emitted
by the different antennas and that are perceived by a receiving localised in the
direction ¢. The that maximises the received power must verify the following
expression:

o' = argmax |aR(¢,0)[* such that ||a|| =1, (2.15)

13



And the solution of this problem is:

R (¢,0)
= - (2.16)
IR (¢, 0)]|
This leads to an array gain given by:
[A(¢, ) = [ "R(¢,0)* = ||R(¢,0)[]* = NM. (2.17)

Similarly as for the linear array, the array gain increases linearly with the total
number of antennas. Examples of radiation pattern are depicted in Figure 2.6 The
advantage of a rectangular array compared to a linear array is to steer the beam in
both azimuth and elevation directions. More complex geometries of antenna array
can be used in practice that modify the vector ay m. In this report, we consider only
the geometry of rectangular arrays with d, = d, = \/2.
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Figure 2.6: Radiation pattern of rectangular arrays steered at (¢, ) = (0°,90°) and
dy=d, =\/2.



2.3 Codebook design

In sections 2.1 and [2.2] the benefit of the BF] technique on the array gain has been
demonstrated. From the displacement phase factor R(¢,0), the weights a* that
maximise the received power can be dertermined from ([2.16)).

However, R(¢, 0) is rarely known in practice so the optimal steering vector a* can
not be easily computed. To overcome this issue, one could directly estimate R.(¢, )
or one could estimate the directions ¢ and 6 to compute R(¢, #). This second method
is less complex since only two coefficients must be estimated.

The estimation of ¢ and 6 is performed during a training stage, named
fraining] (BFT)). During this stage, different should be tested. Because the
transceivers must be able to quickly switch between the different predefined
are generally stored in a codebook. This reduces the computation complexity
and the power consumption|[§].

But working with a high number of antennas raises a new problem when designing
those codebooks. As depicted in Figure 2.4] the beamwidth goes down with an
increasing number of antennas. This means that, for a high number of antennas, a
small mismatch between the estimation and the true value of the angle directions
¢ and 0 will cause an important reduction of the array gain. The codebook should
therefore comprises with larger beams.

To overcome this issue, author in [9] proposed a beam widening algorithm based on
the division of the array into subarrays. Each subarray steers a beam in a direction
slightly different than the other so that the total beam appears wider. In [10], beam
broadening is performed through the use of window coefficients (e.g. rectangular
or Hamming windows). In this section, a new algorithm for beam widening will be
presented. The algorithm considers a linear array but can easily be extended for a
rectangular array.

Let us consider the case of a linear array that would like to steer a wide beam
in ¢ = 0°. We note by ¢,q the beamwidth. The expected performance is a large
and constant array gain in the angular range ¢ € ® = [—pu4/2, dwa/2]. To express
numerically the performance of any steering vector a, a fitness function F(a) has
been defined. From the minimisation of this fitness function, one would like to extract
an [AWV] with the desired radiation pattern.

Let us investigate the choice of F(a) and its minimisation. We note by ® =
[—90°, —dwa/2] U [dwa/2,90°], the range of azimuth directions for which the array
gain should be minimised. The chosen fitness function is defined as in ([2.18)):

1

Fla) = %

1
[ A= 14018 o [ A0)Pds, (218)

F1 (a) Fo (a)
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Where A,, is the mean of |A(¢)| in the directions for ¢ € ® and ( is an arbitrary
real scalar. As a reminder, from we have A(¢) = aR(¢). In (2.18), the fitness
function has been chosen to trade off the minimisation of array gain in ® (= Fy(a))
and the minimisation of the level of ripple of |A(¢)| in ® (= Fy(a)).

To compute a that minimises the fitness function, a simplified version of a greedy
algorithm has been used. The algorithm starts with an initial population of
for which the coefficients have all the same amplitude but a random phase. At
each iteration, the best individual (in the sense of the minimisation of F(a)) is
selected and a new population is created from the perturbation of this individual

(see Algorithm [I)).

Algorithm 1 Beam widening

Input: N, Ny, > N = #antennas, N, = population size
1: Pop = e*mirand(N,Npop) > Generate initial population
2:n=1 > Perturbation amplitude
3: while n > 107% do
4: Pop* = {Pop(i)|F(Pop(i)) <F(Pop(j)) Vij} > Selection of best individual
5: n = update(n)

6: Pop = [Pop*, Replicate(Pop*, Ny, — 1) ® e 7andWN:Noop=1)n] 1 Perturbation
7: end while
8: return Pop*/||Pop*||

In Algorithm [1], the Hadamard product is represented by the symbol ®. The pertur-
bation amplitude 7 is a coefficient used to speed up the convergence of the algorithm.
For our algorithm, n was divided by two each time 200 loop iterations have been
done without any improvement on the minimisation of the fitness function. Note
that during the replication operation, one copy of the best individual should be kept
unperturbed.

The result of the beam widening algorithm for N = 64 antennas, N,,, = 100 and
different beamwidth is depicted in Figure 2.7, We observe that the array gain is at
least 10dB higher for ¢ € ® than for ¢ ¢ ®. Compared to optimal steering the loss of
array gain in ¢ = 0° is of the order of 5dB for ¢4 = 10° and increases progressively
with the beamwidth.

The performance of the steering vector can be adapted by the modification of 5 in
the expression of F(a) in . This is illustrated in Figure For a large value
of 8, the array gain in ¢ € ® becomes less important meaning that interferences
management is facilitated. However, the level of ripple of array gain in ¢ € ® is in
this case more pronounced.

From the algorithm presented here above, one can design a codebook of predefined
with different beamwidths. The steering direction of the beams should
also be investigated because the receiving is not necessarily standing in ¢ €
[—wa/2, duwa). To steer the beams in angular direction ¢ # 0°, two different methods
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Figure 2.7: Array gain |A(¢)|? = |aR(¢)|? for optimal beam (top left) and for wide
beams with ¢,q = {10°,20°,30°} and 5 = 10. The black dot lines are located in
¢ = *uq/2. Array gains are expressed in dB.

are considered:

» Steering vector adaptation: modification of the steering vector e [10].

« Angular range adaptation: modification of the angular range ® and ®.

Let us focus on the first method. The steering vector adaptation applies a phase
shift on each coefficient of a in order to orient the beam in the desired direction ¢ges.
It can be shown that this adaption is performed through the following operation:

a=ay® R (¢as), (2.19)

Where ® is the Hadamard product, « is the steering vector obtained via Algorithm
and R(¢) was defined in (2.5). The result of this operation is depicted in Figure 2.9]

Even if the steering direction is well oriented, the performance of this method is
relatively disappointed. When the steering direction is getting closer to ¢ = 90°,
the beamwidth is importantly increased. However, for sufficiently small steering
directions (e.g. 30°), the performance of the is almost similar to the one steered
at @ = 0°. The main advantage of the steering vector adaptation method is that
from only one [AWV] other steering vectors with different steering directions can
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Figure 2.8: Array gain |A(¢)|? obtained with ¢,¢ = 10° and 8 = {2,10,50} (left to
right). The black dot lines are located in ¢ = +¢,,4/2. Array gains are expressed in
dB.

be easily computed. The size of the codebook is thus kept constant as well as the
required memory size to store the codebook.

If the memory management is not critical, one can also adapt Algorithm |[1| to
generate a codebook with a higher number of steering vectors a, each pointing
their radiation pattern in different directions. This is the principle of the second
method, angular range adaptation. To do so, it is only required to redefine ®
and ®. A natural choice is simply to impose ® = [Pges — Puwd/2, Gdes + Gwa/2] and

P = [_9007 ¢des - d)wd/Q] U [¢des + ¢wd/27 900].
The result of this adaptation is depicted in Figure 2.10] Compared to the steering

vector adaptation, angular range adaptation conserves better the beamwidth when
steering toward £90°.
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Figure 2.9: Array gain |A(¢)|? obtained with the steering vector adaptation method
with ¢ges = {0°,30°,60°} (8 = 10). The black dot lines are located in ¢ = @ges £ Pwa/2.
Array gains are expressed in dB.

2.4 Conclusion

The physical aspects of technique exploitable by a multi-antenna
transceiver have been investigated in this chapter. Thanks to the phase shifters, the

radiation pattern of the antenna array can be steered in a desired direction. This
steering allows an increase of the quality link and a reduction of the interferences

perceived by other [STAS|,

The narrowness of the beam formed in the radiation pattern is however critical if
the position of the other [STA]is not sufficiently well estimated. To remedy this, a
beam widening algorithm has been proposed showing a good trade-off between low
level of ripple of array gain in the angular passband and large reduction of array
gain in the angular stopband.
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Figure 2.10: Array gain |A(¢)]* obtained with the angular range adaptation method
for ¢ges = {0°,30°,60°} (8 = 10). The black dot lines are located in ¢ = @ges £ Puwa/2.
Array gains are expressed in dB.
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Chapter 3

IEEE 802.11ad/ay standards

Since 1997, the IEEE802.11 standard (= Wi-Fi standard) has emerged as the most
widely used wireless networking standard around the world[I1]. It includes frequency
bands at 2.4 and 5GHz. In December 2012, the IEEE802.11ad specification of the
standard was released to enable Wi-Fi communications over the 60GHz band with
data throughput up to 6.75Gbps[12, [13]. This amendment is taking advantage of the
large unlicensed bandwidth available at that frequency. Furthermore, IEEE802.11ad
redefined the IEEE802.11 jmedium access control| (MAC]|) and [physicall (PHY)) layers
in order to cope with the necessary beamforming training| (BFT|) that improves the
budget link quality.

IEEE802.11ad was mainly designed for applications requiring high data throughput
such as HDMI cable replacement (e.g. wireless displays), instant wireless synchro-
nisation and high speed media file exchange[14]. With new emerging technologies
such as augmented reality and virtual reality, the need for Wi-Fi allowing higher
throughput is still necessary[2]. To address this problem, the IEEE802.11ay specifi-
cation was designed on top of IEEE802.11ad. This enhancement of the standard is
still under development and should provide Wi-Fi communication of up to 20-40Gbps.

The first part of this chapter aims at describing the implementation of the different
procedures in the IEEE802.11ad/ay specifications of the IEEE802.11 standard.
The main differences between these two specifications will be shortly presented. The
rest of the chapter describes the Matlab chain used during the simulations of chapters

4 and Bl

3.1 IEEES802.11ad/ay amendments description

The development of the IEEE802.11ad/ay amendments of the IEEE802.11 standard
has been motivated by the need for Wi-Fi communication allowing very high data
throughput. As explained in section [I.1], the research community has identified the
mmWave spectrum as being interesting for high speed communication thanks to
three different techniques: large bandwidth utilisation, higher spectral efficiency and
densification of the cellular infrastructure.
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Let us focus on the large bandwidth available in the mmWave spectrum. The
IEEE802.11ad/ay specifications are designed for the utilisation of the 60GHz band
where a large unlicensed band has been made available (see Figure . This 60GHz
band is further divided in several 2.16GHz subchannels in which the [stations| (STASs)
or are allowed to communicate. In the IEEE802.11ad specification, only one
of those subchannels can be used by a[STA]at a time. We will refer a [STA] working
under the IEEE802.11ad as [directional multi-gigabits| (DMG]) [STAL

us
I I [
European Union
I I
South Korea
I [
Japan
I

China

|
I I ! ! |

58.32 60.48 62.64 64.80 66.96 69.12 GHz

Figure 3.1: Available 802.11ad/ay 2.16GHz subchannels in the 60 GHz band[15].

In IEEE802.11ay, two important evolutions have been introduced in the
laccess controll (MAC]) and [physicall (PHY]) layers of the standard to increase the
bandwidth utilisation and the spectral efficiency. They will be presented in the
following paragraphs and we will refer a [STA] supporting both IEEE802.11ad and
IEEE802.11ay specifications as [enhanced directional multi-gigabits| (EDMG]) [STA]

To allow for a larger bandwidth utilisation, [EDMG|[STAS are allowed to use up
to four contiguous 2.16GHz subchannels (=channel bonding) or non-contiguous
2.16GHz subchannels (= channel aggregation) instead of one for The
maximal bandwidth utilisation is therefore equivalent to 8.64GHz. An announcement
mechanism of scheduling and transmission opportunity| (TXOP]|) has been established
[2] to support channel bonding and channel aggregation. In scheduling, the total
channel bandwidth is specified during the network announcement (i.e. in the [BHI]
see section . In [TXOP), the [STAs extend their bandwidth when secondaries
channels are idle.

The second evolution brings to the IEEE802.11ay specifications is the introduction of
the [spatial multiplexing] (SM)) technique that increases the spectral efficiency of the
communication. While are authorised to transmit one data stream at a
time, EDMG|[STAg| are allowed to transmit up to eight data streams simultaneously
to one (5SU-MIMO)) or several (<MU-MIMO) [STAs| Because every communication
link related to a data stream should be trained, the BFT] procedure as been modified
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for EDMGISTAS

In this section is proposed an explanation of the [MAC] layer of the IEEE802.11
standard. A particular emphasis will be bring to the channel access which is
necessary to better understand how the [DMG| and [EDMG]|[BFTS have been inserted
in the standard.

3.1.1 (E)DMG channel access

This operation is managed by the Data Link Layer which is the second of the
seven-layers [Open Systems Interconnection| (OSI) model. This layer serves to: [16]

o Convert the bits streams coming from the network into frames that will be
transmitted through the channel.

e Perform flow control between [STAS

The lower sublayer of the Data Link Layer is the [MAC]| sublayer. In the [MAC|
sublayer, a protocol is implemented (= protocol) and determines who can
transmit on a broadcast channel. For IEEE 802.11ad/ay, time division multiple
access| is mainly used and |carrier-sensing multiple access with collision

avoidance] (CSMA /AC) can be used to handle bursty traffic [17].

Beacon interval (BI) | Beacon interval (BI) |

Beacon header | Data transmission interval [ Beacon header | Data transmission interval

interval (BHI) (DTI) interval (BHI) (DTI)

time

Figure 3.2: sublayer: |beacon interval| .

Each time a [STA] wants to send frames to one or more other it must be
performed within a [beacon intervall . Any [Bl|is composed of two periods of time
(see Figure 3.2): a beacon header interval (BHI) following by a[data transfer interval
(DTI).

The BHI| determines which will be the next ones to transfer data frames during
the [DTI] This protocol aims at avoiding collision between data packets coming
from several [STAsl The [BHI| comprises three different intervals: [beacon transmis]
sion interval| (BTI)), fassociation beamforming training| (A-BFT)) and announcement|
transmission intervall (ATI) (see Figure [3.3)), each having its own function. More
information can be found in [I8].

The [DTI includes one or more [service periods (SPs)) and [contention based-access|
[periods| (CBAPs)). A is a scheduled timing period during which can
communicate in a [TDMA] scheme. A [CBAP)|is a timing period during which all

23



A

Beacon Interval

>
<4¢—BHI > DTI >
BTI A-BFT ATI DTI
SLS SP1 CBAPI1 CBAP2 SP 2
BRP
SSW- Data Data Data
I-TXSS | R-TXSS FBCK MID | BC | Transmission | Transmission | Transmission

Figure 3.3: Example of access period within a beacon interval [18].

can access the channel by listening to it and transmitting data when it is idle.
This period combines [TDMA| and [CSMA /AC| techniques. More information can be
found in [I7].

3.1.2 DMG beamforming training

As explained in chapter , beamforming| (BE]) is a technique used by multi-antenna
transceivers. With [BF], a [STA]is able to increase its array gain in the direction of
another [STA] for which it wants to enhance the communication link budget. The
determination of this direction requires dedicated [beamforming training| (BFT)) stages.

The IEEE802.11ad specification defines three different procedures (see Figure
3.3):

1. [Sector level sweep| (SLS)): transmit performed during the [BHI .

2. [Beam refinement protocol (BRP)): receive and refinement performed
during the first [SP| of the (optional).

3. [Beam tracking| (BT)): transmit and/or receive training performed during
the to manage mobility (optional).

The [SLS| and the BRP| phases are performed either when the communication link
is not established or broken or either periodically. When at least one of the
is moving, the steering direction of the radiation pattern should be updated regu-
larly. Because the [SLS| and the BRP| phases are expensive in terms of timing and
training overhead, the[BT|phase should be used to adjust the[AWV]of the transceivers.

Those three BET] procedures consist in bidirectional exchanges of training frames be-
tween the The training frames contain pilot sequences and are not the same for
the three procedures. Figure[3.4] presents an overview of the[SLSand the BRP|phases.

The [STA] initiating the beamforming training procedure is called the initiator while
the other is named responder. Let us described the different [BF'T| procedures in the
following paragraphs.
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Figure 3.4: [SLS| and [BRP| phases: illustration of the principle [I8]

3.1.2.1 Sector level sweep phase

In the [SLS| phase, the initiator and responder are exchanging training frames in order
to train their transmit fantenna weight vector] (AWV]). An explanation of the role
of the [AWV] has been given in chapter 2] The general principle of the [SLS| phase is
depicted in Figure [3.5]

Figure 3.5: Illustration of the phase. The transmitting trains its transmit
by sending successively [sector sweep| (SSW]) frames toward different directions
or sectors. The receiving [STA] measured the different [SNR] level for each sector and
communicates to the trained the sector for which the measured level was
the highest.

The [SSW] frames contain two mandatory fields. The first one is the
(CDOWN])) field and is used to indicate how many frames still have to be
sent /received. The second one is the Sector that uniquely identifies the tested

sector. All [SSW] frames containing the same Sector [[D] are sent using a common
[AWV] The maximal number of SSW] frames is 512 and the maximal number of
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different Sector is 64. Let us investigate in practice how this training stage is
performed. The [SLS| phase is composed of four subphases:

The [initiator sector sweep| (ISS]) to train the initiator.

o The [responder sector sweep| (RSS) to train the responder.

o The [S5W] feedback.
o The sector sweep acknowledgment (SSWHACK]).

In Figure [3.6] is shown an example of a [SLS| procedure. The initiator first sends
[SSW] frames using different [AWVS The same amount of power is emitted during the
transmission of all SSW] frames. The responder receives the packets using a quasi

omnidirectional (i.e. quasi isotropic radiation pattern) and evaluates the
level of the different packets.

CDOWN=31 | CDOWN=30 CDOWN=0 Sector
Sector Id=12| Sector I1d=10 Sector Id=17 sweep
feedback
Initiator
Responder
CDOWN=31 CDOWN=30 CDOWN=0 Sector
Sector ld=1 Sector ld=11 Sector Id=5 sweep
Best Sector=10 | Best Sector=10 Best Sector=10 Ack
\ )
Y Y
Initiator Sector sweep Responder Sector sweep

Figure 3.6: Example of phase

Once the responder gets the last frame = 0), the subphase is
completed and the [RSS| subphase starts. The [RSS| subphase is identical to the [[SY
subphase with inverse role between initiator and responder. In this subphase, a third
field is included in the frames to indicate to the initiator which sector reached

the highest level of [SNR]in the [[SS| subphase.
During the [SSW] feedback subphase, the initiator transmits to the responder the

Sector [[D] and the measured [SNR] level of the best sector during the [RSS| subphase.
The initiator may also indicate if it wants to perform the [BRP)| training.

Finally, the responder sends a [SSWHACK] frame to acknowledge the [SLS| termination.
Again, the responder may announce if it wants to perform the [BRP| training.

3.1.2.2 Beam refinement protocol phase

The [beam refinement protocol| (BRP)) aims at training the receive antenna config-
uration and at refining the at the transmitter and receiver sides. It can be
skipped if not requested during the [SLS| phase. The training frames exchanged during
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this procedure consist in training fields| (I'RNs|) that are appended at the end of the
data packets.

A data packet is made of different fields as depicted in Figure[3.7] The
(STE]) and first |channel estimation| (CE|) field are part of the preamble and

are used for synchronisation. The header field contains some setting parameters
such as the packet type or the number of [TRN}Units contained in the field.
The jautomatic gain control (AGC)) field is used at the reception to train the signal

amplifier in order to maintain a suitable signal amplitude at its output. Finally, the
optional field is appended at the end of the packet.

STF CE header Data AGC | TRN
Y
Preamble
CE TRN TRN | TRN | TRN CE TRN | TRN TRN | TRN
subfield|subfield|subfield|subfield subfield|subfield[subfield|subfield

J

T
TRN-Unit

Gaqpg |-Gbyog| Gajog | Gbyog | Gayog

Figure 3.7: Data packet structure.

The [TRN] field is composed of different [TRN}Units that are generated by the con-
catenation of a field and four [TRN] subfields. Each subfields consists in
five Golay sequences of 128bits. Because the receiving [STA] knows those sequences,
it can precisely measure the SNR]level of the link.

Two different fields can be used by [DMG]|[STAs: [TRN-R] and [TRN-T] fields.
During the transmission of a field, the same transmit [AWV] must be used
for the transmission of all subfields so that the receiver can train its receive

[AWV] Inversely, during the reception of a [TRN-T] field, the same receive AWV] must
be used so that the transmitter can train its transmit [AWV]

Let us come back to the description of the BRP| phase. The [BRP| phase is divided
into two subphases: multiple sector ID detection| (MIDJ|) and [beam combining| (BC)).
The principle of these two subphases is depicted in Figure [3.§ and Figure [3.9]

In the [MID] subphase, the initiator uses a quasi omnidirectional [AWV] for trans-
mitting the [TRN-R] field and the responder trains its receive [AWV] Then roles are
inverted between the initiator and the responder.

During the [BC| subphase, the initiator and responder select a set of potentially good
transmit and receive and all combinations are tested by exchanging [TRN-T]
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Figure 3.8: Illustration of the subphase. The transmitting is sending
training frames using a quasi omnidirectional [AWV] The receiving [STA]| trains its
receive [AWV] by testing successively different and measuring the resulting

@ level.

—>

P
- el
p— g

Figure 3.9: Illustration of the subphase. Different transmit and receive [AW V4|
are tested successively. The receiver measures the level of every pair of tested
and then informs the transmitter of the best combination.

and fields. The pair of leading to the highest [SNR] level is then used

for the transmission of the next data packets.

3.1.2.3 Beam tracking

Since the [UE] mobility, the SNR of the transmission link usually decreases over
time. When the SNR becomes too low (generally below a threshold), it becomes
necessary to find a more suitable [AWV] Instead of performing once again the [SLS|

and phases, a procedure named |beam tracking| (BT]) has been included in the
IEEES02.11ad specification and allows a fast beam refinement.

The principle is illustrated in Figure This procedure is a request/response

procedure. Similarly as for the BRP| phase, [TRN-T| and [TRN-R] fields are appended
at the end of data packets so that the[STAs|can train their transmit and receive AW Vg

3.1.3 EDMG beamforming training

To support multiple independent data streams, the IEEE802.11ay specification intro-
duces two new procedures[2]: jsingle-user MIMO| (SU-MIMO)) training and
multi-user MIMO| (MU-MIMO)) training. [SU-MIMO| allows two [EDMG to
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Figure 3.10: Examples of beam tracking for transmit (up) and receive (down) |AWV
training. In the case of transmit [AWV] training, the receiving [STA] must transmit a
[BRPI feedback frame to the trained [STA] which indicates the Sector [[Dl of the best

sector (AWV)) tested.

exchange multiple streams of data while MU-MIMO] allows multiple EDMG]|[STA{ to
exchange frames with a single EDMG (= AP/PCP or in downlink.

These two procedures are performed in the [DTI The data packets have been re-
designed and new training frame (short and training fields fields)
have been introduced in this release of the standard in order to increase the training
efficiency. More information can be found in [2]. Similarly as for training
frames /fields, training frames/fields allow [EDMG]|[STAS to test different
transmit and receive and select the optimal one based on the best measured
level.

In section [3.1.3.1] is developed the procedure of [SU-MIMO|BFT| Section [3.1.3.2
investigates the [MU-MIMO)]BFT] procedure.

3.1.3.1 SU-MIMO beamforming training

The principle of the[SU-MIMO|BF] training is depicted in Figure[3.11] The IEEE802.11
standard considers that the antenna array of an [EDMG]|[STA]is divided in several
[DMG] antennas. Those [DMG]| antennas are configurable to cover overlapping or
non-overlapping spatial sectors and each is able to transmit/receive only

one data stream in its sector.

The different data streams coming from different antennas should follow
different paths so that they do not interfere with each other. The [SU-MIMO|[BF]
training aims at determining those different paths. This MIMO|BEF] training is di-

vided into two consecutive phases: a[SISO|phase and aMIMO|phase (see Figure|3.12)).
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Figure 3.11: [SU-MIMO| beamforming training illustration. For each antenna,
the transmit and receive train their transmit /receive using sector sweep.

Initiatar TXSS SISO feedback
(optional) (mandatory)
. \
Short | | Short Short
- ssw [ | ssw SSW Bt
Inttiator
Short | | Short Short
SSW | | SSW SSW H
Responder
\ J
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SU-MIMO BF setup Initiator SMBT Responder SMBT SU-MIMO BF feedback
I ! 1 k 1T . 1 : 1
MIMO MIMO MIMO
BF BRP | | BRP | ... |BRP BF BF
Initiator setup feedback feedback
MIMO MIMO
BF BRP | [BRP | | BRP BF
Responder setup _ L feedback
LSTF | LCEF | LHeader| FOMO | Data

(b)

Figure 3.12: |Single-user MIMO| (SU-MIMO)) beamforming training. (a) SISO phase

and (b) MIMO phase. [2]

During [SISO] phase, the initiator sends short [SSW] packets to enable the training
of its transmit [AWV] Then the responder trains its transmit [AWV] using the same
technique. These two operations can be skipped if the decide to determine the
quality of each tested sectors based on a previous sector sweep stage (e.g. during|SLS)).
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In the mandatory [SISO] feedback subphase, the initiator and responder transmits
the list of Sector [[Dg of all the tested [AWVS and the measured [SNR] levels.

During the [MIMO] phase, the initiator and responder first announce for each [DMG|
antenna the number of sectors that they want to train. This is performed in the
[SU-MIMO)] BEF] setup subphase. Then, transmit and receive [AWV] trainings are
performed by appending [EDMG]|[TRN] fields at the end of data packets. Finally, in
the [SU-MIMO|[BF] feedback subphase, the initiator and responder communicate the
final transmit /receive for each antenna and the measured level.

3.1.3.2 MU-MIMO beamforming training

Responder 1 %
% Initiator

Responder 2

Responder 3

Figure 3.13: beamforming training illustration. The initiator first
transmits training frames in each sector. The responders send back the list of Sector
[Ds and the measured level. The initiator selects the best sector for each
responder and transmit/receive trainings are then performed.

The principle is illustrated in Figure [3.13, The multi-user MIMO| (MU-MIMO)) is
also divided into the two same phases: and (see Figure |3.14). Because
the IEEE802.11ay specification allows MU-MIMO] only in downlink, the initiator is
the AP/PCP and initiates the [BFT] procedure.

In the [SISO)] phase, the initiator sends short [SSW] packets so that responders can
estimate the level of [SNR] for each tested sectors. Again, this phase can be skipped
if the would rather reuse the results obtained in a previous training stage (e.g.
SLS|phase). All responders send then a feedback frame containing the list of Sector

[Dsl and measured SNRI levels for each [DMG] antenna.

In the MIMO)] phase, the initiator selects the with whom it wants to commu-
nicate, specifies the order of training and announces the number of sectors tested
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for each antenna. Then transmit/receive trainings are performed for
each responder and the initiator polls each responder to get its [BF] feedback frame
containing the measured [SNR] for each sector. Finally, the initiator selects and
transmits the antenna configuration chosen for each responder in the MU-MIMO|[BEF]
selection subphase.

Initiator TXSS (optional) SISO feedback (mandatory)
L L
\
Short | | Short Short
LSO | | SoW | - | 3w | | BRP | I - [ ]
BRP
Responder 1
BRP
Responder 2
BRP
Responder G
@
MU-MIMO BF setup ~ MU-MIMO BF training MU-MIMO BF feedback MU-MIMO BF selection
r ! 1 . (I A B . \
MIMO MIMO MIMO MIMO
BF |.| BF BRP | |BRP .. | BRP Poll Poll ...| Poll BF |.| BF.
Initiator _L_Setup setup selection| | selection
FB
Responder 1
FB
Responder 2
FB
Responder G
(b)

Figure 3.14: multi-user MIMO| (MU-MIMO)) beamforming training. (a) SISO phase
and (b) MIMO phase.

3.1.4 Overview of the different BFT procedures

In Table [3.1] is resumed the goal and compatibility of the different BET] procedures
that have been proposed in this section.
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BFT Compatibility | Interval Goal

SLS (E)DMG BHI Transmit |AWV| training

(E)DMG First Receive Iiﬁ%lgf;i?mg and

(E)DMG DT Tfa?sflié 5;;3;%%% Eiitr;ings
EDMG Transmit/ iﬁli \eAﬂW—M\IE %mmgs
DG o i e BT Tl

Table 3.1: Overview fo the different [beamforming training| (BFT]) procedures in the
IEEES802.11ad/ay specifications of the IEEE802.11 standard.

3.2 Matlab Chain

The next chapters of this report will investigate the implementation and simulation
of different algorithms. In this section is proposed a presentation of the Matlab
chain used for the different validations of the [BFT|algorithms. The Matlab chain is
depicted in Figure [3.15]

Transmit/receive
AWVs

A 4

MIMO channel .| SISO channels o SNR
computation "I computation ”| measurement

Y

Parameters Init

Set user position

A

Figure 3.15: Matlab chain

Parameters init: Set up the different simulation parameters. For example, the
number of antennas, the transmit power, the thermal and figure noise levels, ....

Set user position: Define the user position in the environnement depicted in
Figure In chapter [4 a fixed user scenario will be considered during the [BFT]
procedure and the user will be standing at (x,y, z) = (2.4, —1,1.5). In chapter [f a
moving user scenario will be considered in which the user is allowed to move freely
in the xy plane at z = 1.5m.
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1.15 .
Window

BS

‘-~:':: Y User

Wall

-3.33 |

I > x(m)
0

Figure 3.16: User and (BS) environnement. The user and the are

standing in z = 1.5m. Reflection on the ground (z = Om) and ceiling (z = 2.5m) are
not shown.

MIMO channel computation: Compute the channel between the Npg antennas
of the[BS|and the Ny antennas of the user. The computation is performed according
to the following operations:

1. Power and angular delay profile estimation: For the [line-of-sight| (LOS])
ray, the travelling distance and angles of arrival/departure of the wave is
computed. From the travelling distance, the delay is estimated via the light
speed and the wave attenuation is computed from the Friis formula (see (2.1])).

For the [non line-of-sight| (NLOS) rays (window, ceiling, ground and wall re-
flections), the positions of the reflection points are first computed. Only first
reflections are taken into account. Then the travelling distance and angles
of arrival/departure are derived for each rays. From the travelling distance
and the light speed, one can derived the delay profile. The wave attenuation
is computed from the Friis formula and a supplementary attenuation factor
(related to the dielectric constant and roughness of the surface of reflection) is
added.

2. Quasi-determinist channel generation: From the obtained power delay
profile, additional lower power random rays (R-rays) are added to it in order
to consider reflections on random objects or far walls. Figure represents
an example of power delay profile obtained after this operation. The first ray
is the [LOS| ray and contains most of the received power. From the [LOS ray,
different R-rays are generated according to a Poisson distribution. The angles
of arrival/departure of the R-rays are chosen randomly according to a uniform

34



distribution.

Power(dB)
A

> delay (ns)
LOSray [ J1StNLOSray [ |29 NLOS ray R-rays

Figure 3.17: Example of quasi-determinist power delay profile with one and

two [NLOS| rays.

3. Quasi-determinist channel generation (2): The roughness of the reflection
surfaces creates a scattering phenomenon in which multiple copies of the same
signal arrive with short differences of delay (see Figure . In the power
delay profile, scattering is represented by the addition of supplementary rays
according to a Poisson distribution (see Figure .

Cluster AoD spread

Figure 3.18: Reflection scattering mechanism|19]

4. MIMO channel impulse response: From the power delay profile and the
angular delay profile of each pair of transmit /receive antennas, a channel impulse
response is generated. The channel impulse responses are then resampled
according to the symbol rate.

SISO channel computation The SISO impulse channel response is constructed
by applying a complex weight (specified in the to each of those channel
impulse responses and then by adding them. At then end of this procedure, a single
channel impulse response is derived representing the whole filtering effect of the
propagation chain, from the input of the antenna array of the [BS|to the output of
the antenna array of the user.
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Power(dB)
A

» delay (ns)
LOS cluster 115t NLOS cluster [ 12"d NLOS cluster R-rays clusters

Figure 3.19: Example of quasi-determinist power delay profile with one and

two [NLOS| rays.

SNR measurement: This operation consists in measuring the [SNR]level of the
link. The principle is depicted in Figure A pilot sequence x with a given power
is transmitted through the SISO channel and an additive noise is then added to
represent the thermal and figure noises. The pilot sequence contains Golay sequences
and allows the user to estimate the channel. More information can be found in
Appendix [A] The level of [SNR]is estimated at the reception by comparing the noisy
received signal y with the signal obtained after convolving the pilot sequence x with
the estimated channel.

n
True channel l

x —> H; —>@—>y» H;

Estimated channel

X — H —— 7§ » SNR = var()’)A

Figure 3.20: SNR measurement principle.
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Chapter 4

Stationary user beamforming
training

As explained in chapter [3, the IEEE802.11 standard comprises different training
procedures enabling multi-antenna [stations| (STAs|) to exploit their
(BF)) and [spatial multiplexing| (SM]) capabilities. All these trainings rely on the
principle of exchanging pilot sequences with different transmit and/or receive
weight vectors| (AW Vs|). From these transmit pilot sequences, the receiver is able to
estimate the level of the link and informs the transmitter via the transmission
of an [ACK] of the best tested antenna configuration and its [SNR] level.

If the training procedures are specified in the standard, training algorithms are
implementation free. In this chapter, two different [beamforming training| (BFT])
algorithms will be presented. These two algorithms consider downlink training in

which a (BS) located in (z,y,z) = (0,0,0) is communicating with a

stationary user situated in position (z,y, z) = (2.4, —1,1.5) (see Figure [3.16).

In section [4.1] the first [BE'T] algorithm is proposed and is based on an exhaustive
beam search. This algorithm tries to determine the angular direction in which the
user is standing. The second [BFT] algorithm is proposed in section [4.2] and selects
the optimal transmit [AWV] based on the evaluation of the one-tap [SISO] channel.
This evaluation is done through level measurements and two different channel
estimation methods are presented.

4.1 Exhaustive beam search BFT

In Figure [4.1)is depicted the principle of the exhaustive beam search [BFT] algorithm.
This algorithm should be performed when the communication is not established, i.e.

in the during the phase (see section for more details).

The exhaustive beam search algorithm requires to steer the radiation pattern inside
different sectors. In section 2.3 was presented a beam widening algorithm allowing
the design of steering the radiation pattern into a desired direction. The
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Figure 4.1: Illustration of the exhaustive beam search algorithm. The
divides the space into virtual sectors of equal dimensions and steers its radiation
pattern toward each of these sectors successively. The receiver measures the [SNR]
level and communicates the Sector [[D] of the tested sector with the highest
level.

radiation pattern takes the form of a beam and it was shown how the beamwidth
can be controlled.

20

181

14+
12r

10

SNR level

1
0 10 20 30 40 50 60
Number of sectors

O 1 1

Figure 4.2: Mean level obtained at the end of the exhaustive beam search
algorithm for ¢,,q = {5°,10°, 15°,20°,25° 30°}. The is a linear array of Ny, = 64
antennas while the receiver is a single antenna element. Mean operation was
made over 1000 different divisions into sectors of the azimuth space.

The performance of this algorithm should be evaluated according to the number
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of virtual sectors tested and the beamwidth ¢,,4. Figure presents the expected
level of the best tested sectors obtained with this algorithm. As one can
see, the evolution of the mean level is dependent on ¢,q. When low number
of tested sectors is considered, the probability to have at least one beam steered
directly toward the user is higher for larger beams. Therefore, the expected [SNR]
level becomes higher with increasing ¢,4. On the contrary, the array gain inside
the beam increases with lower ¢,,4. This explained the good performance of narrow
beams at high number of tested sectors.

One can also note that the level starts to saturate when the number of sectors
is equivalent to 180°/¢,4 meaning that the whole space is covered by the beams.
Above this number of sectors, the small increase of the expected [SNR]level can be
explained by the ripple of array gain present inside the beam (see section .

4.2 Channel estimation from SNR measurements

This section presents a second [BET]algorithm based on the evaluation of the one-tap
[SISOJ channel via measurements. The one-tap channel is the wave attenuation
and phase shift resulting from the propagation of a signal between the antennas of
the and the antennas of the user via the dominant path (=line-of-sight| (LOS)

path in our case).

Let us denote this channel Hyimvo € CNvE*VBs and suppose that a symbol x is
transmitted. The received signal y is expressed as in (4.1)):

Yy = FaUEHHMIMOFaBSx —+ FEIUEHH7 (41)

Where Fagg € CV85 and Fayg € CVBs represent the transmit and receive
weight vectors| (AW Vs|) respectively and n € CM# is an additive white gaussian
noise. Let us denote hgx = Fayg’Hymio € CP*V55 the receiving channel. The
received signal can be rewritten as:

Yy = thFaBsx + FaUEHn. (42)
In this section, the algorithm consists in estimating hgx. The Fagg that
maximises the can then be computed using maximal ratio combing:

Faps* LLES (4.3)
a = . .
%5 7 ||hgx]|

Two different channel estimation methods will be presented and are based on the
measurement of the level obtained with different transmit [AWVS Let us define
what is represented by each measurement of . The expression of the (in
linear scale) is the following one:

SNR _ ‘thFaBS |20'§

4.4
[Favs|Po? (44)
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With o2 representing the signal power and o2 the noise power. During the channel
estimation procedure, modifications of the value will be done through perturba-
tions of the transmit steering vector Fagg. The ratio 02 /(||Fayg||?c?) is independent
of Fagg and is assumed to be equal to one by definition.

This simplification implies that the estimated channel is no longer hgx but
hrxo./(||Faug||o,). This has in practice no influence on the choice of Fagg*
because of the normalisation operation performed in . This leads to a simplified
expression of the as in (4.5)).

SNR = |thFaBs‘2. (45)

From the formula above, one can observe how a modification of Fagg impacts the

measured [SNRI

4.2.1 Method based on four SNR measurements

The first channel estimation method is based on four SNR| measurements for each
coefficient of hgrx. In [7], Palacios and al. present a novel method for estimating the
channel through [SNR] measurements. Its principle is depicted in Figure [4.3]

‘ # reference signal o signal from single element ' sum of signals ‘

constellation constellation constellation constellation

without shift with shift by n/2 with shift by with shift by 37/2
= PR . -
, ’ ’ ’
’ ’ ’ ’
! - \ 7 - 1 ! - Y ’ - \
1 ’ 3 1 ’ ‘ ’
vy ! v ' ' \ ! v 9y !
~ - I ~ - 1 ~ - i ~ - !
AY ? A 7 AY 7 AY 7
h . A . A ’ s .
S S S S
measure power measure power measure power measure power

J__ [

reference power

relative
phase

/2 T 37/2 27

Figure 4.3: Illustration of channel the estimation method using four SNR measure-
ments. The upper graph shows the signal constellations with the four phase shifts.
The lower graph represents the evolution of the measured with the phase shift
and how the relative phase of the channel can be found([7].

The channel coefficients are computed successively. We define the index k as being
the index of the antenna for which we want to estimate the channel coefficient. In
Figure [4.3] the signal received by antenna k is represented by the red line in the
constellations. This signal is added to the reference signal generated by the other
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antennas (blue line). At antenna k, we impose four different antenna weights. This
leads to four different level measured (black line amplitude). From those
measurements, it will be shown how the is able to recover the k™ coefficient of
hrx, denoted by [hrx]r. Only the relative phase and amplitude with respect to a
reference will be estimated.

Two different techniques based on the |discrete Fourier transform| (DFT]) operation
are explored by the authors and will be described here below. The omnidirectional
technique considers that the reference signal is coming from a unique reference
antenna. The directional technique considers a reference signal generated from the
whole antenna array meaning that the [BS| benefit from antenna gain during the
whole procedure. This second technique is possible if the [BS| has already established
a connection with the [UE] and that a non-optimal [AWV] has been extracted from a

previous [BFT] stage.

4.2.1.1 Omnidirectional channel estimation method based on four SNR
measurements

The reference signal is coming from one antenna, being the reference antenna. We
denote with an index k the index of the reference antenna. The principle is based on
two steps. The first step computes the relative amplitude of the channel coefficient
with respect to the reference channel coefficient. The second step computes the
relative phase between the channel coefficients. Because the differences of amplitude
between all the channel coefficients are generally small, the amplitude step is optional.

1. Amplitude measurement: Only the k™" antenna is activated while the others
are turned off:

1 ik =k
Fa 1= 4.6
[Fas] {0 if K £k (4.6)
Combining (4.5) and (4.6)), the amplitude of the k* channel coefficient is
therefore directly known:

I[hrx]i|* = SNR. (4.7)

From this, we define the reference index as being the one for which the channel
amplitude is the highest. If this first step is skipped, the reference antenna can
be taken arbitrary and |[hrx]x| is set to unity for all k.

2. Phase measurement: Now, we need to measure the phase of each chan-
nel coefficient except for the reference for which the phase is null by defini-
tion. Non-normalised will be denoted with a prime symbol (Fagg =
Fagy'/||Fa®/|[). The principle is to activate both antennas & and k with four
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different weights on antenna k

{1,i,—1,—i} ifk' =k
[FaZs'lv =41 if k' =k (4.8)
0 if K # k

and we group the four measurements of |hrxFaRg|> = SNR in a vector
a € R¥™!. The index m € {0,1,2,3} indicates which antenna weight (resp. 1,
i, -1, -i) was used at antenna k. Each element of a can be expressed as:

[a]m

= |hpxFajs|,

:’E

! ([hrx]; +

[hrx]re™ "), (4.9)

- ;(HhRX]k’Z + |[hrx]e|” + 2R{[hrx];[hrx]re™?}).

Since by definition arg([hrx];) = 0, the equation can be rewritten under the
following form:

= P TBRIBE g ol cos(org ) + ).

—T+ Ael@re((brx]i)+m3) iy Ae” (arg([hrx]k)+m7 )i ,

(4.10)

[hex]ithrx]e® 0 A [bex]glhex]l

Where I' = and A = . Let us now apply a Fourier
transform on a. We note the result f € R**!. For each element of f, we have

3
_ 3 Bz (4.11)
m=0 4
With n € {0,1,2,3}. One has (p, = arg([hrx]x)):
- 1 1 1 1
1 1. ,1. 1. ,141—1'—11'
f=- [F A A] ePr? 1ePr? —ePEt  —jePk? ,
4 —pii o~ Pkl A B e
e —ie —e ie . :
- 1 7 -1 —
—aT
1 4 0 0 0
zzﬁzsA]o4wio 0 |,
0 0 0 4e v
= {F Aefr () Ae"’“} .
This leads to the following result
f = (T, Aeslbrxli)i o A~ arsllbrx]i)i), (4.12)

The phase of the channel coefficient, arglhrx]x, can directly be extracted by
computing the phase of [f]o. This method requires a total of Ngg + 4(Nps — 1)
measurements (4(Npg — 1) if the amplitude step is skipped).
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4.2.1.2 Directional channel estimation method based on four SNR mea-
surements

During the omnidirectional channel estimation procedure described in section [4.2.1.1]
different AWVs are tested and activated only two antennas at a time. Because the
signals coming from those two antennas can sometimes interact destructively at the
receiver side, the [SNR]level can be very low during the procedure. In some cases,
it is necessary to guarantee a minimal level of [SNR] at the reception in order to
synchronise and accurately estimate the [SNR] level. To remedy this, the authors
in [7] proposed to reuse a non-optimal (Faps p) found in a previous training
stage. Then directional method for channel estimation can be performed in one step
by imposing at four different time instant the following [AWVs}

{1,i,—1,—i} ifk =k

4.13
[Fapsp'] if K #k (4.13)

[Fagls/]k’ = {

Now the reference phase is such that arg(hrxFagg) = 0. The element in a can then
be expressed as:

[a],, = |hrxFags|?,

1 4.14
= ||Fa ,H |hRXFaBS,PI + [hRX]/lc[]-:‘aBs];C - [hRX]k[FaBS,P/]kP- ( )
BS,P

The analytical result is more protracted than with the omnidirectional technique.
The final result is [7]:

(ol = PR e o — i — 2R @)

arg([hrx]) = arg([f]1) — arg (v + |[hrx]i|[Faps p/lre™= ). (4.16)

Where ~ is present in order to compensate for the phase contribution of the k"
antenna on Fagg p:

= UEamsel] i ol + T — 200 (4.17

Again, f represents the |discrete Fourier transform|of a. For Ngg antennas at the
the transmitter side, 4Npg measurements are needed.

4.2.2 Method based on three SNR measurements

In this section, a channel estimation method based on three SNR] measurements for
each channel coefficient will be presented. This method is largely inspired from the
channel estimation method presented in section [£.2.1] Again, two techniques will be
investigated. The first technique considers that the signal of reference is emitted from
a single antenna (omnidirectional scenario) and the second technique considers that
the reference signal is emitted from the whole antenna array (directional scenario).
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4.2.2.1 Omnidirectional channel estimation method based on three SNR
measurements

The reference signal is coming from a single antenna, called the reference antenna.
The reference antenna is identified with the index k. During the preliminary step,
the reference antenna is activated alone. The [AWV] associated is:

L ifk =k
Faps|i = . 4.18
[ aBS]k {0 1% # 2 ( )
And the measured [SNR]is given by:
SN Ry = |[hrx];i|* = [hrx];, (4.19)

Since by definition arg([hrx];) = 0. Now that SN Ry is known, we can estimate the
channel coefficients of the other antennas. This technique is based on three steps for
each antenna k.

1. First measurement: For the first measurement, only the k*" antenna is
activated while the other are turned off:

1 itk =
thdM::{o R (4.20)
The measured [SNR]is therefore given by
SNR;, = |[hrx]s|?, (4.21)
And the amplitude of the k™" channel coefficient can be estimated by \/STRM
We define T’ — Pexlitlbexie® _ SNRo+SNRyx 00 A — w _

2 = 2
VSNRo+/SNR; &
—

2. Second measurement: The [AWV] associated with the second measurement

is given by (4.22)).

1 ifk =
[Faps'lw =<1 ifk =k (4.22)
0 itk #Ek
For this antenna weight, the receiver measures an given by the expression
in (4.23).
SNRy =T+ 2Acos (arg([hRX]k). (4.23)

3. Third measurement: For the last measurement, the used is the
following one:

i ik =
[Fals'lw =31 ifk' =k (4.24)
0 ifk #k

And the measured is given by:

SNRs, =T+ 2Acos (arg([hRX]k) + g) =TI+ 2Asin (arg([hRX]k). (4.25)
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From these measurements, one can recover the amplitude and the phase of
[hrx]; using the formula (4.26)) and (4.27) with [ = 0 if SNRyy > T and | =1

otherwise.
[hrx]i| = /SN Ry . (4.26)

SNRys—T
o lr.
SN Ray — F) i

This technique requires a total of 1+ 3(Npg — 1) [SNR| measurements to estimate
the whole channel.

arg([hrx|x) = arctan ( (4.27)

4.2.2.2 Directional channel estimation method based on three SNR mea-
surements

The idea is to reuse a good beam pattern in order to benefit from transmit antenna
gain while performing the measurements. Let us denote again by Fagg p the reused

taken from a previous training stage. The level of using this is
given by:

SNR() = (thFaBS’p>2, (428)

Where we define our reference phase such that arg(hgrxFapsp) = 0. Now, let
us consider the three following perturbations for antenna k& and see how channel
coefficient [hrx], can be extracted from the measured levels.

1. First perturbation: We impose the perturbation as in (4.29)) with e being a
real value. Its magnitude will be discussed later on.

[FaBS’P]k/ +e K=k

4.29
[Faps p|w it &' #k (4:29)

[FaBs]k/ = {

The level of can then be computed as being

SNR, ;. = |hgxFags|?,
= |thFaBS’P + e[hRX]k|27
= (hrxFags )’ + €|[hrxil” + 2ehrxFaps,p R [l

= (thFaBS,P)2 -+ €2|[th]k|2 + 2€thFaBS’p|[th]k| COS(&I‘g([th]k)).
(4.30)

2. Second perturbation: For this measurement, we impose that the perturba-
tion is done on the imaginary part of [Fagg|,. This gives

[FaBS7p]k/ + jE if k' =k

4.31
[FaBSP]k/ if &/ 7£ k ( )

[Fags]i = {
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Leading to a second measured given by:
SNRQ,k = |hRXFaBS‘27

= |hgrxFapsp + jﬁ[hRX}kF,
= (hgxFagsp)? + ¢*|[hrxi|* + 2¢hrxFaps pS{[hrx]i},

= (hRXFaBS,P)2 + €2|[hRX]k|2 + 2¢hgxFagps p|[hrx]x| sin(arg([hrx]r))-
(4.32)

3. Third perturbation: We impose our third perturbation on the k** component
of Fagg as shown in (4.33)).

F. J—e itk =k
[Faps|w = Fapsply —c i (4.33)
[Fags p|w if &' #k

The is given by
SN R, = |hpxFags|?,
= ’hRXFaBS,P - E[th]k\a

= (hgxFagsp)? + ¢’|[hrx]i|* — 2¢hrxFaps pR{[hrx]s},

= (hRXFaBS,P)2 + €2|[hRX]k|2 - 2€hRXFaBs,PHth]k\ COS(aTg([hRX]k))-
(4.34)

One has at the end of the procedure the following expressions:

SNRy = (hRXFaBS,P)Qa

SNR;\ = (hrxFapsp)’ + €’|[hrx]i|* + 2¢hrxFags p|[hrx]k| cos(arg([hrx]r)),

SNRy ), = (hRXFaBS,P)2 + €2|[hRX]k’2 + 2chgxFagps p|[hrx]x| sin(arg([hrx]k)),

SNR3,k = (thFﬁlBs,P)2 + €2|[hRX]k’2 - 2€thFaBs,PHhRX]k| COS(al“g([th]k))-
(4.35)

By combining SN Ry, SN Ry ;;, SN Ry, and SN R3, one can easily obtain the value
Of [th]ki

 SNRyx+ SNRy;, — 2SNR,

[hrx]|* = 5e , (4.36)
arctan M if SNRy;, >T
B SNRyx—T :
arctan W’k—r + 7 1 1,k <
SNRy; + SNRs

With I' =

channel estimation is given by 3Npgg.

. The number of measurements for this technique of

In (4.35)), one can see the influence of € over the measured. Because the

measurements can be perturbed by an additive noise, the value of € should be taken
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as high as possible. However, the higher is €, the higher is the power emitted by the
kt" antenna during the procedure. In the case of a destructive interference between
the signal received from antenna k and the reference signal, the level can be
drastically reduced.

If one wants to ensure that the level of [SNR] stays always above awSNRy with
0 < a < 1, € should be limited. Let us determine the maximal value of € that met
this constraint. By inspection of the set of equations in , the condition is met
for all arg([hrx]x) if and only if:

(thFaBS,P)2 + €2|[hRX]k|2 — 2€thFaBS7P|[th]k| > OéSNRo, (438)

Which, using (4.28)), is equivalent to (4.39).

|[hrx|i|* — 2¢\/SN Ro|[hgx]x| + (1 — @)SNRy > 0. (4.39)
This equation is a second order polynomial with two real roots given by

M(l —Va) and e = M(l + V) (4.40)
|[(hrx]x| |[(hrx]x|

Figure [4.4] represents the evolution of the polynomial in (4.39). This inequation is
respected for € < €; or € > 5. The value of € should be taken as high as possible.
However, taking € > ¢, increases significantly the power emitted by the k* antenna.
This can in general not be accepted and it was decided to set the € equivalent to €.

€1 —

A

my

Figure 4.4: Evolution of the second order polynomial given in (4.39). The red
hatched area represents the authorized value for e. For ¢; < € < €3, the SNR] of the
measurement is not guarantee to be higher than a.SNRy. For € > €y, the power
imposed on antenna k is considered as being too important.

The problem is that |[hrx]x| is only known at the end of the procedure and so € is not
known. To cope with this problem, the BS|should first perform the measurement with
a small e. Once |[hrx]i| has been estimated, the [BS|can decide to perform a second
time the procedure with a more optimal € if the channel estimation is not satisfactory.
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4.2.3 Comparison of performance

In practice, the channel estimation methods should be robust to scenario where the
measured [SNR] is not perfectly deterministic. This effect can be due to non-ideal
antenna components, small channel variation or even because the is quantified
in a finite number of bits in the [ACKS transmitted to the [BS.
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Figure 4.5: Up: Measured level. Down: resulting distribution (SNR in linear
scale). The orange curve corresponds to a gaussian distribution of mean of 114.75
and a standard deviation of 13.63.

Figure [4.5] shows the distribution of the [SNR] level measured in the lab of IMEC
facility. PHARA4 TX/RX antennas developed by IMEC manufacturer and operat-
ing at 60GHz were used for the setup and all measurements were taken in a row
with constant conditions (antenna setting, lab environment, ...). Clearly, the
distribution is gaussian meaning that an additive gaussian noise can be considered
on the measurements.
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In this section, we will compare by simulation the robustness of the different channel
estimation techniques when an additive noise is added to the measured [SNR] levels.
The additive noise will be taken from a zero mean gaussian distribution with variance
o2,

Figure 4.6 shows the performance of the two channel estimation methods presented
in this report with o2. For each curve, the first estimates the channel via
the noisy measurements and then uses to compute the transmit .
The final [SNR] depicted is the [SNR] level obtained when the [BS| used the computed
[AWV] For the directional methods, the level obtained with Fagg p was 19.29dB.
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Figure 4.6: obtained with channel estimation methods based on three and four
[SNR] measurements. Red: omnidirectional with 4 measurements, green: directional
with 4 measurements, blue: omnidirectional with 3 measurements, pink: directional
with 3 measurements (o = 0.5).

Clearly, omnidirectional techniques are less resistant to noise on measurements.
This is simply due to the fact that the [SNR]level is smaller for those methods because
of the absence of antenna gain. Therefore, for the same noise power, the fluctuation
of will be proportionally more important.

The four SNR] measurements methods are more robust to noise than the three [SNR]
measurements methods. This can be explained considering that the [DFT] operation
of the four [SNR] measurements method averages the noise present on the

measurements. The price to pay is an increasing number of measurements.

Figure [4.7 shows the effect of & over the performance of the directional method based
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on three [SNR] measurements. The performance becomes better when « decreases.
This effect is due to the fact that ¢; becomes more important with a smaller value of
a. However, the power sent over the k* antenna is becoming considerably higher
than the power sent by the other antenna. That is generally not accepted by the
system in practice.
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Figure 4.7: Performance of directional method for channel estimation based on three
measurements. In red, « = 0. In blue, & = 0.2. In green, a = 0.4. In pink,
a = 0.6. These values correspond to an increase of power on antenna k by a factor
of 294, 90, 40 and 15 respectively.

4.3 Conclusion

In this chapter was proposed two different [BF'T| algorithms allowing a transmitter to
determine an appropriate [AWV] steering the radiation pattern toward a stationary

receiving [STA]

The first algorithm is based on an exhaustive beam search. This algorithm is
promising for its ease of implementation in the framework of the IEEE802.11ad/ay
specifications. The influence of the number of tested sectors has been highlighted.

The second algorithm considers the determination of optimal [AWV]via the estimation
of the one-tap [SISO| channel thanks to [SNR] measurements. Two channel estimation
methods were presented and the robustness of these methods in presence of noise on
the measurements has been analysed.

20



Chapter 5

Beam tracking

In the case of a scenario with one or more moving [STAs] the maintenance of a good

beam alignment requires a continuous adaptation of the [antenna weight vectors|
(AW Vs)) at both side of the communication link.

As explained in chapter [3, the IEEE802.11ad specification has defined a new training
procedure for this adaptation named [beam tracking] (BT]). In this training procedure,
pilot symbols are appended at the end of data packets (see Figure and enable
the tests of different steering vectors. The quality of each [AWV]is then measured at
the reception side via the measurement of the [SNR]level. Finally, the [SNR]level and
the Sector [[D] of the best [AWV] is communicated to the trained [STA] through the

transmission of an ACK.

[Beam tracking] requires therefore the transmission of pilot sequences. To reduce
the training overhead, different solutions have been proposed in the literature. In
[20], Palacios and al. proposed to track the channel dynamics using a probabilistic
optimisation problem solved by gradient descent. To collect the channel information,
authors consider the [spatial multiplexing] (SM)) ability of hybrid architecture
transceivers. In [2I], a low recursive beam tracker has been designed considering
analog beamforming from a linear antenna array. In [22], a technique alternating
between exhaustive scans of the whole angular space and frequent fast refinement
operations is proposed. In [23], authors propose an adaptative algorithm based on
the prediction of the channel evolution with a Kalman filter.

All the mentioned techniques were not specifically designed considering the
IEEE802.11ad/ay specifications but either are compatible with it or either require
small modifications. The performance (training overhead, energy consumption, com-
plexity) of those algorithms depends largely on the scenario simulated and new
algorithms, such as the one proposed hereafter, will continue to draw attention.

In this chapter, we proposed a novel |beam trackingl method based on the stochastic

estimation of the evolution of the user position through a [particle filter| (PF|). The

first part is devoted to the description of the simulated scenario (= user trajectory
in the environment described in section [3.2). In the second part of this chapter is
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proposed a first BT] method based on classical beam sweeping of a portion of the
azimuth space. Finally, the necessity and the performance of the method using a
particle filter will be presented.

5.1 Working scenario

Let us consider an indoor scenario where a single moving [user equipment| (UE) is
communicating with a stationary . The antenna array of the is
made of a single antenna element while the antenna array of the [BYis a fully analog
linear array of N = 64 antennas. Let us also consider that the [UE]is moving with a
speed of 5km/h (=1.39m/s) and follows the trajectory depicted in Figure [5.1]

T T T
1£ T window 1 i
0.5 R
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E -05F Uit .
>
£ r « UE starting position R
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‘@ -1.5¢ 8
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Figure 5.1: trajectory for the validation of the methods. The environment
(window, wall, ceiling, ...) is identical to the one described in section . The
trajectory is performed twice by the user.

The relative evolutions of the angular position and speed of the user with respect to
the is depicted in Figure . Because of the motion, the steering vector (=
AWYV)) at the side should be adapted regularly in order to keep the beam of the
radiation pattern aligned with the user.

For the sake of simplicity, it is assumed that the [BS| knows perfectly the initial
angular position of the [user equipment| (UE]). This azimuth direction is noted ¢y. In
practice, ¢o should be estimated during the [SLS| and [BRP| phases. At the start of
the [BT] the BS]is thus steering its beam directly toward the [UE] Because the user is
moving away from the beam, the [BS has to understand thanks to a [BT|algorithm
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Figure 5.2: Angular position and speed evolutions of the .

how to adapt its [AWV]

To performed the [BT], we will assume that the BS| is authorised to transmit [BT]
training frames every 20 ms. Thanks to these frames, the [BS|can test different
and the receiver communicates the [Dl number of the best [AWV] to the [BS in the
next ACK. This beam tracking training is totally in accordance with the IEEE802.11

standard (see section |3.1.2.3]).

5.2 Beam tracking algorithm

In this section is developed the [beam tracking (BT]) algorithm used to track the
user. A distinction between algorithm and the [beam tracking procedure| (BTP))
is made. The BT]algorithm designed the ensemble of operations made by the [BS|
and [UE] to ensure a significant level of beamforming gain at the transmission and the
reception. These operations can be [SNR] measurement, [AWV] adaptation or [BTP}
The BTP)] designed the operation during which the [BS] transmit different [BT] training
frames to test different and, after getting the ACK from the user, knows how

to adapt its [AWV]

As explained in section [5.1] the [BS| has the choice to perform or not a [BTP]every
20ms. This choice will be based on the measured SNR of the communication link.
Typically, if the level goes below a reference minus a threshold value (e.g.
3dB), the is triggered (see Algorithm . We denote SN R,..s for the reference
[SNR] and SN R; for the threshold value.
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Algorithm 2 Beam tracking algorithm
Input: SNR;, ¢

1: SNRTef =0

2 ¢ = Qo

3: Adapt_ AWV (¢,) > Set steering direction to ¢q
4: while BT1sOn() do > Check if is activated
5: SNR = MeasureSN R() > measurement
6: if SNR < SNR,.; — SNR, then

7 (¢r, SNR,.r) = BeamTracking() > Perform [BTP)|
8: Adapt AWV (o)

9: else

10: SNRTef =SNR
11: end if

12: end while

In Algorithm 2| we will consider that the adaptation of the[AWV] (= Adapt AWV ())
is performed as follow:

o If a[BTP| has been performed during the loop iteration : the [AWV] becomes
the one that gives the best [SNR]level during the [BTP]

o If no BTP)| has been performed during the loop iteration : the [AWV]is un-
changed.

This adaptation will be modified in section [5.3] Figure [5.3]depicts the principle of the
[BT] algorithm. The [BY]is steering a beam at ¢ = ¢, with a beamwidth of ¢,,4. Once
the user has moved away from the beam of the [BS] the [BTP]is triggered because
the level has dropped. The [BS| does not know the user motion but knows that
three different situations can lead to a drop of the level (¢ represents the
angular user position):

UE

1. ¢ue > gbr + ¢wd/2'
2. ue € [Or — Guwd/2; Or + Dua/2].
3. ¢ue < ¢r - ¢wd/2'

In the first and third situations, the reduction of [SNR] was mainly due to the fact
that the user is not aligned anymore with the beam. The second situation occurs
when the [SNR] level is reduced because the user is moving away from the [BS]

The [BS must decide what to test during the [BTP| The three situations will
be considered with equal probabilities and the choice of the steering directions tested
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Figure 5.3: [Beam tracking| algorithm. a) The user has moved and the beam is
therefore not aligned with him anymore. The level decreases and the [BTP) is

triggered. b) During [BTP| three different are tested. ¢) The|UE|communicates

the @ number of the best M and its M level.

during the is dictated by the beamwidth and ¢,: ¢prp = {dr— Owa, Or, Or+Gwa}-
Once the BS] receives the ACK, it knows what steering vector to use for the commu-

nication and sets SN R,..s to the new [SNR] level.

The performance of the [BT] algorithm is depicted in Figure 5.4l To modify the
direction of the beam, the steering vector adaptation method (see section has
been used. During the whole simulation, the [BS was able to estimate the user
position with a precision corresponding to half the beamwidth ¢,,4. The algorithm is
also robust to any modification of the motion direction of the [UE]

Nevertheless, the algorithm could be improved because the BS|can take advantage
of the fact that most of the time, the user motion is nearly constant. By predicting
the user motion, the [BS] could continuously adapt its beam toward the user and less
[BTP| should then be performed. This will be investigated in section [5.3] in which a
particle filter is used to estimate the user motion.

In Figure 5.5, one can see the evolution of the measured [SNR] level during the
simulation. The misalignments of the user with the beam have led to some visible
drops of [SNR] level. These drops can be of the order of 8dB and trigger the [BTP]
because the measured becomes lower than SNR,.; — SNR;. After each [BTP}
the related drop of level has been well compensated.
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Figure 5.4: Black line: angular position evolution of the . Blue line: Steering
direction of the at the [BS|side. The vertical dotted lines represent the time
instant for which a beam tracking algorithm was triggered. For this simulation,
Owa = 5° and SNR; = 3dB.
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Figure 5.5: SNR evolutions.The vertical dotted lines represent the time instant for
which a beam tracking algorithm was triggered. For this simulation, ¢, = 5° and
SNR, = 3dB.

The algorithm has been explained and validated but two parameters should be
discussed: the beamwidth of the Owaq and the threshold SNR;. They
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will be investigated in the following paragraphs.

Let us focus on the beamwidth ¢,,4. In section 2.3] an algorithm for designing [AWV]
with different ¢4 was proposed. Intuitively, if the beamwidth is increased, the
number of should be reduced because the user will necessarily stay longer
inside the beam. Unfortunately, the array gain tends to be reduced when using larger
beams. A compromise between high array gain and low number of performed
should thus be made for designing ¢,,4.

The design of the beam also impacts the second parameter, SN R;. The threshold
[SNR] is necessary to allow the [BS|to detect that the user has moved away from the
beam. Its value should therefore not be smaller than the maximum difference of SNRI
level present inside the used (less than 3 dB in our simulation). On the contrary, a
too large SN R; is not interesting. Indeed, the radiation pattern of the [BYis never
a perfect beam. Therefore, SN R; should be lower than the difference between the
lowest value of array gain inside the main lobe and the highest value of array gain
outside the main lobe.

250

T
t
_SNR1=4
SNF{1= 5
200

—_
o
(=]
T
L

100+ i

Number of BTPs

50

O 1 1 1 1
4 6 8 10 12 14

Beamwidth q)wd ()

Figure 5.6: Simulated evolution of the number of with ¢,q and SN R;.

Figure [5.6) and [5.7 show the evolution of the number of and the mean [SNER]
level with ¢4 and SN R, for the working scenario described in section [5.1} The
results confirm our expectations. The influence of SN R; is negligible if it is chosen
in the correct range. Concerning the ¢4, the number of is decreased by a
factor of two every time the beamwidth is doubled. Furthermore, even if less [SNR]
drops occurred with larger beams, the mean decreases also with ¢,,4 because
the array gain becomes less important.
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Figure 5.7: Simulated mean evolution of the number of measured with ¢,q and
SNR;.

5.3 Predictive beam tracking procedure

In this section, we propose to adapt the [BT] algorithm proposed in the previous
section. Indeed, even if the [BSis able to track the user and prevent communication
from breaking, performance could be enhanced if the [BS|is able to predict the user
motion. Thanks to this prediction, the [BS|is then able to adapt continuously the
steering direction of its radiation pattern toward the user direction. In this case, the
number of should be reduced and, consequently, the [BT] training overhead
decreases as well.

To estimate the user motion, a [particle filter| (PF]) is used. The goal of a is to

estimate the past, current or futur states of a process thanks to some noisy and
partial observations. For the BT|application, the angular user position and velocity
that the must estimate constitute the state of the user.

The user state is not known by the [BS and is said to be hidden. The first part of
this section will investigate mathematically how a [PF|is able to estimate the hidden
state of any Markov process. In the second part, an explanation on how the [PF] can
be integrated in our [BT|algorithm will be presented and validated through simulation.

It is assumed that the reader has a good understanding of the fundamentals of the

theory of probabilities and the bayesian theory. If not, we invite the reader to get
familiar with these topics before pursuing the lecture of this thesis.
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5.3.1 The particle filter principle

This section presents an explanation of the principle of the based on [24]. This
filter is part of the [sequential Monte Carlo| (SMC)) methods and has different names
in the literature[25] such as Sequential sampling-importance resampling or Bootstrap

filters.

A [PF] computes the posterior distribution of the states of a Markov process taking
into account noisy and partial observations. Let us consider the Markov process
defined in . x; represents the value of the hidden state at time ¢. For our
algorithm, the time ¢ € N is an adimensional variable expressed in term of intervals
of 20ms (e.g. x5 represents the hidden state after 5-20 = 100ms). y; represents
the observation of the state at time ¢. f; and g; are functions describing the process
evolution. v, and w; are random variables.

Xt = ft(Xt—h Vt)

Y = g¢(%e, wy) (51

We define x¢; = {xq,...,x;} and y1.; = {y1,...,y:} the signal and observation sets
up to time ¢. The stochastic process can be described by:

1. An initial probabilistic distribution p(xg)

2. A conditional probabilistic state evolution p(x;|x;_1) for t>1

3. A conditional probabilistic state observation p(y:|x;) for t>1

From the stochastic process described here above, one would like to estimate recur-

sively the posterior distribution of the hidden state p(x;+1|y1.+) using a |particle filter
The problem is addressed recursively in two steps[24]:

e Prediction: p(XtIYLtfl) = fp(Xt, thlyylztfl)dxtfl = fP(Xt‘thl)p(thl’}’1:t71)dxt71-

o Update: p(x|y1) = p(yelx)p(x)|y1:4-1) _ p(ye|xe)p(xe)|y1:0-1) '
p(yelyii-1) I p(yelxe)p(Xe|y1—1)dx;

On one hand, the prediction step uses the probabilistic distribution of the hid-
den state p(x;_1|y1..—1) and, based on the conditional probabilistic state evolution
p(x¢|x¢—1), tries to estimate the most probable state at the next time instant. On
the other hand, the update step estimates the most probable state given all the
observations up to time ¢ by using the predicted distribution p(x;|y1;_1) and the
conditional probabilistic state observation p(y;|x;).

But how does the [PF] consider those probabilistic distributions? The [PF]represents
the probabilistic distribution of the hidden state by particles. Each particle can
be seen as one possible evolution of the hidden state and the density of the parti-
cles describes the probabilistic distribution of the hidden state. In other word, a
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Figure 5.8: Illustration of the particle filter principle

given hidden state is more probable if lots of particles have a state similar or close to it.

The recursive principle of the particle filter is illustrated in Figure At each
iterations, the prediction and update steps are performed. Let us explain how these
two steps impact the evolution of the particles:

1. Prediction: the next state of the particles is reevaluated according to p(x|x;_1).

Let us identify with an index ¢ the different particles (i = 1,..., Npgt). We
denote by x! the state of the " particle. The prediction step consists in
applying the function fi(x!_;,1;) to each particle i.

. Update: particles are selected according to p(y¢|x;) and are then resampled.
The resampling operation is commonly known as importance sampling and
ensures that a sufficient number of particles are describing the probabilistic
distribution of the hidden state. We denote by X! the state of particle i after
the prediction step (X! = fi(x!_;,14). [[S| consists in according an importance
weight w! to each particles. The value of the importance weight w! should
follows p(y¢|X!) (e.g. based on the inverse of the distance between y; and
gi(x},wy)). Then, the sets {x}:i=1,..., Ny} is created by sampling with
replacement N, particles from {5&; :1=1,..., Npa} according to the nor-
malised importance weights @} = w}/(3; w}).

The [PF] is not the sole method to estimate the hidden state of a Markov process
via a probabilistic approach. Other classical methods that address this problem are
Extended Kalman filter and Gaussian sums (Alspach et al. 1971) but those methods
required that p(x;|x;_1) and p(y;|x;) are described by gaussian or sums of gaussian
distributions which is not always guarantee [20]. has the advantage of not being
subjected to such constraints but the price to pay is the high computational cost.
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5.3.2 Predictive beam tracking algorithm

Now that the principle of the [PF| filter has been explained. Let us focus on the
integration of the [PF|in the [BT] algorithm.

As explained before, the Markov process represents the user motion in which the
hidden state corresponds to the angular position and velocity of the user every
At = 20ms. The angular position and velocity of the user at time ¢ will be denoted
by x; and 2; respectively (x; = [xs; 74]7) and the Markov process considered in this
report is the following one:

Ty = Tpq + 1 AL
Ty = f(ftt—l; Vt) (5-2)
yr = g(xs;wy)

In , the evolution of the angular position z; is quite natural since it must depend
linearly on the user velocity #;_; and the interval time At¢. An additive random
variable could also be added to the expression of x; if one would like to include the
fact that the user speed is not necessarily constant between ¢t — 1 and t.

The evolution of the angular speed i; of the user must consider two different scenarios

(see Figure [p.1):

o The user motion at time ¢ follows the one at time ¢ — 1: f(ds_1; 1) = @1 + 1}
In this case, v} can be considered as a random gaussian variable expressing

the angular acceleration of the user.

o The user motion completely change between time ¢t — 1 and time ¢: f(z;_1;14) =
vZ. In this case, v? can be considered as a random variable taken from a uniform
distribution.

For evident reason, the first scenario has a higher probability of occurence than the
second one but these two scenarios must be considered by the particles. During the
prediction step (see section , the particle set will be split in two with 98% of
the particle following scenario 1 and the remaining will follow scenario 2.

Let us investigate deeper the distribution of v/} and v?. The choice of their distribution
should be motivated by the maximal angular speed of the user. If one consider
that the user is moving with an absolute speed inferior to 1.5m/s and is standing
constantly at more than 1m from the [BS| the maximal angular speed of the user is
given by:

1.5
Tmaz = atcm(T) ~ 56°/s. (5.3)

Because the angular speed of the user is assumed to be smaller than @,,4,, ¥? can
be considered as a random variable taken from a uniform distribution in the range
[—Zmaz; Tmaz)- We note the distribution of v? by W,. Concerning scenario 1, v} can
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be for example a random variable taken from a zero mean gaussian distribution ¥,
of standard deviation #,,,, At meaning that 68% of the particles will accelerate by
less than 56°/s% between ¢t — 1 and . The choice of the process parameters must be
motivated by the physics of the studied process. The better realistic they are, the
best will be the final performance of the [PF]

A last comment over the Markov process in should concern the observation
y;- The observation y; is used during the update step to select and resample the
particles according to some importance weights w! = p(y;|X!). Let us explain how
these weights are generated in practice.

The only observation y; the [BS has over z; is the measured [SNR] The function
g(xy; wy) represents therefore the level of the communication reached when the
user is standing in x;. w, expresses the fact that the measurement of the [SNR]level can
be noisy. Because of the width of the beams, the [BS|is not able to precisely measured
the user position but it knows that if thelevel is higher than SN R,..;—SN R, (see
Algorithm , it means that the user is located in the limits of the beam and inversely.

Let us denote by ¢,, the steering direction of the beam before the update step. The
update step works as follow. If SNR < SNR,.y — SNR;, a is performed (see
section and ¢, is set to the direction of the best beam found in the m If
SNR > SNR,ey — SNR;, ¢, is kept unchanged. The importance weights of the
particles can after be chosen as follow (¢, represents the beamwidth):
P {1 if 6 — Gua/2 < T} < b1 + Pua/2

w, = 5.4
K 0 otherwise (54)

The particles being inside the beam have therefore an importance weight of one
and the particles outside the beam have an importance weight of zero. During the
[S operation, the particles will be resampled according to their weights. The [[S]
principle is illustrated in Figure [5.9]

Figure 5.9: Importance sampling principle illustration. Green particles are
standing outside the beam and an importance weight of zero is assigned to them.
Inversely, red particles are standing inside the beam and an importance weight of 1
is assigned to them. After the resampling, the red particles will be replicated and the
green particles will be discarded so that the total number of particles is conserved.

The final version of the algorithm is presented in Algorithm [3] One can note that
the initial angular position of the user xy should be known in advance to initialise
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the particle state. In this our simulation, z( is supposed to be perfectly known
but in practice, it should be estimated during the and phases (see chapter |3)).

Algorithm 3 Predictive [B'l] algorithm
Input: SNR;, x¢, Npare
1: SNRTef = O,t =1

20 xg=a9 Vi=1,..., Nparet > Initialisation of the particle set
3 @~ Wy Vi=1,..., Npo

4: while BT1sOn() do > Check if is activated
5: for i =1: Ny, do > Prediction step
6: Fo=al | + @t At

T Ty = f(&i 13 m)

8: end for

9: ¢ = Mean({Zi:i=1,..., Npart}) > User position estimation
10: Adapt_ AWV (¢,.) > Set steering direction to ¢,
11: SNR = MeasureSNR() > measurement
12: if SNR<SNR,.;y — SNR, then
13: (¢r, SNR,.r) = BeamTracking() > Perform [BTP)|
14: else

15: SNR,.;f = SNR

16: end if

17: for i =1: Ny, do > Update step
18: w; = ImportanceW eight(¢,, x}) > Performed
19: w; = wi/ Y wi
20: end for
21:  {x!} = Randsample({xi}, {wi}) > [[mportance sampling]

22: t=t+1
23: end while

Figure [5.10] and Figure [5.11] present the performance of the [BT]algorithm using the
[PF] technique. In Figure [5.10] one can observe that the evolution of the estimated
user position (= mean particle position) follows quite well the true user position.
Again, the precision of this estimation corresponds to half the beamwidth but is on
average better than the one of the [BT|algorithm presented in section [5.2]

During the simulation, the number of performed has been dramatically reduced
thanks to the technique (22 for the algorithm with the against 108
for the algorithm without the . This leads to an important reduction of the
training overhead and the number of [SNR] drops.

The impact of the beamwidth ¢, and SN R; should be discussed. In Figure [5.12
is represented the evolution of the number of performed with respect to ¢.q
and SNR;. The evolution of the mean [SNR]level with respect to ¢,q and SN R, is
presented in Figure [5.13]
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Figure 5.10: Black line: angular position evolution of the Blue line: estimation
of the angular position of the [UE|] The vertical dotted lines represent the time instant
for wich a beam tracking algorithm was triggered. For this simulation, ¢4 = 5°,
SNR; = 3dB and N, = 1000.
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Figure 5.11: SNR evolutions.The vertical dotted lines represent the time instant
for which a beam tracking algorithm was triggered. For this simulation, ¢,q = 5°,
SNR, = 3dB and N, = 1000.

Compared to the algorithm presented in section the used of the to
estimate the user motion allows a reduction of 85% of the number of BTPg performed
for ¢,q = 2.5°. This reduction becomes less important when the beamwidth increases
(66% of reduction for ¢,,q = 10°). Because less drops occur thank to user motion
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prediction, the mean measured level stays constantly higher when using the [PF|

Similar comments applied to the [BT| algorithm presented in section can also
be applied on the [BT] algorithm using the [PF] The influence of SNR; is mostly
negligible but must remain superior to the maximal variation of array gain inside
the beam and inferior to the minimal difference of array gain inside and outside the
beam. Concerning the beamwidth, an increase of ¢4 leads to a reduction of the
number of performed because the user stays longer inside the beam. However,
the lower array gain associated to larger beams reduces the mean measured [SNR]level.
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Figure 5.12: Simulated evolution of the number of with ¢,q and SN R;. Dotted
lines represent the performance of the [BT]algorithm without user motion estimation
(section . Normal lines represent the performance of the algorithm using the

[PT] technique.

5.4 Conclusion

In this chapter, an indoor scenario considering a stationary (BS) and a

moving user was investigated. Because of the user motion, the [BS must adapt its
lantenna weight vector| (AWV)) in order to continuously steer its radiation pattern
toward the user position. Two different beam tracking] (BT|) algorithm was presented.

The first proposed algorithm carries out a[beam tracking procedure| (BTP) every
time the measured [SNR] level becomes lower than a [SNR] threshold. This procedure
shows a good ability to track the user but the number of performed (and so
the training overhead) could be dramatically reduced if the is able to predict

the user motion.
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Figure 5.13: Simulated mean evolution of the number of measured with the
beamwidth ¢4 and the SNR]threshold SN R;. Dotted lines represent the performance
of the algorithm without user motion estimation (section [5.2). Normal lines
represent the performance of the @ algorithm using the @ technique.

This prediction was support by the second proposed [BT| algorithm where a
was used to estimate the user motion. The training overhead was
reduced by 66% to 85% and the measured has been improved by 1 to 4dB on
average depending on the beamwidth of the [AW V4
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Chapter 6

Conclusion

This chapter summarises the main contributions provided by this master thesis and
enumerates perspectives for future work.

6.1 Summary

Chapter [2| describes how a multi-antenna system is able to exploit beamforming
thanks to the use of phase shifters connected to every antenna element. The study
first analyses the emission of a plane wave by a linear and a rectangular antenna
arrays. It was described how transmit and receive fantenna weight vectors| (AW Vs|)
can be designed to maximise the array gain.

In the case of a high number of antennas, it was shown that a relatively small
mismatch between the direction of the beam of the radiation pattern and transmit-
ter /receiver direction leads to an important drop of the array gain. To cope with
this problem, an algorithm generating fantenna weight vectors| (AW Vs|) with larger
beam (=radiation pattern) was proposed and validated.

Chapter 3| proposes a description of the [beamforming training| (BFT|) procedures
implemented in the ad and ay specifications of the IEEE802.11 standard. These
specifications allow Wi-Fi communication in the 60 GHz band with very high data
throughput (6.75Gbps for the ad and 20-40Gbps for the ay). The main differences be-
tween these two specifications is the introduction of channel bonding and aggregation
possibilities in the ay version as well as the introduction of two [spatial multiplexing]

(SM)) training procedures (SU-MIMO|BET| and [MU-MIMO|BEFT)).

The second part of this chapter describes the Matlab chain used for the validation of
the following chapters.

Chapter presents two different algorithms compatible with the IEEE802.11ad/ay
specifications. The first algorithm consists in an exhaustive beam search algorithm
in which the space is divided into virtual sectors. Successively, the radiation pattern
is steered in each sector via the modification of the [AWV] The [AWV] leading to
the higher measured level is then selected for the data transfer. The expected
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performance with respect to the beamwidth of the radiation pattern and the number
of tested sectors was studied.

The second BFT] algorithm is based on the estimation of the one-tap [SISO| channel
via perturbation of the [AWV] Two different methods were proposed and are based
on the combination of the measurements obtained for each tested [AWV] The
robustness of those methods with noise on the [SNR] measurements was analysed and
it was shown that an important reduction of performance can be expected in the
case of high noise power.

Chapter |5| investigates a [beam tracking] (BT)) algorithm in which a stationary
adapts continuously its [AWV]in function of the user motion. The first presented
algorithm proposes to adapt the[AWV]each time the[SNR]level is significantly reduced.

In the second part of this chapter, an update of this [BT]|algorithm was proposed. The
algorithm is taking advantage of a to estimate the user motion.
It was shown that this update has led to a drastic reduction of the training overhead
(80% in the best case) for the studied scenario.

6.2 Perspectives
In this section is proposed a list of different perspectives for future work.

o Chapter [2} the efficiency of the beam widening algorithm can be improved.
Indeed, the cost function possesses generally a lots of local minima and there
is no guarantee that the algorithm will converge toward the global minimum.
Furthermore, several state of the art beam widening algorithms already exist
in the literature and the presented algorithm could be compared with some of
these algorithms.

e Chapter in the Matlab chain, only first order reflections are taken into
account in the model of the channel and no mismatch of polarisation between
the antenna array of the BS and the one of the user is considered. Moreover,
the evaluation of the [SNR]level for each antenna configuration is made over
the preamble of the data packets. This should be normally be performed over
training frames (e.g. packet) or over training fields fields) according
to the BET] procedure defined in the IEEE802.11 standard.

« Chapter [4: the performance of the proposed BFT]algorithms could be eval-
uated according to the final [bit error rate (BER]) obtained. The robustness
against noise over [SNR] measurements has not been investigated for the beam
search algorithm and a real comparison with the second algorithm is missing.
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o Chapter [5; different parameters of the algorithm have not been really opti-
mised in this chapter. Furthermore, a study considering different user motions
should be done to highlight to robustness of the algorithm. An experimental
validation of this algorithm would be interesting to perform so that a truly
realistic scenario (e.g. noise on the measurements, more natural user
motion, ...) is considered.
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Appendix A

Channel estimation method using
Golay sequences

In this appendix, is described how the impulse response of a frequency selective
channel can be estimated from noisy received Golay sequences. The first part of this
appendix is dedicated the definition of the [channel impulse response| (CIR]). In the
second part, the principle of the estimation of the will be investigated.

A.1 Channel impulse response description

a,et

I .
.
N

Figure A.1: Example of transmission of a signal between a Base Station (BS) and a
User Element (UE) with multiple reflections.

In a multipath transmission as depicted in Figure [A 1], the different waves coming
from the different paths (k =0,..., Np — 1) are suffering from:

o An attenuation «y, effect. This effect is due on one hand to the propagation
and reflections in the environments and, on the other hand, to non-isotropic
response of the transmit (resp. receive) antenna arrays.

o A phase shift p, effect for the same reasons as for the attenuation effect.
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o A delay 74 due to the distance travelled.

The analog [channel impulse response| (CIR]) associated to path k can be described as:

]’Lk<t) = Oékejpk(S(t — Tk), (Al)

And the total analog [CIR]is the summation of all the

M) = 3 he(t) = S ane st — 7). (A2)

This model describes the response of the channel to an analog perturbation. In
practice, we are more interested in the channel effect on a discrete sequence of
symbols transmitted through the channel.

Figure A.2: Transmission chain. The symbols are first converted to an analog signal
using a pulse shaping filter with response g(t). Then the signal is transmitted through
the channel and goes through a secondary pulse shaping filter at the reception side.
The signal is then sampled at a sampling rate 1/7" and the resulting sequence r[n]
represents a noisy version of the transmitted sequence s[n].

Let us find out what is the discrete representation of h(t), denoted by h[n]. Figure
represents a typical transmission chain. We consider s[n|, a sequence of symbols
that we want to transmit and r[n], the received sequence. The different signals are
given by

s(t) = ; s[nlg(t — nT), (A.3)
y(t) = h(t) * s(t) (A.4)
= /_Oo h(T)s(t — T)dr (A.5)
:/O:O g are!’ (T — 1) :f: s[n|g(t — nT — 7)dr (A.6)
= i_f akejﬂk :f:: S[n]g(t —nT — Tk) /_O:O (5(7' - Tk)dT (A7)
= :Z aelPk i: s[n|g(t —nT — 7.), (A.8)
= :__ apelPk :f: s[nJu(t — nT — 73), (A.9)
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~ [ y(m g (—t — 7")dr’ (A.11)
oo Np—1 o)
= / > age?™ > shnlg(t! = nT — 7)) g" (=t — 7')dr’ (A.12)
% k=0 n=—00
Np—1 ) o) 0o
= > e > s[n] / g(r" = nT — 1) g* (=t — 7")dr’ (A.13)
k=0 n=—00 -
Np—1 ) o)
= > e > shfu(t —nT — 7), (A.14)
k=0 n=—o00

where u(t) = g(t) * g*(—t) is a Nyquist filter (raised-cosine filter for example). The
received sequence can be expressed as

r[n'] =r(n'T) (A.15)
_ :Z e i: s[nju(n'T — nT — ) (A.16)
- _i s[n|h[n’ — n], (A.17)
= h[n] x s[n'], (A.18)

With h[n] = Yo% are??ou(nT — 1) being the that we would like to estimate.

A.2 Channel impulse response estimation

To recover the sequence of true symbols s[n] from r[n], a receiver needs to get rid of
the effect of h[n]. This operation is named equalization and a good estimation of
the CIR is often needed. The estimation of the CIR is a complex operation done by
the receiver. This operation can be efficiently performed thanks the transmission of
pilot symbols through the channel.

n|[n]

s[n]—>{ h[n] —)é—-» r[n]

Figure A.3: Transmission chain of pilot symbols with additive white gaussian noise.

In figure is depicted the transmission chain for the pilot symbols when the
transmission is disrupted by an additive white gaussian noise of variance ¢2. The

pilot sequence symbols s[n] is known at the receiver and, according to standard
IEEES02.11ad, is made of Golay sequences.
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A Golay pairs Gan[n] and Gbn|n| is a pair of binary sequences of size N such that

the sum of their aperiodic correlation is null. Mathematically, this can be written as
N-1-k

Ra[k] + Rplk] = 2NGk] with Ry[k] = Z Gxn[i|Gxnl|i + k] (A.19)

1=0

Gaglk] J1J1] L [T PR A L JO[2
Ghohl [T 11T ARulE 4101

Table A.1: Pair of Golay sequences of size N = 4. One can note that Ra[k]+ Ry [k] =
8J[k].[27]

Example of Golay sequences of size N = 4 is given in Table [A.I] From the noisy
received Golay sequences, one can estimate the channel h[n]. The procedure is
depicted in Figure and demonstrates below.

n,[n|
a [n] Golay Correlator
Gay [11] —>{h7] ot NGl
1
ny[#] @_’ N —>hest [71]
n] olay Correlator /
GbN [n] —> h[n] b[ ) o yG(:}\] [n]l t Cb [n]

Figure A.4: Procedure for channel estimation using Golay sequences defined in the
IEEE802.11ad/ay standard.

The Golay correlator operation is correlating the received sequences ra[n| and ry[n]
with their respective Golay sequence. For the upper branch, we have

ra[n] = hn] x Gan[n] + na[n| (A.20)

= Z h[k]|Gan[n — k] + na[n], (A.21)

Caln] = g_nj ra[K]|Gan[k + 1] (A.22)
_ Ni 'S hiKGanlK — KGax[K <]+ S° nalK]Gan[K + 1.

o o (A.23)

Let us denote k" = k' — k = and vu[n] = S h_4 ' na[k|Gan[k’ + n]. Ca[n] becomes

S hlk] Nﬁnf*k Gan[V'|Gan[k" + k + 1] + valn]. (A.24)

k=—00 kl'=—Fk
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Because Gan[k”] = 0 for k" < 0, one finds that:

Canl= S bk S Gan["|Gax[K” + k+ 1] + valn (A.25)
= 3 h{kRalk+ ] + valn). (A.26)

Similarly, one finds for the lower branch:

Culn] = i B[Rk + 1] + ], (A.27)

with v,[n] = S o_0~ ' ny[k']Gbn[k’ 4 n]. The estimated channel is therefore

1

hest[n] = 5 (Cal—n] + Cy[—n]) (A.28)

_ ;V(k_i:wh[k] (Ralk — 1] + Ry lk — n)) +val—n] + mpl—n])  (A.20)
=2N{[k—n)]

= h[n] + 2k(ya[—n] + vp[—n]). (A.30)

The estimated channel hegg[n] is therefore equivalent to the true channel h[n| per-
turbed by a noisy term. In the IEEE802.11ad/ay standards, the pilot sequences
Gan|[n] and Gby[n] are sent 4 times in a row with N = 128 and an averaging of
the estimated channels is performed to reduce the influence of the noisy term.
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