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Abstract

Wireless data traffic is growing rapidly as the number of mobile devices in-
crease and video contents become more popular. As 2.4 GHz and 5 GHz band
communications only provide limited bandwidth, these frequency bands can-
not support the demand of ultra-high data rate. Millimeter-wave (mmWave)
communications promise massive available bandwidth to support the next
generation of wireless communications (e.g. 5G and the next Wi-Fi standard)
such as 60 GHz band that offers 7 GHz available bandwidth. This extremely
high frequency (EHF) band not only provides large available bandwidth, but
it also experiences more losses than in 2.4 GHz and 5 GHz band communica-
tions. With such excessive path loss challenge, mmWave communications
employ beamforming to compensate the losses. Switched beamforming, which
is performed in the media access layer (MAC), is preferred due to its low
computational complexity compared to adaptive beamforming. However, to
avoid high beam training overhead, beam-searching algorithm in the MAC
layer beamforming must be chosen appropriately.

Beam-searching protocol in IEEE 802.15.3c and IEEE 802.11ad, which
exploit two-level of beam-searching, still can experience high training over-
head if narrow beams are used. Therefore, hierarchical beam-searching
algorithms are proposed to reduce training packet overhead. In our approach,
hierarchical beam-searching approach with two beam candidates at each
level of beam-searching is chosen to minimize the number of training packets.
These beam candidates then transmit training packets giving signal quality
information of each beam so that the best beam can be selected.

Some beamforming techniques have already been proposed to follow hier-
archical beam-searching algorithm. However, the prior beamforming tech-
niques do not consider non-isotropic array element beam pattern. As a result,
the gain follows array element beam pattern where the gain weaken at the
angle direction close to the end-fire direction following beam pattern of a
single patch antenna element. In this thesis, we propose a beamforming
technique that has uniform gain within the scanning coverage even with the
non-isotropic element patterns. To the best our knowledge, our proposed
beamforming is the first work that considers a realistic element beam pattern
in mmWave communications. The proposed beamforming requires flexible
antenna weight vectors (AWVs) and more antenna elements than IEEE
802.15.3c or discrete Fourier transform (DFT) based beamforming. Due to
flexibility value of AWVs, the AWVs must be done in the digital domain.
However, digital beamforming requires a large number of radio frequency
(RF) chains. Therefore, hybrid beamforming is chosen to solve the problem.
We show that we achieve uniform gains with reasonable complexity.
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Chapter 1

Introduction

1.1 Background

The demand for the high data rate wireless communications is rapidly
increasing due to the proliferation in use of mobile devices and bandwidth
hungry applications e.g. video contents. Based on Cisco report [1], while
global IP traffic will grow threefold, global mobile data traffic is predicted to
grow enormously eightfold from 2015 to 2020. By 2020, mobile devices and
Wi-Fi will contribute to 66% of IP traffic [1]. The rapid growing of IP traffic
comes from video traffic that is expected to be 82% of all internet traffic in
2020 [1].

Figure 1.1: Global mobile data traffic in 2015-2020 [1]

Although optical fiber transmission can support up to 255 Tbps [2], wireless
transmission is still far below that number e.g. theoretically IEEE 802.11n
that works at 2.4 GHz and 5 GHz can reach up to 600 Mbps [3] while IEEE
802.11ac that works at 5 GHz can achieve up to 2.34 Gbps [4]. Thus, there is a
huge bottleneck between fiber optic network and wireless link. Moreover, the
2.4 GHz band is heavily congested with a lot of interferences which not only

1



come from the neighboring wireless network but also from other household
electronics e.g. LCD TVs, microwave ovens, and cordless phones.

Two industrial, scientific, and medical (ISM) frequency bands widely used
in Wi-Fi which are 2.4 GHz and 5 Ghz only occupy 90 MHz and 5 GHz of
bandwidth respectively. This narrow bandwidth limits the performance to
achieve high data rate. Some techniques such as multiple-input and multiple-
output (MIMO) and orthogonal frequency-division multiplexing (OFDM)
are implemented to boost up the data rate with such given limited frequency
bandwidth. However, the data rate is still not enough to follow the demand
of ultra-high throughput, especially in the data-hungry video transmission.
Uncoded 4K or 8K video have data rate vary from 3.182 Gbps to 127.4 Gbps
while 8K video with 32 bpp that implements advanced coding requires data
rate ranging from 10 to 20 Gbps [5]. Thus, higher bandwidth is a must to
accommodate ultra-high data rate. Consequently, higher frequency band
needs to be used in order to support wider available bandwidth.

Wireless transmission faces some challenges limiting the communication
performance such as free space loss, multipath condition, and blockage
issue. Theoretically, higher frequency carrier can support higher data rate.
However, high frequency also faces significant path loss. Comparing 60 GHz
with 2.4 GHz and 5 GHz, the 60 GHz gives additional 28 dB and 21.6 dB of
losses respectively. Moreover, the 60 GHz band is also known as an oxygen
absorption band that gives 15dB/km of additional losses due to the presence
of oxygen [6]. This frequency band is also prone to blockage. It can suffer 40
to 80 dB of attenuation from the brick wall [7].

The 60 GHz band becomes interesting because this unlicensed ISM band is
available in most countries as seen in Figure 1.2. It also can offer 10 times
until 100 times more spectrum than is currently available spectrum in the
ISM bands e.g. 900 MHz, 2.4 GHz, and 5 GHz [8]. Thus, it can support ultra-
high data transmission. This frequency band is divided into four channels;
each has 2.16 GHz of bandwidth. The four center frequencies are 58.32 GHz,
60.48 GHz, 62.64 GHz and 64.8 GHz [9].

Despite having path loss issue, the 60 GHz band is still really interesting in
short range communication (≈ 10 m) [10] to provide multi-gigabit wireless
communication. Currently, there are two released IEEE standards in 60 GHz
frequency band, IEEE 802.11ad and IEEE 802.15.3c, which run for short
range communication. The IEEE 802.15.3c can support data rate up to
5.8 Gbps while the IEEE 802.11ad can achieve up to 7 Gbps [9].

As high losses in the 60 GHz is unavoidable, a directional antenna using
narrow pencil beams is needed to achieve ultra-high data rate. Directional
beam not only leads to high gain, which compensates the high path loss
incurred at 60 GHz, but it also reduces interference level by focusing the
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Figure 1.2: Channelization and availability of 60 GHz frequency band in
some country regions[8]

transmission into the desired direction. Thus, beamforming is a necessity
in the 60 GHz communications. Thanks to the small wavelength in 60 GHz,
beamforming implementation using antenna array that consists of a large
number of antenna elements in 60 GHz is made feasible. For example, an
array antenna that has interspace element distance λ/2 enables 64 antenna
elements to be packed into around 16 cm length of size.

In general, there are two types of beamforming: (i) adaptive beamforming and
(ii) switched beamforming. The former one uses adaptive signal processing to
create the beam so that maximum signal quality can be obtained. However,
this beamforming requires high computational complexity. To minimize
the complexity, the later beamforming is used in IEEE 802.15.3c and IEEE
802.11ad. In the switched beamforming, searching process is done by selecting
the best beam among the predefined beam candidates. The predefined beam
candidates are controlled by assigning codebook at the array antenna elements.
The codebook represents the predefined antenna weight vectors (AWVs) of
array antenna. The beam quality of each beam is measured sequentially
following the beam-searching protocol.

In the switched beamforming, two devices that want to initiate beamforming
need to exchange training packets to get information which best beam pair
should be selected. These training packets give signal quality information by
using such specific beam. By measuring the signal quality from each beam,
communication using the best beam pair can be established. As the beam
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resolution increases, the number of training packets also increases. Thus, to
avoid high overhead in the beam-searching, protocol how to exchange the
training packets should be defined properly.

Usually, instead of using fully exhaustive beam-searching, two-level beam-
searching is performed to improve the efficiency of training packets as in
IEEE 802.11ad and IEEE 802.15.3c. Both IEEE standards use two-level of
beam-searching that consists of coarse level and fine level. Beam-searching
protocol in IEEE 802.11ad performs better than the one in IEEE 802.153c
regarding the low number of packet training that should be sent. Never-
theless, this two-level beam-searching still incurs beam training overhead,
especially in the high beam resolution. Hence, hierarchical beam-searching
that exploits binary search-like is preferred [11, 12, 13, 14, 15]. Instead of
employing two-level beamforming as in IEEE 802.15.3c and IEEE 802.11ad,
the hierarchical approach performs multi-level beamforming where in our
approach at each level there are two beam candidates to minimize number
of training packets.

1.2 Problem Description

Prior beamforming approaches generally only consider isotropic radiation
pattern in the element antenna. By assuming isotropic element pattern,
IEEE 802.15.3c, DFT-based, and FSM-KW based beamforming have the
same maximum gain for each beam candidates. Even FSM-KW based
beamforming in [12] has equal gain for its all beam candidates. Nevertheless,
isotropic assumption is not realistic.

An antenna element always has higher gain in a particular direction. Array
phased antenna in 60 GHz communication usually exploits patch antenna for
a compact design and ease of manufacture reason [16]. A patch antenna is a
directional antenna that has maximum beam in the direction perpendicular
to its plane. The beam pattern degrades at low angle direction. Consequently,
a steered beam approaching end-fire direction also weakens following the
beam degradation of element pattern as shown in Figure 1.3, and so does
the received signal quality. Therefore, to improve the signal quality in the
direction close to end-fire, we propose to use beamforming that has uniform
gain in all direction within the scanning coverage.
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Figure 1.3: The array patterns drop following the element pattern as the
beams are steered

1.3 Contribution

This thesis focuses on designing beamforming technique in 60 GHz com-
munications. Switched beamforming is chosen due to its simplicity over
adaptive beamforming. Predefined beams in the switched beamforming are
assigned by codebook matrix that represents the antenna weight vectors
(AWVs).

Prior beamforming techniques which generally assume isotropic antenna
element radiation suffers beam degradation at the edge of scanning coverage
when the non-isotropic antenna element radiation is taken into account. This
beam degradation affects the received signal quality. Therefore, the proposed
beamforming design must be able to generate relatively the same gain for all
predefined beam candidates.

We identify that the main objective of this thesis is

Designing beamforming technique with uniform gain for 60 GHz communica-
tions irrespective of the beam direction.

Beside achieving the main goal, this thesis also gives some contributions as
follows

• Identify the beam-searching algorithm, beamforming design, and beam-
forming architecture that must be used in the proposed beamforming.

• Designing algorithm that can define codebook for the proposed beam-
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forming so that the beamforming can be set for any arbitrary limited
scanning coverage.

• Evaluate the proposed beamforming by comparing the signal received
quality in the proposed beamforming with the existing beamforming
techniques that also uses hierarchical beamforming

1.4 Outline

Explanation about beamforming mechanisms especially in the 60 GHz stand-
ards i.e. IEEE 802.15.3c and IEEE 802.11ad is described in Chapter 2.
Chapter 3 explains about the approach how to design the proposed beams.
After that, beamforming for various conditions such as various element beam
patterns, various scanning coverages, and various number of antenna elements
are presented in Chapter 4. In Chapter 5, the proposed beamforming is
evaluated by simulating the received signal quality. Finally, in Chapter 6 the
conclusions and future works are discussed.
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Chapter 2

Beamforming in 60 GHz

Beamforming can be realized by adjusting amplitude and phase of signal
at each antenna element in the array antenna. As stated in Chapter 1,
beamforming is an essential technique to compensate high losses in 60 GHz.
Therefore, beamforming mechanism should be designed properly by consid-
ering the beamforming application.

2.1 Array Antenna

(a) 1x8 linear arrray (b) 2x8 planar array

Figure 2.1: Array antenna structure

Array antenna is a structure composed of several antenna elements as shown
in Figure 2.1. A straight line array antenna in Figure 2.1a is called linear
array antenna while a two dimension array antenna in Figure 2.1b is named
planar antenna. The array antenna is an important part in the 60 GHz
communications as this wireless communication systems require beamforming
to compensate high Friis loss in high frequency or short wavelength as shown
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in Eq. 2.1.

PL = 20log

(
4πd

λ

)
(2.1)

where PL is Friis free space loss (dB), d is the distance between transmitter
and receiver (m), and λ is wavelength (m).

Array antenna depicted in Figure 2.1 is composed by patch antenna elements.
Patch antenna is preferred as an antenna element in the mmWave beam-
forming application since this antenna has a compact size and is easy to
manufacture [16]. This antenna element focuses energy direction perpendicu-
lar to its ground plane as illustrated in Figure 2.2.

Figure 2.2: Illustration of beam pattern in a single antenna patch element

Incoming electromagnetic waves at the antenna elements experience different
phase due to spacing between antenna elements in the array antenna. There
will be constructive and destructive interference as a result of combining the
fields from each antenna element. Therefore, by adjusting the antenna weight
vectors (AWVs), consisting phase and amplitude changes, the radiation can
be focused into the desired direction. In this thesis, we only focus on uniform
linear array antenna that has uniform spacing between the antenna elements
as shown in Figure 2.3 due to its simplicity in the beamforming design.

m
=0

m
=1

m
=2

m
=3

m
=M

-1

dc
os

(
)θ

2dco
s(

)θ

ddd

θ

Figure 2.3: Geometry of a linear array antenna consisting of M antenna
elements
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Total field received by antenna array from θ direction (Etotal(θ)) that has M
identical antenna elements can be defined as the sum of the field received
by M antenna elements. If each antenna element receives field E0(θ) from
θ direction, the total field received by array antenna from θ direction will
be

Etotal(θ) = E0(θ)

M−1∑
m=0

ejm
2π
λ
d cos θ (2.2)

where θ denotes the elevation direction from the antenna plane (XY plane)
to the Z axis as seen in Figure 2.1.

If we adjust the weight vectors (amplitude and phase shift) of each an-
tenna element with w(m), the total field received by the array antenna
becomes

Etotal(θ) = E0(θ)

M−1∑
m=0

wme
jm 2π

λ
d cos θ (2.3)

where θ denotes the elevation angle and m is the antenna element index.
The weight vector, w, is in the normalized form such that ||w|| = 1. It
means that the total input power in the array antenna is normalized to one
of unit power. Therefore, the antenna input power will be independent to
the number of antenna element.

From Eq. 2.3, the total field can be seen as a product of the field from a
single element (E0) and the array factor (AF ) [17, 18, 19]

Etotal(θ) = E0(θ)AF (θ) (2.4)

where

AF (θ) =
M−1∑
m=0

wme
jm 2π

λ
d cos θ (2.5)

Eq. 2.4 gives an interpretation that the radiation strength will depend on
the array factor. Thus, w must be set so that the antenna will receive
signals from the desired direction only. By doing so, there will be antenna
gain advantage in the desired direction and interference rejection in the
undesired direction. Figure 2.4 depicts the array beam pattern as a result of
multiplication between the element pattern and the array factor.

Planar array gives more concentrated beam than linear array. By using the
same antenna orientation as in Figure 2.1, the 3D array factor of both linear
array antenna and planar array antenna can be seen in Figure 2.5. In this
case, we set such that each antenna element has a uniform amplitude and
there are no phase shift changes.
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Figure 2.4: Illustration of beamforming in array antenna (number of antenna
elements M = 4)

In order to avoid multiple maxima or grating lobe as seen in Figure 2.6 and
to minimize the coupling effect, the inter-element spacing is set to half of
wavelength [17, 20]. Therefore, in our approach, the spacing is also set to
half of wavelength.

Antenna performance is usually described in directivity or gain. Directivity
is defined as the ratio between the radiation intensity in a given direction and
the average radiation intensity over all directions [17]. If we use directivity
in the array antenna, Eq. 2.4 can be written as

D(θ) = D0(θ)[AF (θ)]2 (2.6)

where D(θ) is the directivity of array antenna at θ direction and D0(θ) is
the directivity of an antenna element at θ direction. By comparing Eq. 2.4
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Figure 2.6: Grating lobes when d = λ

and Eq. 2.6, we can say that directivity is proportional to the square of
field.

When antenna radiation efficiency (ε), which is a ratio between the radiated
power and the input power, is taken into account, gain (G) can be used to
describe the antenna performance. Gain is closely related to directivity, and
it can be written as

G = εD (2.7)
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2.2 MAC Layer Beamforming

In general, beamforming can be classified as switched beamforming and
adaptive beamforming. In adaptive beamforming, AWVs are calculated
based on channel state information (CSI) to estimate the angle of arrival
(AOA). These signal processing calculations lead to massive computational
complexity and beam training overhead.

In order to reduce the computation complexity, switched beamforming is
preferred in IEEE 802.15.3c and IEEE 802.11ad. In the both IEEE standards,
beamforming is performed in media access control (MAC). Therefore, this
beamforming mechanism is also called as MAC layer beamforming. By using
MAC layer, two devices that want to communicate can exchange training
packets to determine the best appropriate transmit and receive beam. Instead
of using an exhaustive beam-searching mechanism, both standards perform
two-level of beamforming: sector level and beam level, which can reduce the
number of training packets.

Beam patterns in the switched beamforming are based on the predefined
AWVs, which are called as beam codebook. This predefined codebook adjusts
the signal amplitude and phase shift at each antenna element so that the
desired beam pattern can be obtained.

2.3 Beam-Searching Algorithm

2.3.1 IEEE 802.15.3c Beam-Searching Algorithms

IEEE 802.15.3c is a standard for wireless personal access networks (WPANs)
for high data rate in 60 GHz [21]. This standard is based on Piconet network
that organizes communication between devices (DEVs) through Piconet
controller (PNC). PNC is a DEV that has the capability to control the
network.

Before starting beamforming, PNC will transmit beacon by using its quasi-
omni beam and will be waiting for DEVs to join the network. IEEE 802.15.3c
exploits two-level beamforming mechanism. The first level is sector level,
which is a coarse level needed to find the area of interest and to find the best
sectors for both devices. It will be followed by beam level where some beams
level are covered by one sector. The beam level then will select the best
beam pair among the beam candidates covered in the best-selected sector.

Beam training mechanism in IEEE 80215.3c is illustrated in Figure 2.7 where
DEV1 and DEV2 consist of N s

1 and N s
2 sector candidates respectively. During

12
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Figure 2.7: Beamforming mechanism in IEEE 802.15.3c (symmetrical channel
condition)

one cycle, DEV1 will send N s
2 repetitions of a sector training in the same

direction by using the same sector while DEV2 will sweep its all sector. These
packet repetition will be transmitted repeatedly through all its N s

1 sector.
After finishing N s

1 sector training sequences, DEV2 shall get the information
of the best sector pair in the DEV1-DEV2 link. This sector pair is the best
transmit sector of DEV1 and the best receive sector of DEV2.

Considering the possibilities of unsymmetrically of transmit and receive
channels, sector training in the opposite direction should be performed. In
the symmetrical channel the best transmit sector is also the best receive
sector, but in the unsymmetrical channel, this condition is not guaranteed.
Hence, DEV2 should also transmit training packets to DEV1 in order to get
the best sector pair of the DEV2-DEV1 link.

DEV2 transmits training packets to DEV1 in the similar mechanism as in the
training sector transmission from DEV1 to DEV2. By doing sector training,
the best pair of transmit and receive sector both for the DEV1-DEV2 link
and the DEV2-DEV1 link can be known. Hence, in total there will be
N s

1N
s
2 number of sector training packets in symmetrical channel condition

and 2N s
1N

s
2 number of sector training packets in unsymmetrical channel

condition.

The beam level training will follow the sector level training. The training
exchange between DEV1 and DEV2 is similar with the one in the sector level.
DEV1 transmits beam level training sequences, which consist of N b

2 cycles
and in each cycle, the training is repeated for N b

1 times. During each cycle,

13



DEV2 will sweep its beam candidates. In unsymmetrical channel condition,
this process is then repeated for the DEV2-DEV1 link where DEV2 will
transmit N b

2 cycles of training packet and there are N b
1 packet repetitions in

each cycle.

By doing sector level beamforming and beam level beamforming, the total
training packets will be

N = α(N s
1 ×N s

2 +N b
1 ×N b

2) (2.8)

where α=1 when the channel is symmetrical and α = 2 when the channel is
asymmetrical.

2.3.2 IEEE 802.11ad Beam-Searching Algorithm

Instead of calling a device as a DEV as in IEEE 802.15.3c, IEEE 802.11ad
calls the device as a station (STA). Henceforth, STA will be used to mention
a device/station in our approach. Before starting beamforming, STA1 will
transmit beacons to initiate communication with STA2. The beacons are
transmitted through its quasi-omni beam.

Similar to IEEE 802.15.3c, IEEE 802.11ad also exploits two-level beam-
training mechanism [22]. However, instead of using exhaustive beam-searching
at each level of beam-searching as in IEEE 802.153c, IEEE 802.11ad uses its
best sector or its best beam to receive the training packets. The beam-training
mechanism is shown in Figure 2.8.

N
1

s

N2

s

STA1 STA2 STA1 STA2

( ) packetsN +N1

s

2

s

(a) sector level

N
1

b
N

2

b

( + ) packetsN N
1

b b

2

STA1 STA2 STA1 STA2

(b) beam level

Figure 2.8: Beam-searching mechanism in IEEE 802.11ad (symmetrical
channel condition)
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In IEEE 802.11.ad, STA1 will transmit training packets through its N s
1

number of sector candidates while STA2 will receive through a quasi-omni.
During the packet training from STA1 to STA2, STA2 will obtain information
giving the best transmit sector of STA1. STA2 will then give acknowledgment
to STA1 giving the information which sector of STA1 that will give the best
transmission. After that, STA1 will change its beam into its best transmit
sector while STA2 will change its beams into beam level consisting of N s

2

number of beams. For the unsymmetrical channel, training packet then will
perform in the STA2-STA1 link where STA2 will transmit N s

2 number of
training packets. Therefore, the best pair sectors for the STA1-STA2 link
and the STA2-STA1 link can be known.

Sector level training will be followed by beam level training. One sector
in STA1 and STA2 will cover N b

1 and N b
2 number of beams, respectively.

Training packets mechanism in beam level will be done in a similar way with
the one in sector level training.

The total training packets in IEEE 802.11ad will be

N = α(N s
1 +N s

2 +N b
1 +N b

2) (2.9)

where α = 1 when the channel is symmetrical and α = 2 when the channel
is asymmetrical.

2.3.3 Hierarchical Beam-Searching Algorithm

The best beam among two beam candidates at each level of beam-searching
is selected to minimize the number of training packets. Thus, the beam-
searching will perform hierarchical approach as being used in [11], [12], [13],
[14] and [15]. This algorithm is quite similar to IEEE 802.11ad, but instead
of only using two-level beam-searching, this algorithm performs multi-level
beam-searching. Another difference is that at each level, either in sector
level or beam level, IEEE 802.11ad has several beam candidates, but in the
hierarchical approach there will be only two beam candidates as seen in
Figure 2.9. Therefore, the total number of packet training can be reduced to
be

N = α(2log2N1 + 2log2N2) (2.10)

where N1 is number of possible finest beams in STA1, N2 is number of possible
finest beams in STA2, α = 1 when the channel is symmetrical, and α = 2
when the channel is asymmetrical. IfN1 andN2 is associated withN s

1 , N b
1 , N s

2

and N b
2 in the IEEE 802.15.3c and IEEE 802.11ad beam training mechanism,

they will be equivalent with N1 = N s
1 ×N b

1 and N2 = N s
2 ×N b

2 .
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(a) 1st level

STA1 STA2 STA1 STA2

(b) 2nd level

STA1 STA2 STA1 STA2

(c) 3rd level

Figure 2.9: Illustration of beam-searching mechanism in the hierarchical
beam-searching approach (symmetrical channel condition)

The comparison of number of training packets between the hierarchical
approach and the other beam-searching techniques is shown in Table 2.1.
It can be seen that for a high number of beamforming resolutions, the
hierarchical approach experiences the advantage of beam training packets
reduction.

Table 2.1: Illustration of training packet numbers in IEEE 802.15.3c, IEEE
802.11ad and hierarchical approach, taking assumption that the channel is
symmetric and both devices have the same number of sectors and beams

Number of
sectors

Number of
beams per

sector

Number of training packets
(symmetrical channel)

IEEE
802.15.3c

IEEE
802.11ad

Hierarchical
approach

4 2 20 12 12

4 4 32 16 16

8 8 128 32 24

8 16 320 48 28
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2.4 Codebook Designs

Codebook is a matrix that represents the antenna weighting vectors (AWVs)
to adjust the amplitude and phase shift of signal at the array antenna. In
switched beamforming the beam candidates are predefined, therefore the
codebook should be fixed and predefined. IEEE 802.15.3c employs specific
codebook, but there is no specific codebook defined in IEEE 802.11ad.

A matrix of codebook w ∈ CM×K that consists of M antenna elements and
K possible beams is shown in Eq. 2.11. Each matrix column represents one
beam candidate.

w =


w1,1 w1,2 ... w1,K

w2,1 w2,2 ... w2,K

... ... ... ...
wM,1 wM,2 ... wM,K

 (2.11)

2.4.1 IEEE 802.15.3c Codebook

To simplify the beamforming mechanism, IEEE 802.15.3c [21] and J. Wang
et al. [23] use analog beamforming where there are only 2-bits of phase
shifter (0, π/2, π, 3π/2). In their beamforming design, there is no amplitude
adjustment to keep the beamforming mechanism simple.

Nevertheless, by using only 2-bit of phase shift resolution, the codebook
faces limitations. Some beams cannot reach maximum gain as shown in
Figure 2.10. Moreover, there is a gap between two adjacent beams, and it
will give an additional loss. This loss is called as cusping loss. Beamforming
resulted from this codebook is shown in Figure 2.10.

In the case when K number of beams is more than M number of antenna
elements, the codebook is given as

w(m, k) = j
fix{m×mod[k+(K/2),K]

K/4
}

form = 0 : M − 1 and k = 0 : K − 1
(2.12)

for a special case when K = M/2

w(m, k) =

{
(−j)mod(m,k), for m = 0 : M − 1 and k = 0

(−1)
fix{m×mod[k+(K/2),K]

K/4
}

for m = 0 : M − 1 and k = 1 : K − 1

(2.13)

However, to keep the gain loss intersection low, the number of beam can-
didates is usually set to two times of the number antenna elements [23].
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Figure 2.10: Array factor pattern in IEEE 802.15.3c beamforming

2.4.2 Digital Fourier Transform (DFT) Based Codebook

DFT based codebook is intended to maximize the beam gain by using more
flexible phase shifter instead only uses two bits of phase shift resolution [24].
DFT based codebook can be formulated as

w(m, k) = e−j2πmk/K form = 0 : M − 1 and k = 0 : K − 1 (2.14)

where M is the number of antenna elements and K is the number of possible
beams. In DFT-based codebook, phase shifter resolution will follow the
number of beam candidates. When there are K number of beams, the
phase shift resolution will be b = log2(K) bits. Thus, when K > 4, DFT-
based beamforming needs higher phase shift resolution than IEEE 802.15.3c
beamforming.
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Figure 2.11: Array factor pattern in DFT-based beamforming
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Table 2.2: Cusping loss in IEEE 802.15.3c and DFT based codebook

Number of
Possible

Beams (K)
Maximum Cusping Loss at Intersection (dB)

IEEE 802.15.3c Codebook DFT Based Codebook

4 0.69 0.69

8 1.55 0.86

16 1.85 0.90

32 1.98 0.91

By using more flexible phase shift and assuming isotropic beam pattern of the
antenna element, all beams can reach maximum gain as shown in Figure 2.11.
However, there is still cusping loss, where the loss value can be seen in
Table 2.2, due to beam overlapping between the adjacent beams. Comparison
of beam fluctuation in DFT-based beamforming and IEEE 802.15.3c can be
seen in Figure 2.12 where DFT-based beamforming has less fluctuation than
IEEE 802.15.3c.

When isotropic element pattern is taken as an assumption, beamforming in
IEEE 802.15.3c with K = 32 suffers cusping loss 1.98 dB or it loses about
36% of its power as seen in Table 2.2. If this beamforming is used in both
DEV1 and DEV2, it potentially reduces 3.96 dB or 60% of its received power.
It can be seen that DFT codebook can minimize the losses where there is
only 0.91 dB of loss. However, if both DEV1 and DEV2 suffers maximum
cusping loss, it might still have 1.92 dB of losses or about 35% of its power
in total .

2.4.3 Fourier Series Method with Kaiser Window (FSM-KW)
Codebook

Beamforming can be seen as the same problem in the digital bandpass filter
design as illustrated in Figure 2.13. Window sample length is associated
with the number of antenna elements (M) in beamforming. As Fouries series
method in the beamforming design results in the beam ripples [17, 18], Kaiser
window is used to reduce the ripples [25]. Kaiser window is chosen because
the trade-off between sidelobe attenuation and beam transition width can
be controlled. The higher the attenuation parameter is given, the wider the
beam transition width will be obtained. Thus, the attenuation parameter
should be set so that the beamwidth fits with the desired beam direction.
By using this beamforming approach, a relatively flat array pattern within
the desired scanning coverage can be achieved.

If we want to design a beam that has beam coverage between θ1 and θ2 and
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Figure 2.12: Gain fluctuation in IEEE 802.15.3c beamforming and DFT
based beamforming with several numbers of possible beams K. Isotropic
element pattern is taken as an assumption
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Figure 2.13: Beamforming design associated with bandpass filter

beam center direction at θc with the FSM-KW beamforming approach, the
beamforming codebook can be defined as

w(m) = wwindow(m)e−jβψo
sin (βψb)

πβ
for m = 0, 1, ....,M − 1 (2.15)

where wwindow(m) is the Kaiser window sample and β = m − (M − 1)/2
while ψo and ψb are given as

ψo =
π

2
(cos θ1 + cos θ2) (2.16)

ψb = π sin θc sin
∆θ

2
+

πD

M − 1
(2.17)

The D-factor can be defined from the sidelobe attenuation A (dB)

D =

{
A−7.95
14.36 ifA > 21

0.922 ifA ≤ 21
(2.18)

The γ factor can be calculated as

γ =


0.11(A− 8.7) if A > 50

0.58(A− 21)0.4 + 0.079(A− 21) if 21 < A < 5

0 ifA ≤ 21

(2.19)

The Kaiser window samples itself are given as

wwindow(m) =
Io(γ

√
1− 4β2)

Io(γ)
(2.20)

where I0 is the zero-th order modified Bessel function of the first kind.

To create such flat beams, FSM-KW beamforming requires more antenna
elements than IEEE 802.15.3c and DFT based beamforming. The desired flat
beam shape is approached by fourier series. Consequently, to achieve nearly
ideal desired beam shape, more samples or antenna elements are needed.
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Figure 2.14: FSM-KW beamforming with fully-digital beamforming

FSM-KW beamforming also not only requires phase shift adjustment as
in IEEE 802.15.3c beamforming or DFT beamforming, but it also requires
amplitude adjustments. This complexity pushes up the requirement of digital
signal processing to adjust the phase shift and amplitude.

The FSM-KW based beamforming designed in [12] with fully-digital beam-
forming architecture is shown in Figure 2.14 where there are K = 8 and
K = 16 possible finest beams. These beams are composed of M = 128
antenna elements and 40 dB of sidelobe attenuation. To avoid cusping loss,
each beam should have a beamwidth that fits with its adjacent beam.

With a large number of antenna elements, digital beamforming is power
hungry and costly since each antenna element needs one RF chain consisting
of down-converter, analog to digital converter (ADC), digital to analog
converter (DAC), and so on. Therefore, digital beamforming in FSM-KW
beamforming becomes impractical. As an alternative, hybrid-beamforming
is used as in [12], [26], [27], [28], and [29].

2.5 Beamforming Architectures

Based on the architecture, there are three types of beamforming which are
analog beamforming, digital beamforming, and hybrid beamforming. Each
of beam architecture has its own advantages and disadvantages. There-
fore, the preference which beamforming should be selected depends on the
applications.
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2.5.1 Analog Beamforming

Analog beamforming uses only one RF chain for all antenna elements to
minimize the complexity. Since the signal is processed in the analog domain,
there will be limitations in changing antenna weighting (phase shift and
amplitude adjustment) where the antenna weighting can be done only in the
discrete number. This beamforming is used in IEEE 802.15.3c where in this
case, there are only 2-bits of phase shifter [21]. The limitation to adjust the
phase and amplitude brings a lack of beamforming flexibility.

LO

Antenna Phase

Shifter

LNA

ADC

Mixer

Figure 2.15: Analog beamforming architecture

2.5.2 Digital Beamforming

In digital beamforming shown in Figure 2.16, the signal at each antenna
element is digitized using an analog-to-digital converter (ADC). Digital
beamforming offers a flexible adjustment of phase shift and amplitude since
the signal processing can be done in the digital domain. As a result, beam
patterns also can be set more flexible in the digital beamforming than
in the analog beamforming. Unlike analog beamforming that can only
perform a single beam, digital beamforming can create simultaneous beams
to communicate with several devices simultaneously.

Nevertheless, since the adjustment is done in the digital domain, each antenna
element requires one RF chains, consisting ADC/DAC (digital-to-analog
converter) and other RF components, which are power hungry and expensive.
Therefore, it is impractical to implement digital beamforming with a lot
number of antenna elements.

2.5.3 Hybrid Beamforming

Hybrid beamforming is a combination between analog beamforming and
digital beamforming. It takes the benefit of simplicity architecture from
analog beamforming and the advantage of flexibility from digital beamforming
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Figure 2.16: Digital beamforming architecture

(beam design flexibility and multiple simultaneous beams), although the
flexibility is lower than the digital beamforming. In hybrid beamforming,
to reduce the number of RF chains, several antenna elements are served
by only one RF chain simultaneously as shown in Figure 2.17 where there
are M number of antenna elements and NRF number of RF chains (M >
NRF ).

Predefined codebook in the fully digital beamforming (w ∈ CM×1) can be ap-
proached by the multiplication between the predefined RF codebook (wRF ∈
CM×NRF ) and the predefined baseband codebook (wBB ∈ CNRF×1)

w = wRF wBB (2.21)

Since each element of wRF is restricted by the feasible RF codebook wRFcan

due to hardware constraint, we need to find wopt
RF and wopt

BB that can sat-
isfy

(wopt
RF ,w

opt
BB) = arg min

wRF ,wBB

‖ w −wRFwBB ‖2

s.t.wRF i,j ε wRFcanwhere i = 1, ...,M and j = 1, ..., NRF

‖ wRFwBB ‖22 = 1

(2.22)

Orthogonal matching pursuit (OMP) algorithm can be used to achieve the
solution in Eq. 2.22 [26, 28, 29]. In the OMP algorithm, restricted RF
codebook candidate (wRFcan) can be taken from the predefined codebook in
IEEE 802.15.3c. Nevertheless, to accommodate higher phase shift resolution,
codebook with b-bits phase shift resolution [30], as shown in Eq. 2.23, also
can be used.

wRFcan(m, k) = e
j2π

2b
fix{m×mod((m−1)+(K/2),K)

K/2b
}

(2.23)

where m = 0, 1, ...,M − 1, k = 0, 1, ...,K − 1, M is number of antenna
elements, and K = M .
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Figure 2.17: Hybrid beamforming architecture

Orthogonal matching pursuit with dynamic dictionary learning (DDL-OMP)
algorithm [12] modifies OMP algorithm by iteratively updating the RF
codebook candidate wRFcan . At each iteration, the codebook candidate is
updated with a column vector which are highly likely to generate the digital
codebook.

While OMP algorithm and DDL-OMP algorithm rely on the predefined RF
codebook candidate, geometric approach algorithm [31] does not use any
predefined RF codebook candidate. Thus, the performance of geometric
approach algorithm does not depend on the selected codebook candidate
wRFcan .

Algorithm 1 shows the process how to approach the hybrid-beamforming code-
book. This beamforming accommodates the ability of hybrid beamforming to
transmitNs multiple beams simultaneously whereNs ≤ NRF ≤M . The ideal
fully-digital codebook w ∈ CM×Ns will be approximated with the RF code-
book wRF ∈ CM×NRF and the baseband codebook wBB ∈ CNRF×Ns .

First, the RF codebook wRF and the residual matrix wres are initialized.
The algorithm selects the residual column wres with maximum norm and
appends its mapped version S(wres) to the current RF codebook Wres.
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S(v) is an operator that maps the vector v into the closest vector attainable
with 2-bit RF phase shifter.

The algorithm then updates the residual matrix Wres with the objective
to make Wres = Wres − δS(Wres) close to zero. It means that we need to
find δ ∈ C so that

Wres(i)− δS(Wres)(i) ≈ 0 ∀i ≤M (2.24)

The algorithm finds δ as equivalent to find the good center for the set points
Wres

S(Wres)(i) distributed over π/2 circular sector as seen in Figure 2.18. Each
Wres(i)

S(Wres)(i) has a complex modulus |Wres(i)| and argument between −π/4
and π/4 as S(Wres) maps Wres to the closest points with 2-bit RF phase
shifter. The algorithm divide the π/2 circular sector into two sub-sector
which are north pole and south pole. The border line between the north
pole and the south pole is (wmax + wmin)/2 where wmax = max

i
|Wres(i)|

and wmin = min
i
|Wres(i)|. The points are in the north pole if the modulus

is more than or equal to (wmax + wmin)/2 while the rests are located in the
south pole. The algorithm focuses on finding Wres locating in the south
pole and calculates their mean value δ′. If δ′ is in the north pole, δ is set to
be δ = δ′

|δ′|
wmax+wmin

2 . Line 15-19 then updates the residual matrix.

π/4- /4π

south pole

north pole

.. ..
..

..
.. ..

..

..

..

..

..
....

w =max|W (i)|
max res

w =min|W (i)|min res

i

i

Figure 2.18: Illustration of the geometric approach to find the δ parameter

The process is repeated until all NRF codebook vectors are selected. At last,
the algorithm normalizes wBB to satisfy ||wRF [wBB]:,i||22.

The comparative results of hybrid beamforming between OMP algorithm,
DDL-OMP algorithm, and geometric approach algorithm can be seen Fig-
ure 2.19. It can be seen from Figure 2.19 that hybrid beamforming with
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Figure 2.19: Array factor pattern in FSM-KW with beamwidth between
−30o ≤ θ ≤ 30o. The beams are designed with M = 128 antenna elements
in fully digital beamforming and hybrid beamforming (OMP, hybrid, and
geometric approach algorithm) with NRF = 8 number of RF chains

DDL-OMP and geometric approach algorithm almost give the same beam
pattern. These two algorithms outperform OMP algorithm. By using only
8-RF chains, DDL-OMP algorithm and geometric approach algorithm can
create almost the same pattern with fully-digital beamforming. On the other
hand, beam created in OMP algorithm still has higher fluctuations than
DDL-OMP or geometric approach algorithm.

In hybrid beamforming, the number of antenna elements and RF chains should
be chosen wisely considering the trade-off between hardware complexity and
beam performance. As the number of RF chains is getting higher, the root
mean square error (RMSE) between fully digital codebook w and predefined
codebook in hybrid beamforming wRFwBB will be less as depicted in
Figure 2.20. Nevertheless, choosing the optimal number of antenna elements
and RF chains is outside of our research area.

Minimizing ||w −wRFwBB||2 in Eq. 2.22 means that the beam in the hybrid
architecture should be as close as possible to the one in the fully digital
architecture. To show the performance comparison between OMP, DDL-
OMP, and geometric approach algorithm, we measure ||w −wRFwBB||2
when a beam with beamwidth between −30o ≤ θ ≤ 30o designed in FSM-KW
beamforming (as seen in Figure 2.19) is approached with those three hybrid
beamforming method. The beam is constructed with N = 128 number of
antenna elements. In this case, we measure ||w −wRFwBB||2 for various
number of RF chains from NRF = 1 until NRF = 128.

It can be seen in Figure 2.20 that DDL-OMP algorithm and geometric
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Figure 2.20: Comparison of root mean square error (RMSE), ||w−wRFwBB||2,
with various number of RF chains in OMP algorithm, DDL-OMP algorithm
and geometric approach algorithm. In this case the beam is created based
on the FSM-KW beamforming with beamwidth between −30o and 30o,
A = 40 dB, and M = 128

approach algorithm give lower RMSE than OMP algorithm. This low RMSE
leads the beam patterns in DDL-OMP and geometric approach algorithm
highly close to the beam pattern in the fully digital architecture. Nevertheless,
geometric approach algorithm still gives a bit lower RMSE than DDL-OMP
algorithm. Therefore, in our approach, the hybrid beamforming will be
designed based on the geometric approach algorithm.

The algorithm complexity is not taken into account in the beamforming
analysis since the proposed beamforming uses switched beamforming where
the beam candidates is already defined. Therefore, the beamforming process
does not need to find wRF and wBB at each beam-searching level, but they
are already predefined instead. Nevertheless, geometric approach algorithm is
claimed having lower computational complexity than OMP-based approaches
[31, 32].
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Algorithm 1: Geometric approach algorithm for hybrid beamforming
[31]

Input : Ideal digital predefined codebook w, restricted RF codebook
candidate wRFcan

Output :Predefined RF codebook wRF , predefined baseband
codebook wBB

1: wRF = empty matrix
2: wres = w
3: for i ≤ NRF do
4: k = arg max

k
||wres(:, k)||22

5: Wres = wres(:, k)
6: wRF = [wRF , S(Wres)] {S(v) is an operator that maps the vector v

into one close vector attainable with b-bit RF phase shifters}
7: wmax = max

i
|Wres(i)|, wmin = min

i
|Wres(i)|

8: J = find [|Wres| ≥ wmax+wmin
2 ]

9: δ′ = mean [Wres(J)/S(Wres(J))]
10: if |δ′| > wmax+wmin

2 then

11: δ = δ′

|δ′|
wmax+wmin

2
12: else
13: δ = δ′

14: end if
15: Wres = Wres − δS(Wres)
16: wres(:, k) = Wres

17: for j ≤ Ns, j 6= k do

18: wres(:, j) = wres(:, j)− S(Wres
[S(Wres)]Hwres(:,j)

||S(wres)||22
)

19: end for
20: end for
21: w′

BB = (wH
RFwRF )−1wH

RFw
22: for i ≤ Ns do

23: wBB(:, i) =
w′BB(:,i)

||wRFw′
BB ||2

24: end for
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2.6 Limitations in the Existing Works

IEEE 802.11ad and IEEE 802.15.3c perform two-level beamforming that
causes high training packet overhead in the high beam resolution. To
reduce the number of training packets, hierarchical beamforming with two
beam candidates at each beamforming level is proposed [11, 12, 13, 14,
15]. Nevertheless, existing beamforming designs generally assume isotropic
antenna element radiation in their beamforming design.

In the isotropic assumption, FSM-KW based beamforming [12], that employs
hierarchical beamforming, has better beam pattern than IEEE 802.15.3c
and DFT-based beamforming. Compared to IEEE.802.153c and DFT based
beamforming, beam pattern in FSM-KW beamforming in [12] has less in-
tersection area between the adjacent beams and less cusping loss. However,
isotropic radiation pattern is not realistic.

Patch antennas which are generally used as antenna elements of array antenna
have lower gain near to end-fire direction than the one at broadside direction.
As the array antenna beam is the multiplication product of array factor and
antenna element beam pattern, the array antenna beam degrades following
beam degradation in the antenna element pattern. If we take sinusoidal
pattern in Figure 3.12 as the antenna element radiation pattern, array
beamforming pattern for IEEE 802.15.3c, DFT-based, and FSM-KW based
beamforming in [12] can be seen in Figure 2.21, Figure 2.22, and Figure 2.23,
respectively.

In Figure 2.21, Figure 2.22, and Figure 2.23 we can see that the existing
switched beamforming techniques face gain degradation at the low angle
direction. To avoid signal quality degradation when the communication
is performed by using the beam close to end-fire direction, in this thesis,
we proposed beamforming that has relatively flat radiation throughout its
scanning coverage. The scanning coverage is limited to ∆θc = 120o taking
assumption that in general array antenna has maximum scanning coverage
of 120o [18, 33]. As the proposed beamforming is also designed based on the
FSM-KW design, that needs a large number of antenna elements, hybrid
beamforming architecture is used in the proposed beamforming to reduce
the number of RF chains.
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Figure 2.21: Beamforming degradation in IEEE 802.15.3c beamforming
(K = 8,M = 4) taking assumption sinusoid antenna element radiation
pattern
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Figure 2.22: Beam degradation in IEEE 802.15.3c beamforming (K = 8,M =
4) taking assumption sinusoid antenna element radiation pattern
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Figure 2.23: Beam degradation in the FSM-KW based beamforming [12]
(K = 8, fully-digital beamforming with M = 64) taking assumption sinusoid
antenna element radiation pattern
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Chapter 3

Designing Uniform Gain
Beamforming

FSM-KW beamforming seems able to generate an almost ideal beam with a
relatively flat gain and a small beam intersection. However, this beamforming
approach takes an assumption that the antenna elements have an isotropic
element pattern which is not realistic. A patch antenna, which is commonly
used as an element of array antenna [16], has low gain in low elevation angle.
Therefore, the array beam pattern in the FSM-KW beamforming does not
have such ideal flat beam, but it follows the element beam pattern where
the beam steered towards end-fire direction will have low gain.

Since FSM-KW beamforming has flexibilities to design a beam with a specific
beamwidth and to adjust the trade-off between the ripple and the beam
transition, this beamforming is chosen as a design base in the proposed
approach. By using FSM-KW beamforming, we can create a beam that
has flat array factor within the desired beamwidth. To support the design
flexibility, FSM-KW beamforming not only requires a lot of antenna elements
but it also needs flexible phase shift and amplitude adjustment. Therefore, it
is not be feasible if this beamforming is implemented in analog beamforming.
Since digital beamforming requires a huge number of RF chains, which is
the same as the number of antenna elements, hybrid beamforming is the
solution for practical implementation.

3.1 Uniform Gain Beamforming

The proposed beamforming must be able to follow hierarchical beamforming
and is expected to have uniform gain for all beam candidates. A simple illus-
tration showing beamforming that follows hierarchical approach is depicted
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in Figure 3.1. Each circular sector represents one beam candidate and at the
k-th beam-searching level there will be 2k beam candidates. Each beam is
expected to have the same gain and to have only one beam area. A beam
from the lower level will cover exactly two beams at the higher level i.e. a
beam at the 1st level covers two beams at the 2nd level.

level 1 level 2 level 3

w1

w2

w1 w2

w4 w3

w1

w2 w3

w4

w5

w6w7

w8

Figure 3.1: Ideal multi-level beamforming when the number of beam-searching
level is three

Nevertheless, covering 360o with only one array patch antenna system is
not feasible. A patch antenna element only has beam pattern above its
patch plane and the beam at the end-fire direction is significantly lower
than the one at the broadside direction as already shown in the Chapter 2.1.
Usually, for a practical reason, scanning coverage of array antenna is limited
maximum to ±60o from the broadside direction or it has scanning coverage
∆θc = 120o [18, 33]. Therefore, the proposed beamforming will have limited
scanning coverage and if the proposed beamforming is intended to cover 360o,
multiple antenna systems must be employed on the device.

The objective of our beamforming design is to create a flat beamforming
as depicted in Figure 3.2. We want to create beams with minimum overlap
between the adjacent beams and with the same gain for all beam candidates
at each beamforming level. Fourier series method with Kaiser window (FSM-
KW) will be used as our based design as it offers beamforming flexibility to

1 2
...

N
-1

N

N+1
N+2

...

2
N

N
-1

Δθc

π/2

Figure 3.2: Proposed beamforming forK number of possible beams (K = 2N)

34



adjust the beam position and the beamwidth.

FSM-KW beamforming designs the beam by approaching the array factor
with the truncated version of the infinite Fourier series. Array factor written
in Eq. 2.5 has antenna element index m = 0, 1, ...,M − 1 with M is the
number of antenna elements. If we change the element index to be m =
0,±1,±2, ....,± (M−1)

2 for odd number of antenna elements in order to have
symmetry with respect to the array center, array factor can be written in
the wavenumber domain ψ = 2π

λ d cos θ as

AF (ψ) =

M−1
2∑

m=−M−1
2

wme
jmψ (3.1)

If the number of antenna elements is even with antenna element index
m = ±1,±2, ....,M/2, the array factor can be written as

AF (ψ) =

M/2∑
m=1

[wne
j(m−1/2)ψ + w−me

−j(m−1/2)ψ] (3.2)

We can see Eq. 3.1 and Eq. 3.2 as the truncated version of the infinite
Fourier series [25] where for odd case we have

AF (ψ) =
∞∑

m=−∞
wme

jmψ (3.3)

and the Fourier coefficient can be obtained as

wm =
1

2π

∫ π

−π
AF (ψ)e−jmψdψ, form = 0,±1,±2, ... (3.4)

For even case we have

AF (ψ) =
∞∑
m=1

[wme
j(m−1/2)Ψ + w−me

−j(m−1/2)ψ] (3.5)

and the Fourier coefficient will be

w±m =
1

2π

∫ π

−π
AF (ψ)e∓j(m−1/2)ψdψ, form = 0, 1, 2, ... (3.6)

Beamforming is a spatial filtering so we can see beamforming as a bandpass
filter in the wavenumber ψ domain with array factor center ψo and bandwidth
2ψb. The ideal bandpass response in the ψ domain can be written as

AFBP (ψ) =

{
1, ψo − ψb ≤ ψ ≤ ψo + ψb

0, otherwise
(3.7)
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Therefore, we can obtain the ideal weights of the bandpass filter for odd case
from Eq. 3.4 as

wBP (m) =
1

2π

∫ π

−π
AFBP (ψ)e−jmψdψ

=
1

2π

∫ ψo+ψb

ψo−ψb
1.e−jmψdψ

= e−jmψo
sin(ψbm)

πm
, for m = 0,±1,±2, ...± M − 1

2

(3.8)

while for even case, from Eq. 3.6 we can obtain

wBP (±m) =
1

2π

∫ π

−π
AFBP (ψ)e∓j(m−1/2)ψdψ

=
1

2π

∫ π

−π
1.e∓j(m−1/2)ψdψ

= e∓j(m−1/2)ψo sin(ψb(m− 1/2))

π(m− 1/2)
, for m = 1, 2, ...,M/2

(3.9)

If we change the antenna element index in Eq. 3.8 and Eq. 3.9 to be antenna
element index m = 0, 1, ...,M − 1, both equations give the same equation as
follow

wBP (m) = e−jβψo
sin(ψbβ)

πβ
, m = 0, 1, ...,M − 1 (3.10)

where β = m− M−1
2 .

Kaiser window allow the flexibility to choose sidelobe attenuation A. This
sidelobe attenuation define the D-factor as follow

D =

{
A−7.95
14.36 , ifA > 21

0.922, ifA ≤ 21
(3.11)

and the γ factor

γ =


0.11(A− 8.7) if A > 50

0.58(A− 21)0.4 + 0.079(A− 21) if 21 < A < 5

0 ifA ≤ 21

(3.12)

The Kaiser window samples with length of M itself are given as

wwindow(m) =
Io(γ

√
1− 4β2

(M−1)2
)

Io(γ)
m = 0, 1, ...,M − 1 (3.13)
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Figure 3.3: Kaiser window impulse response for various sidelobe attenuation
A with M = 64 window length

where I0 is the zero-th order modified Bessel function of the first kind and
β = m − M−1

2 . For example, if we are using M = 64, the Kaiser window
impulse response for various sidelobe attenuation is shown in Figure 3.3 .

Since we want to design filter in the angular domain θ while Eq. 3.10 still
has ψo and ψb, which are still in the ψ doamin, we need to map ψo and ψb
into angular domain θ.

sidelobe
attenuation (A) mainlobe

beamwidth

- p p
-

beam
transition

stopband passband stopband

AF( ’)=AF( - )o

- s

- b

 s

 b

’

0

ideal frequency
response

Figure 3.4: Lowpass filter design equivalent

Designing bandpass filter in the ψ domain with bandwidth 2ψb is equivalent
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to designing a lowpass filter with cut-off frequency ψb in the ψ′ domain where
ψ′ = ψ − ψo depicted in Figure 3.4

AFLP (ψ′) =

{
1, −ψb ≤ ψ′ ≤ ψb
0, otherwise

(3.14)

Therefore, we can obtain the ideal weights of lowpass filter for the odd case
as follow

wLP (m) =
1

2π

∫ π

−π
AFLP (ψ′)e−jmψ

′
dψ′

=
1

2π

∫ ψb

−ψb
1.e−jmψ

′
dψ′

=
sin(ψbm)

πm
, for m = 0,±1,±2, ...±N

(3.15)

while for the even case

wLP (±m) =
1

2π

∫ π

−π
AFLP (ψ′)e∓j(m−1/2)ψ′dψ′

=
1

2π

∫ ψb

−ψb
1.e∓j(m−1/2)ψ′dψ

=
sin(ψb(m− 1/2))

π(m− 1/2)
, for m = 1, 2, ..., N

(3.16)

By seeing Eq.3.8 with Eq.3.15 and also Eq.3.9 with Eq. 3.16, we can see
that wBP (m) = e−jnψowLP (m).

In the θ domain, the ideal beam array factor must be flat over θ1 − θ2 which
is the the desired beam coverage

AF (θ) =

{
1, θ1 ≤ θ ≤ θ2

0, otherwise
(3.17)

We define the beam center position θc and the beamwidth θb as follows

θc =
1

2
(θ1 + θ2)

θb = θ2 − θ1

(3.18)

so that we can obtain θ1 and θ2 as follows

θ1 = θc −
1

2
θb

θ2 = θc +
1

2
θb

(3.19)
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As ψ′ = ψ − ψo = kd cos θ − ψo, θ1 and θ2 can be mapped onto lowpass
passband (ψp, −ψp) in ψ′ as follows

ψp = kd cos θ1 − ψo
−ψp = kd cos θ2 − ψo

(3.20)

From Eq. 3.20, we can obtain ψo and ψp

ψo =
1

2
kd(cos θ1 + cos θ2) (3.21)

ψp =
1

2
kd(cos θ1 − cos θ2) (3.22)

By using Eq. 3.19, Eq. 3.22, and some trigonometry identities, ψp is
equivalent with

ψp = kd sin(θc) sin(
ψb
2

) (3.23)

The ideal cutoff frequency ψb can be taken as the middle between the
passband ψp and the stopband ψs frequencies

ψb =
1

2
(ψp + ψs)

= ψp +
1

2
∆ψ

(3.24)

where by defining the transition width ∆ψ as ∆ψ = 2πD
N−1 and using Eq 3.23,

we can define the cut off frequency as follow

ψb = kd sin(θc) sin(
ψb
2

) +
2πD

M − 1
(3.25)

Finally, FSM-KW codebook can be obtained as the windowed array weights
w(m) = wwindow(m)wBP (m)

w(m) = wwindow(m)e−jβψo
sin (βψb)

πβ
for m = 0, 1, ....,M − 1 (3.26)

where wwindow(m) is the Kaiser window sample and β = m − (M − 1)/2
while ψo and ψb are given in the Eq. 3.21 and Eq. 3.25, respectively.

In our proposed beamforming design, we will rely on the beam position
and the beamwidth to adjust the array factor of FSM-KW beamforming.
Therefore, we need to consider beam-broadening factor when the broadside
beam is steered into end-fire direction. As FSM-KW beamforming requires a
predefined sidelobe attenuation parameter A, that will affect on the window
transition region and the beam ripples reduction [25], we also need to consider
what the appropriate sidelobe attenuation is.

39



3.1.1 Beam-Broadening Factor

Beam at the broadside direction or θ = π/2 will broaden if it is steered into
end-fire direction [18, 19] as depicted in Figure 3.5 where the broadside beam
is steered into θ = π/4. It can be seen that the steered beam has wider
beamwidth than the broadside beam, but these two beams still have the
same array factor directivity.
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Figure 3.5: Broadside beam is steered into θ = 45o

The relation between the beam direction and the beamwidth, which is called
as beam-broadening factor, can be approached by Eq. 3.27 [18, 19].

∆θ(θ = θ′) =
∆θ(θ = π/2)

sin θ′
(3.27)

where ∆θ(θ = θ′) is the beamwidth of beam at θ = θ′ direction and ∆θ(θ =
π/2) is the beamwidth of broadside beam at θ = π/2 direction. However, the
equation is not valid for the beamwidth at end-fire direction as 1/sin(0) =
∞.

Steering the beam into θ = θ′ direction can be done in two ways.

1. The first technique is by multiplying the codebook of broadside beam-
forming at θ = π/2 with the steering factor e−jm

2π
λ
dcos(θ′)

wθ′(m) = w0(m)e−jm
2π
λ
d cos θ′ (3.28)

where wθ′(m) is the codebook for the beam steered into θ′ direction, w0

is the codebook for the broadside beam, and m = 0, 1, ...,M − 1 is the
element index for array antenna that consists of M number antenna
elements.

2. The second technique of beam steering is by directly designing the
beam, where in this term we design with FSM-KW beamforming, with
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a specific beam direction and a specific beamwidth. If we define the
beamwidth of the steered beam by considering beam broadening factor
in Eq. 3.27, we will get the same codebook as in the first beam steering
technique. Thus, the sccaned beam will be the same as in the one
designed using the prior technique.

3.1.2 Sidelobe Attenuation Coefficient in FSM-KW Beam-
forming

In the Fourier series method beamforming, we can create array factor pattern
that will have radiation over a specific coverage angle only. However, by using
Fourier series method only, the array factor pattern still has fluctuations.
Thus, window technique is applied to reduce the fluctuations [12, 25].

Compared to other window functions, Kaiser window has a flexibility to adjust
the sidelobe attenuation parameter, considering the trade-off between beam
transition width and beam ripple [12]. Hence, our proposed beamforming will
be based on the Fourier series method with Kaiser window (FSM-KW). In
Figure 3.6 we can see that as the sidelobe attenuation parameter A increases,
the ripples will decrease but the beam will slightly widen. Thus, we need to
choose an appropriate sidelobe attenuation for the proposed beamforming.
Based on the trade-off between the percentage of power radiated by main
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Figure 3.6: Array factor in FSM-KW beamforming for various sidelobe
attenuation A (designed in fully-digital beamforming with M = 128)

lobe and the attenuation loss at the edge of beam coverage, as shown in
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Figure 3.7 and Figure 3.8 respectively, selecting 40 dB of sidelobe attenuation
in the proposed beamforming is justifiable.
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(BW) with M=128 number of antenna elements
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3.2 Beamforming Design Methodology

Solve the beam 

parameters for 

the highest level 

beamforming

Figure 3.9: An overview flowchart of the beamforming design

In general, the process of designing the proposed beamforming codebook
until we obtain beamforming codebook that is ready to be implemented can
be done following flowchart in Figure 3.9.

1. First, we need to define the beamforming parameters, consisting number
of beams in the highest beam level (K) and beam scanning coverage
(∆θc), that want to be designed. We also need to characterize the
hardware limitation parameters which are antenna element pattern,
number of antenna elements (M), and number of RF chains in the
hybrid beamforming design (NRF ).

2. Secondly, we need to solve the beam parameters (beam position and
beamwidth) of the highest level beams. The beam parameters will
depend on K, ∆θc, and antenna element pattern. We have to solve
this parameters (beam position and beamwidth) because low gain at
the edge of scanning coverage need to be compensated by giving high
array factor directivity while array factor directivity depends on the
beamwidth and the beam position. This process will be explained in
Subsection 3.2.1.

3. After beam parameters (beamwidth and beam position) for the highest
level beam are obtained, we can derive the beam parameters (beam-
width and beam position) for the lower level beam as explained in
Subsection 3.2.2.

4. After all beam parameters (beamwidth and beam position) are ob-
tained, we can design the beamforming codebook by using FSM-KW
beamforming as depicted in Subsection 3.2.3. The codebook designed
in this process is still an ideal codebook that can be implemented
only on digital beamforming architecture. Different number of antenna
elements M will give different digital codebook.
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5. The last process is designing codebook for hybrid beamforming archi-
tecture as described in Subsection 3.2.4. Digital beamforming with
large number of antenna elements is expensive and power consuming.
Therefore, hybrid beamforming architecture is preferred due to its
hardware simplicity that can reduce the number of RF chains without
losing significantly the beamforming performance. Nevertheless, the
number of optimum RF chains is out of our thesis area.

3.2.1 Solving the Highest Level Beamforming Parameters
(Beamwidth and Beam Position)

The proposed beamforming design when there are K possible beams (where
K = 2N) is illustrated in Figure 3.2. We start solving beam parameters
(beamwidth and beam position) from the highest level of beamforming. The
proposed beamforming has K number of finest beams. The beam design
is also symmetrical toward θ = π/2; the 1st beam is symmetrical to the
(N + 1)-th beam, the 2nd beam is symmetrical to the (N + 2)-th beam, and
so on. Therefore, to simplify the equation only the first N beam positions
out of K possible beams that need to be analyzed while the rest beams can
be defined later.

Since there are N beams that need to be analyzed, in total there will be
2N parameters consisting of N beam position parameters and N beamwidth
parameters that need to be solved. Hence, we will derive 2N equations to
solve the beam parameters. The position and the beamwidth of k-th beam
are denoted in radian as θk and ∆θk, respectively. In general, these 2N
equations can be derived into following three parts

1. The N equations can be set from the relation between beam position of
the k-th beam and the total beamwidth of several beams as illustrated
in Figure 3.10.

The sum of the half-beamwidth of the first beam and the position of
the first beam is π/2. The sum of the beamwidth of the first beam,
the half-beamwidth of the second beam, and the position of the second
beam is π/2 as well. This relationship is also applicable for the other
beams. Therefore, we can set N equations as depicted in Eq. 3.29.
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Figure 3.10: Illustration how to get Eq1, Eq2, and EqN

Eq1 =
∆θ1

2
+ θ1 −

π

2
= 0

Eq2 = ∆θ1 +
∆θ2

2
+ θ2 −

π

2
= 0

......

EqN = ∆θ1 + ...+ ∆θN−1 +
∆θN

2
+ θN −

π

2
= 0

. (3.29)

2. The next equation can be obtained from the relation between the total
beamwidth of N -beams and the scanning coverage ∆θc as shown in
Figure 3.11.

It can be seen that the total beamwidth of N beam is equal to the
scanning coverage ∆θc. Therefore, we can obtain Eq. 3.30 as the
(N + 1)-th equation.

EqN+1 = (∆θ1 + ...+ ∆θN )−∆θc = 0 (3.30)
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Figure 3.11: Illustration how to get EqN+1

3. The rest (N − 1) equations can be set from the relation between the
array factor of each beam and the gain of antenna element.

Array radiation pattern is a multiplication between the array factor
and the field pattern of antenna element. In the proposed beamforming,
each beam is expected to have the same gain or the same radiation
strength

Ekth beam = E(k+1)th beam (3.31)

By using Eq. 2.4 we can derive Eq. 3.31 into Eq. 3.32.

Eo(θk)×AF (θk,∆θk) = Eo(θk+1)×AF (θk+1,∆θk+1) (3.32)

where Eo(θk) denotes the element field pattern at a given angle direction
θk while AF (θk,∆θk) denotes the array factor function given angle
direction θk and beamwidth ∆θk. Therefore, to set the rest of equations
(EqN+2 until Eq2N ) based on Eq. 3.32, the radiation pattern of antenna
element and the array factor should have been known.

The proposed beamforming takes into account non-isotropic element
pattern, and it is designed for a specific element pattern. Thus, the
field pattern of a single antenna element should be known a priori. For
example, an useful approximation is that an element pattern can follow
a sinusoidal pattern in Eq. 3.33 [19, 34, 35], and this element pattern
can be depicted in Figure 3.12. The other element patterns will be
considered in Chapter 5.

Eno(θ) =

{
sin θ, for 0 ≤ θ ≤ π
0, otherwise

(3.33)

By using FSM-KW beamforming approach, a beam with a particular
beam direction and beamwidth can be easily designed. To estimate
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Figure 3.12: Normalized element beam pattern, Eno(θ) = sin θ

the array factor for a given direction (θ) and beamwidth (∆θ), first
of all, we need to analyze the array factor of broadside beam for
specific beamwidth ∆θo. Thus, we need to get the data of array
factor of broadside beam for arbitrary beamwidth in the FSM-KW
beamforming. This data is obtained in the modeling when we create
broadside beam in the FSM-KW beamforming approach.

The plot between the given beamwidth and the array factor in the
broadside direction θ = π/2 for arbitrary beamwidth is shown in
Figure 3.13. In this case, we use high number of antenna elements
which is 128. Since the curve is visually fit to the power function, the
curve is estimated by performing curve fitting with a power function
f(x) = axb + c and it gives a = 2.685, b = −0.2813, c = −1.252 with
RMSE = 0.0548. The estimated function is written in Eq. 3.34.

AF (∆θo) = 2.685(∆θo)
−0.2813 − 1.252 (3.34)

Eq. 3.34 gives the array factor for a given beamwidth in the broadside
direction ∆θ0. To find out array factor for an arbitrary beam direction,
we should consider beam broadening factor in Eq. 3.27. By joining
Eq. 3.27 and Eq. 3.34, we can obtain Eq. 3.35 that gives the array
factor for a specific beamwidth ∆θ and beam position θ.

AF (θ,∆θ) = 2.685[θ sin(∆θ)]−0.2813 − 1.252 (3.35)

Although the field pattern function in Eq. 3.33 is in the normalized
form, it is still relevant with Eq. 3.32. Eq. 3.32 aims to obtain the
multiplication between the array factor and the field pattern of antenna
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element for all beams is expected the same. Thus, changing the field
pattern with the normalized pattern will not change the equality in
Eq. 3.32. By using Eq. 3.33 and Eq. 3.35 in Eq. 3.32 for the first beam
until the N -th beam, we can set equations EqN+2 until Eq2N as seen
in Eq. 3.36.

EqN+2 = AF (θ1,∆θ1)× Eo(θ1)−AF (θ2,∆θ2)× Eo(θ2) = 0

EqN+3 = AF (θ2,∆θ2)× Eo(θ2)−AF (θ3,∆θ3)× Eo(θ3) = 0

...

Eq2N = AF (θN−1,∆θN−1)× Eo(θN−1)−AF (θN ,∆θN )× Eo(θN ) = 0
(3.36)

By solving these 2N equations (from Eq1 until Eq2N ), we can obtain the
desired beam parameters (beam position and beamwidth) for our proposed N
beams. In this thesis, we use nonlinear least-square solver(lsqnonlin) function
in MATLAB to solve these 2N equations. Due to its symmetrical position,
the other beam parameters can be obtained directly following ∆θ(k+N) = ∆θk
and θ(k+N) = π − θk where k = 1, ..., N .

The solutions (beamwidth and beam position parameters) that can satisfy
Eq1 until Eq2N for K = 8 number of possible beams and ∆θc = 120o of
scanning coverage are shown in Table 3.1. In this thesis we will focus to
design beams that has ∆θc = 120o since for a practical reason, the scanning
coverage of array antenna is limited maximum to ±60o from the broadside
direction or the maximum scanning coverage is ∆θc = 120o [18, 33].
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Table 3.1: Beam position and beamwidth parameters for K = 8 when
considering the element pattern Eo(θ) = sin θ

Beam Index k Beam Position θk (rad) Beamwidth ∆θk (rad)

1 1.419 0.303

2 1.113 0.310

3 0.830 0.256

4 0.613 0.178

5 1.722 0.303

6 2.029 0.310

7 2.311 0.256

8 2.529 0.178

3.2.2 Defining Lower Level Beamforming Parameters (Beam-
width and Beam Position)

In switched beamforming, the beams should be fixed and predefined. Hence,
a set of codebook that generates the beams for each level of beam-searching
must be set first. In our approach, we start defining beam parameters
(beamwidth and beam position) from the highest level of beamforming.
Then, the beam parameters at the lower level must be defined based on the
beam parameters at the highest level.

Beam in hierarchical beamforming approach must be refined at each level of
beamforming where at higher beamforming level, the beam will cover less
area. In order to reduce the number of training packets, our beamforming
uses hierarchical approach where there will be two beam candidates at each
beam-searching level. The beam hierarchy is shown in Table 3.2 where at the
higher level the number of possible beams is doubled. In this table, w(`, k)
denotes the k-th beam candidate at `-th level of beamforming.

Table 3.2: Beam hierarchy in the proposed beamforming

Beam-
searching
Level (`)

Codebook Structure

1 w(1, 1) w(1, 2)

2 w(2, 1) w(2, 2) w(2, 3) w(2, 4)

3 w(3, 1) w(3, 2) w(3, 3) w(3, 4) w(3, 5) w(3, 6) w(3, 7) w(3, 8)

... ...

log2K w(log2K, 1) ... w(log2K,K)

At the highest level beamforming (L-th level, where L = log2K) there will
be K = 2L beam candidates. The beam at the lower level is the combination
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Figure 3.14: Illustration of the proposed beamforming where one beams at
lower level covering two beams at higher level

of two adjacent beams at the higher level as illustrated in Figure 3.14. The
lower level beam w(`− 1, k) that has direction at θ(`− 1, k) will cover two
higher level beams which are w(`, 2k) and w(`, 2k − 1) with beam direction
at θ(`, 2k) and θ(`, 2k − 1) respectively. The beamwidth of lower level beam,
∆θ(`− 1, k), is the combination of these two adjacent beams in the higher
level, ∆θ(`, 2k − 1) and ∆θ(`, 2k)

∆θ(`− 1, k) = ∆θ(`, 2k − 1) + ∆θ(`, 2k) (3.37)

where 2 ≤ ` ≤ L and k = 1, ..., 2`.

The position of the lower level beam, θ(`−1, k), is at the center of two joined
adjacent beams in the lower level

θ(`− 1, k) =

{
[θ(`,2k−1)+∆θ(`,2k−1)/2]+[θ(`,2k)−∆θ(`,2k)/2]

2 for k ≤ N
[θ(`,2k−1)−∆θ(`,2k−1)/2]+[θ(`,2k)+∆θ(`,2k)/2]

2 for k > N,
(3.38)

where 2 ≤ ` ≤ L and k = 1, ..., 2`.

Based on the beam parameters (beamwidth and beam position) in the highest
level of beamforming as depicted in Table 3.1, beam parameters for all beam
candidates at each level of beam-searching can be defined following Eq. 3.37
and Eq. 3.38 as being explained in Algorithm 2. The beam parameters for
all level of beamforming are shown in Table 3.3.
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Algorithm 2: Define beam parameters (beamwidth and beam position)
in the lower level of beamforming based on the beam parameters in the
highest level of beamforming

Input :A set beamwidth parameters and beam position parameters
for K possible finest beams
[∆θ(log2K, 1),∆θ(log2K, 2), ...,∆θ(log2K,K)] and
[θ(log2K, 1), θ(log2K, 2), ..., θ(log2K,K)] respectively

Output :A full set of beamwidth parameters and beam position
parameters
{[∆θ(1, 1),∆θ(1, 2)], [∆θ(2, 1), ...,∆θ(2, 4)], ..., [∆θ(log2K, 1), ...,∆θ(log2K,K)]}
and
{[θ(1, 1), θ(1, 2)], [θ(2, 1), ..., θ(2, 4)], ..., [θ(log2K, 1), ..., θ(log2K,K)]}

1: L = log2K
2: ` = 1
3: while ` < L do
4: k = 1
5: while k ≤ 2L−` do
6: ∆θ(L− `, k) = ∆θ(L− `+ 1, 2k − 1) + ∆θ(L− `+ 1, 2k)
7: if k ≤ 2(L−`−1) then
8: θ(L− `, k) =

[θ(L−`+1,2k−1)+∆θ(L−`+1,2k−1)]+[θ(L−`+1,2k−1)−∆θ(L−`+1,2k)]
2

9: else
10: θ(L− `, k) =

[θ(L−`+1,2k−1)−∆θ(L−`+1,2k−1)]+[θ(L−`+1,2k−1)+∆θ(L−`+1,2k)]
2

11: end if
12: k + +
13: end while
14: `+ +
15: end while

3.2.3 Constructing Beamforming Codebook for Fully-Digital
Beamforming Architecture

After the beam parameters (beamwidth and beam position) for all beamform-
ing levels have been defined, we need to construct the beam by defining the
beamforming codebook, which represents the amplitude and phase changes
at each antenna element. The beams are designed based on the Fourier
series method with Kaiser window (FSM-KW) beamforming with sidelobe
attenuation level A = 40 dB.

The beam codebook with M number of antenna array elements in the
fully-digital beamforming can be designed by using antenna parameters
(beamwidth and beam position) in Table 3.3 and recalling Eq. 3.26 as
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Table 3.3: Beamwidth and beam position parameters in the proposed uniform
beamforming when K = 8

Beam Beam parameters:
searching AWVs index
Level (`) Beamwidth (rad)

Beam position (rad)

3 w(3, 1) w(3, 2) w(3, 3) w(3, 4) w(3, 5) w(3, 6) w(3, 7) w(3, 8)
0.303 0.310 0.256 0.178 0.303 0.310 0.256 0.178
1.419 1.112 2.529 0.613 1.722 2.029 2.312 2.529

2 w(2, 1) w(2, 2) w(2, 3) w(2, 4)
0.613 0.434 0.613 0.434
1.264 0.741 1.877 2.401

1 w(1, 1) w(1, 2)
1.0472 1.0472
1.0472 2.094

follow

w(m) = wwindow(m)e−jβψo
sin (βψb)

πβ
for m = 0, 1, ....,M − 1 (3.39)

where wwindow(m) is the Kaiser window sample with window length M and
β = m− (M − 1)/2 while ψo and ψb are given as follows

ψo =
1

2
kd(cos θ1 + cos θ2) (3.40)

ψb = kd sin(θc) sin(
ψb
2

) +
2πD

M − 1
(3.41)

where D is

D =

{
A−7.95
14.36 , ifA > 21

0.922, ifA ≤ 21
(3.42)

θc is the beam position, and the beam coverage θ1− θ2 can be obtained from
the beam position θc and the beamwidth parameters ∆θ as follows

θ1 = θc −
1

2
∆θ

θ2 = θc +
1

2
∆θ

(3.43)

All beam candidates when the beams are constructed in the digital beam-
forming architecture with M = 64 are shown in Figure 3.15, Figure 3.16,
and Figure 3.17 for the first, the second, and the third level of beamforming
respectively.
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Figure 3.15: The first level of beamforming (K = 2) constructed with
fully-digital beamforming architecture (M = 64)
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Figure 3.16: The second level of beamforming (K = 4) constructed with
fully-digital beamforming architecture (M = 64)
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Figure 3.17: The third level of beamforming (K = 8) constructed with
fully-digital beamforming architecture (M = 64)

3.2.4 Constructing Beamforming Codebook for Hybrid Beam-
forming Architecture

Since the proposed beamforming requires a large number of antenna elements
that will lead to a large number of RF chains (as the same as the number of
antenna elements), implementation in digital beamforming is not feasible.
For example, if we use M = 64 number of antenna elements, we require
NRF = 64 number of RF chains in the digital beamforming. As a solution, the
beamforming must be implemented in hybrid beamforming. In our approach,
we use geometric approach algorithm [31] shown in Algorithm1.

First, the algorithm takes the ideal fully-digital codebook for each beam
which has been designed in the Subsection 3.2.3 at each level of beamforming.
This ideal fully-digital codebook w ∈ CM×1 with M = 64 number of antenna
elements will be approached with the RF codebook wRF ∈ CM×NRF and the
baseband codebook wBB ∈ CNRF×1. In this case, we use NRF = 8 to show
that with low number of RF chains, the hybrid beamforming can approach
almost the same beam quality in the fully-digital beamforming. The optimum
number of RF chains is outside our thesis area since the preference of number
of RF chains will depend on the hardware cost preference.

In the algorithm, the RF codebook wRF and the residual matrix wres are
initialized. The algorithm set the residual column wres with maximum norm
and appends its mapped version S(wres) to the current RF codebook Wres.
S(v) is an operator that maps the vector v into the closest vector attainable
with 2-bit RF phase shifter.

The algorithm then updates the residual matrix Wres with the objective
to make Wres = Wres − δS(Wres) close to zero. It means that we need to
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find δ ∈ C so that

Wres(i)− δS(Wres)(i) ≈ 0 ∀i ≤M (3.44)

The algorithm finds δ as equivalent to find the good center for the set
points Wres

S(Wres)(i) which are distributed over π/2 circular sector as seen

in Figure. Each Wres(i)
S(Wres)(i) has a complex modulus Wres(i) and complex

argument between −π/4 and π/4 since S(Wres) maps Wres to the closest
points with 2-bit RF phase shifter. The algorithm divide the π/2 circular
sector into two sub-sector which are north pole and south pole. The border
line between the north pole and the south pole is (wmax + wmin)/2 where
wmax = max

i
|Wres(i)| and wmin = min

i
|Wres(i)|. The points are located in

the north pole if the modulus is greater or equal to (wmax + wmin)/2 while
the others are located in the south pole. The algorithm focuses on finding
Wres locating in the south pole and calculates their mean value δ′. If δ′ is
in the north pole, δ is set to be δ = δ′

|δ′|
wmax+wmin

2 . Line 15-19 then updates
the residual matrix.

The process is repeated until all NRF codebook vectors are selected. The
algorithm normalizes wBB to satisfy ||wRF [wBB]:,i||22. Finally, we get the
predefined RF codebook wRF and the predefined baseband codebook wBB

which are ready to be implemented in the systems.

The result of all possible beam candidates at each level of beamforming
by using hybrid beamforming with NRF = 8 number RF chains is shown
in Figure 3.18, Figure 3.19, and Figure 3.20, respectively for the first, the
second, and the third level of beamforming.
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Figure 3.18: The first level of beamforming (K = 2) constructed with hybrid
beamforming architecture (M = 64, NRF = 8)

55



0

30

60
90

120

150

180

210

240
270

300

330

0

1

2

(a) Array Factor

0

30

60
90

120

150

180

210

240
270

300

330

0

0.5

1

1.5

2

(b) Array Beam Pattern

Figure 3.19: The second level of beamforming (K = 4) constructed with
hybrid beamforming architecture (M = 64, NRF = 8)
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Figure 3.20: The third level of beamforming (K = 8) constructed with hybrid
beamforming architecture (M = 64, NRF = 8)
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From the beamforming candidates depicted in Figure 3.18, Figure 3.19, and
Figure 3.20, the beamforming will follow hierarchical approach as shown in
Figure 3.21 and Figure 3.22. Beamforming starts at the first level where
there are two beam candidates that need to be selected. The best selected
beam then will be divided into two other beam candidates at higher level
following hierarchical beamforming approach until the best beam in the finest
level of beamforming is obtained.
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Figure 3.21: Beam-searching in the proposed uniform beamforming when
w(1, 1) is selected for three level of beamforming (designed in hybrid beam-
forming architecture with M = 64 and NRF = 8)
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Figure 3.22: Beam-searching in the proposed uniform beamforming when
w(1, 2) is selected for three level of beamforming (designed in hybrid beam-
forming architecture with M = 64 and NRF = 8)
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Chapter 4

Beamforming Realization

The proposed beamforming is designed by considering practical element
pattern since isotropic element pattern is unrealistic to be achieved. Thus, in
Chapter 3, the mechanisms how to design the beams are presented by taking
an assumption that the element pattern follows sinusoidal pattern. This sinus-
oidal assumption is taken for simplicity reason where usually beam pattern
in a patch antenna element is close to sinusoidal pattern. Nevertheless, in
this chapter, two other element beam patterns, which are more realistic than
sinusoidal pattern, are used to design the proposed beamforming following
the procedures in Chapter 3. We also design beamforming with different
scanning coverage ∆θc. The impact of the number of antenna elements on
beam pattern also will be observed in this chapter. Beamforming in the
hybrid beamforming design also will be observed for different number of RF
chains NRF and different number of simultaneous beams Ns.

4.1 Beamforming in Different Element Patterns

In this section, there are two different element patterns. These two element
patterns are based on the real design of 60 GHz antennas. The first element
pattern in Figure 4.1 is designed in [36] and it has a maximum gain of 7.2 dBi.
This antenna structure design can be seen in Figure 4.2 where it consists of
two substrate layers, RO3003 for the upper layer and quartz for the lower
layer. With its compact size, Pω = 1.7 mm and Pl = 1.2 mm, this antenna
can be implemented in our proposed beamforming that has element spacing
of λ/2 = 2.5 mm.

For the second element pattern in Figure 4.3, we use beam pattern designed
in [37] with a maximum gain of 3.8 dBi. The antenna is fabricated in
silicone substrate with the structure shown in Figure 4.4. This antenna is
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Figure 4.1: Element pattern of the first antenna (dBi)

Figure 4.2: Antenna structure of the first antenna element [36]

a half-circle antenna with 0.479 mm of size, so it also can be used in the
proposed beamforming with element spacing of λ/2 = 2.5 mm.

From these two element beam patterns, first of all we need to obtain a function
that can give such element pattern in the desired beam pattern angle direction
by performing curve fitting along 0 ≤ θ ≤ π/2. The curve fitting is done
along 0 ≤ θ ≤ π/2 only since the element radiation has symmetrical pattern
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Figure 4.3: Element pattern of the second antenna (dBi)

Figure 4.4: Antenna structure of the second antenna element [37]

and it is intended to radiate above the ground plane.

Beam patterns shown in Figure 4.1 and Figure 4.3 are the gain patterns.
On the other hand, our approach uses field pattern to design the beams.
Therefore, in the beginning, we need to convert the gain pattern into field
pattern. Since field is proportional to the square root of gain, we do curve
fitting in the square root of gain.
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At θ = 30o (the direction of the lowest gain in 120o of scanning coverage),
both antenna elements have 0.42 dBi and -0.02 dBi of gain for the first and
the second antenna, respectively. To perform curve fitting, we consider that
error must be less than 0.1 dB. If we take 0 dBi (or 1 in linear unit) of element
gain as the baseline, 0.1 dB of gain error is equal to 0.02 of gain in linear unit
or 0.01 of the square root of gain. Therefore, we define that the curve fitting
in the square root of gain have to give root-mean-square error (RMSE) less
than 0.01 for both element patterns.
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Figure 4.5: Curve fitting of the first antenna field pattern (square root of
gain)

The curve fitting for the first antenna element is shown in Figure 4.5.
By performing curve fitting in the polynomial function, we get 4th or-
der of polynomial function that can represent the first beam pattern along
0 ≤ θ ≤ π/2

E′1(θ) = p1θ
4 + p2θ

3 + p3θ
2 + p4θ + p5 (4.1)

where p1 = −0.8841, p2 = 2.138, p3 = −1.168, p4 = 1.067 and p5 = 0.5662.
The 4th order of polynomial is chosen as it can give RMSE = 0.0069, which
is less than 0.01.

By using M = 64 antenna elements, we design beamforming that consists of
K = 16 beam patterns as seen in Figure 4.6. This beamforming has scanning
coverage ∆θc = 120o along its broadside direction. It is shown in Figure 4.6a
that the array factor in the end-fire direction is higher than the one close
to the broadside direction. High array factor in the low angle direction is
needed to compensate the gain drop. As a result, the array beam pattern
has relatively uniform gain as seen in Figure 4.6b. The beam at θ = 90o has
gain of 16.25 dBi while the beam at θ = 0o has gain of 13.82 dBi. It means
that the gain drop is only 2.43 dB, which is smaller than the gain drop in the
element beam pattern. The element pattern has gain of 7.20 dBi at θ = 90o

and 0.41 dBi at θ = 30o, so the gain drop in the element beam pattern is
6.79 dB.
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Figure 4.6: Array factor and beam pattern in the proposed beamforming
(K = 16, ∆θc = 120o) considering element beam pattern I (designed in the
fully digital beamforming with M = 64)
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Figure 4.7: Curve fitting of the second antenna field pattern (square root of
gain)

For the second element beam pattern, we also perform curve fitting along
0 ≤ θ ≤ π/2 by using polynomial function and we obtain the result as

E′1(θ) = p1θ
3 + p2θ

2 + p3θ + p4 (4.2)

where p1 = −0.2323, p2 = 0.389, p3 = 0.5438, and p4 = 0.6383. This 3rd
order polynomial of curve fitting gives RMSE = 0.0033.

Beam patterns that consider the second element pattern are shown in Fig-
ure 4.8. This beamforming has gain of 14.29 dBi at θ = 90o and 12.34 dBi
at θ = 30o which means the gain degradation is 1.95 dB. Compared to its
element pattern that has gain of 3.8 dBi at θ = 90o and -0.02 dBi at θ = 30o or
the gain drop is 3.82 dB, the gain degradation in the proposed beamforming
is smaller than the one in the element beam pattern.
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Figure 4.8: Array factor and beam pattern in the proposed beamforming
(K = 16, ∆θc = 120o) considering element beam pattern II (designed in the
fully digital beamforming with M = 64)

4.2 Beamforming for Different Scanning Coverage

Beam patterns based on two element patterns in [36] and [37] are shown
in Section 4.1. Henceforth, we will only use the first element beam pattern
(as seen in Figure 4.1) as the element pattern assumption. Beamforming
with scanning coverage ∆θc = 60o is shown in Figure 4.9 while another
beamforming that can cover ∆θc = 90o is shown in Figure 4.10.
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Figure 4.9: Array factor and array beam pattern in the proposed beamforming
(K = 16, ∆θc = 60o) constructed in the fully digital beamforming (M = 64)
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Figure 4.10: Array factor and array beam pattern in the proposed beam-
forming (K = 16, ∆θc = 90o) constructed in the fully digital beamforming
(M = 64)

Table 4.1: Beamforming gain for various scanning coverage ∆θc

Scanning Coverage Gain at the Gain at the edge Gain Drop
∆θc broadside (dBi) of scanning coverage (dBi) (dB)

60o 19.52 18.11 1.41

90o 17.86 15.80 2.06

120o 16.25 13.82 2.43

We can see from Figure 4.9 and Figure 4.10 that by narrowing scanning
coverage, the gain will be higher. Although it gives higher gain, narrowing
scanning coverage gives consequence that multiple array antenna systems
must be used to cover 360o. By using ∆θc = 120o of scanning coverage, there
are only three antenna systems needed to cover 360o. However, with only
∆θc = 90o of scanning coverage, there must be four antenna systems.

In Table 4.1 we can see that beamforming with large scanning coverage
suffers high gain degradation at low angle since the array antenna cannot
compensate low gain in element pattern with high array factor. With a
limited number of antenna elements, the antenna system cannot create a very
narrow beam that will give high array factor. Larger scanning coverage also
has lower gain since each beam will have larger beamwidth than in narrower
scanning coverage. As a consequence, gain in the large scanning coverage
will decrease.
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4.3 Beamforming for Different Number of Antenna
Elements

Heretofore we design antenna beamforming using M = 64 antenna elements.
As already stated before, the larger the number of antenna elements, the more
precision beam patterns will be obtained in terms of the desired beamwidth
and the small ripple. However, a large number of antenna elements is not
preferable as the antenna dimension and the cost will increase.

In this section, we show beamforming with K = 16 beam candidates which
are constructed using M = 32 and M = 64 antenna elements as seen in
Figure 4.11 and Figure 4.12 respectively. The beamforming has scanning
coverage ∆θc = 120o. We can see that as the number of antenna elements
increases, beam intersection between adjacent beams decrease.
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(b) Array beam pattern (dBi)

Figure 4.11: Array factor and beam pattern in the proposed beamforming
(K = 16, ∆θc = 120o) constructed in the fully-digital beamforming (M = 32)

Table 4.2 shows the gain degradation from the broadside direction to the edge
of beam scanning coverage direction. Beamforming designed with M = 32
has lower gain compared to the one created with M = 128. It can happen
due to beam overlapping that increases when the number of antenna elements
is reduced. A small number of antenna elements cannot construct beam with
high precision (fit to the desired beamwidth), so the beam transition will be
larger.
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Figure 4.12: Array factor and beam pattern in the proposed beamforming
(K = 16, ∆θc = 120o) constructed in the fully-digital beamforming (M =
128)

Table 4.2: Beamforming gain for various number of antenna elements

Number of Gain at the Gain at the Gain Drop
Antenna Elements M broadside (dBi) edge of beam (dBi) (dB)

32 15.38 11.87 3.51

64 16.25 13.82 2.43

128 16.70 15.39 1.31

4.4 Beamforming in Hybrid Architecture for Dif-
ferent Number of RF Chains

The proposed beamforming shown in the Section 4.1, Section 4.2, and
Section 4.3 are constructed in the fully-digital architecture. In this section, we
will show the proposed beamforming constructed in the hybrid beamforming
architecture with various number of RF chains. The beams are designed for
scanning coverage ∆θc = 120o, number of finest beams K = 16, and number
of antenna elements M = 64. We investigate various number of RF chains
for NRF = 2, NRF = 4, NRF = 8, and NRF = 16 which are depicted in
Figure 4.13, Figure 4.14, Figure 4.15, and Figure 4.16, respectively.

From Table 4.3 we can see that actually the gain at the edge of scanning
coverage and at the broadside direction do not change too much for various
number of RF chains (except when NRF = 2). However, if we see Figure 4.13,
Figure 4.14, Figure 4.15, and Figure 4.16, as the number of RF chains
increases, the beams will be closer to the fully digital beamforming depicted
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Figure 4.13: Array factor and beam pattern in the proposed beamforming
(K = 16 and ∆θc = 120o) constructed in the hybrid beamforming architecture
(M = 64, NRF = 2)
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Figure 4.14: Array factor and beam pattern in the proposed beamforming
(K = 16 and ∆θc = 120o) constructed in the hybrid beamforming architecture
(M = 64, NRF = 4)

in Figure 4.6. We can see that for a small number of RF chains NRF = 4, the
beams in the hybrid beamforming looks similar with the beams in the fully
digital beamforming. Therefore, hybrid beamforming architecture is very
effective to reduce the hardware complexity without significantly affecting
the beam pattern quality.
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Figure 4.15: Array factor and beam pattern in the proposed beamforming
(K = 16 and ∆θc = 120o) constructed in the hybrid beamforming architecture
(M = 64, NRF = 8)
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Figure 4.16: Array factor and beam pattern in the proposed beamforming
(K = 16 and ∆θc = 120o) constructed in the hybrid beamforming architecture
(M = 64, NRF = 16)

Table 4.3: Beamforming gain for various number of antenna elements

Number of Gain at the Gain at the Gain Drop
RF chains NRF broadside (dBi) edge of beam (dBi) (dB)

2 17.09 12.72 4.37

4 16.48 13.68 2.80

8 16.32 13.75 2.57

16 16.37 13.72 2.65

64 16.36 13.72 2.64
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4.5 Beamforming in Hybrid Architecture Perform-
ing Simultaneous Beams

ADC

LO

LO

Baseband

M Nw N
RF w

Antenna
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Shifter
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LNA

ADC

RF
BB

s(1)

s(2)

s(N )S

Figure 4.17: Hybrid beamforming architecture showing the ability to transmit
multiple beams

Hybrid beamforming has ability to transmit multiple independent beams
simultaneously by using only one array antenna system. Therefore, it is
possible to communicate with several devices simultaneously by using only
one antenna system. Hybrid beamforming architecture with M number of
antenna elements and NRF number of RF chains is shown in Figure 4.17. This
hybrid beamforming architecture is able to create Ns multiple independent
beams simultaneously. These independent beams can be designed with
beam codebook w ∈ CM×Ns where each column vector represents the beam
codebook for one independent beam. The beam codebook can be approached
by w = wRFwBB where wRF ∈ CM×NRF is the RF codebook and wBB ∈
CNRF×Ns is the baseband codebook.

Figure 4.18 shows the third level beamforming examples for several number
of simultaneous beams. The beams are designed in the hybrid beamforming
with 2-bit of phase shifter resolution, number of antenna elements M = 64,
and number of RF chains NRF = 8. We can see that as the number of
simultaneous beams increases, the beam pattern quality will degrade. When
number of simultaneous beams Ns = 5, the beam patterns are severely

72



degraded. When we change the number of RF chains to be NRF = 16, the
beams degrades severely when Ns > 8. Therefore, for 2-bit phase shifter
resolution, the number of simultaneous beams must be kept Ns ≤ NRF /2 as
also suggested in [31].
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(b) Ns = 3 simultaneous beams (dBi)
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(c) Ns = 4 simultaneous beams (dBi)
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(d) Ns = 5 simultaneous beams (dBi)

Figure 4.18: Simultaneous beams in the fourth level of beamforming, con-
structed in the hybrid beamforming architecture (M = 64,NRF = 8) for
various number of simultaneous beams Ns
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(a) Ns = 2 simultaneous beams (dBi)
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(b) Ns = 4 simultaneous beams (dBi)
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(c) Ns = 8 simultaneous beams (dBi)
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(d) Ns = 9 simultaneous beams (dBi)

Figure 4.19: Simultaneous beams in the fourth level of beamforming, con-
structed in the hybrid beamforming architecture (M = 64,NRF = 16) for
various number of simultaneous beams Ns
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Chapter 5

Beamforming Performance

Our proposed beamforming and the other beamforming techniques mentioned
in Chapter 2 have different coverage area. Instead of covering 360o with
only one antenna systems as in IEEE 802.15.3c, DFT-based, or FSM-KW
beamforming, one antenna system in the proposed beamforming has a limited
beamforming coverage which is more realistic in the implementation. Hence,
to cover 360o more than one antenna systems are needed in the proposed
beamforming.

In this chapter, we will analyze the effectiveness of the proposed beamforming
compared to the classical FSM-KW beamforming in [12]. In this scenario,
beamforming, either in the proposed beamforming approach or in the FSM-
KW beamforming approach, has scanning coverage ∆θc = 120o, which is the
maximum scanning coverage of array antenna in practical. The beamforming
performance is also analyzed by calculating the received SNR considering
only large scale fading when the proposed beamforming is designed in hybrid
beamforming with the geometric approach algorithm by using M = 64 of
antenna element number and NRF = 8 of RF chains.

5.1 Gain Variations

Ideally, to cover beam searching area there will be K number of finest
beam candidates with equal gain at any covered direction. However, in the
beamforming design, there will be a gap between the adjacent beams that
causes cusping loss especially in IEEE 802.15.3c and DFT-based beamforming.
In the Fourier series method there are still some ripples in the beam, though
the ripple variations within its beamwidth are not significant. Therefore, the
beam gain will vary at different direction.
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Figure 5.1: Gain variations in IEEE 802.15.3c beamforming

Beamforming designs in mmWave communications do not consider non-
isotropic element beam pattern. As a result, the gain will degrade at low
angle direction following the beam degradation in the element pattern when
the non-isotropic element is taken into account. This phenomenon can be
seen in Figure 5.1, Figure 5.2, Figure 5.3, and Figure 5.4 for IEEE 802.15.3c
beamforming, DFT beamforming, FSM-KW beamforming, and the proposed
beamforming respectively. This beamforming design takes assumption that
the element pattern follows the first element pattern in Figure 4.1 with 7.2 dB
of maximum gain. In these figures, we plot the best achievable gain at each
angle direction for all beam candidates.

We plot the gain in IEEE 802.15.3c and DFT-based beamforming starting
from K = 4 of number beam candidates at the first level since this is
the minimum number of beam candidates that can be obtained in these
beamforming techniques. However, we can start beamforming in the FSM-
KW and the proposed one with K = 2. Comparing these beamforming
techniques, IEEE 802.15.3c gain plot shown in Figure 5.1 has the biggest
beam variation due to its largest cusping loss. In Figure 5.2, DFT-based
beamforming, which requires more flexible phase shift adjustment than IEEE
802.15.3c beamforming, has less gain fluctuation compared to IEEE 802.15.3c
beamforming as all beams in DFT-based beamforming can reach the same
maximum gain.

FSM-KW beamforming, as seen in Figure 5.3, gives the smallest fluctuations
compared to IEEE 802.15.3c and DFT-based beamforming. FSM-KW beam-
forming also has better spatial filtering, where the beam only has radiation
along its desired beamwidth, compared to the other beamforming techniques
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Figure 5.2: Gain variations in DFT beamforming
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Figure 5.3: Gain variations in FSM-KW beamforming
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Figure 5.4: Gain variations in the proposed beamforming

Table 5.1: Gain at the broadside direction and the edge of its desired coverage
angle in IEEE 802.15.3c beamforming

Number of Beam
Candidates K

Gain at
θ = 90o (dBi)

Gain at
θ = 30o (dBi)

Gain Drop (dB)

4 10.21 3.24 6.97

8 13.22 5.66 7.56

16 16.23 8.45 7.78

32 19.24 11.40 7.84

so that the overlapping between the adjacent beams can be minimized. As a
result, FSM-KW beamforming has a slightly higher gain than IEEE 802.15.3c
and DFT-based beamforming. Nevertheless, FSM-KW beamforming does
not consider non-isotropic element beam pattern, so the gain will drop
significantly at low beam scanning angle.

The proposed beamforming in Figure 5.4 shows relatively flat beam pattern
compared to FSM-KW beamforming. However, in the broadside direction,
the proposed beamforming has lower gain than the previous beamforming
techniques since the broadside beam in the proposed beamforming has larger
beamwidth than the one in the FSM-KW beamforming.

The comparison of gain at the edge of the desired scanning coverage (θ = 30o)
and at the broadside direction (θ = 90o) for each beamforming techniques can
be seen in Table 5.1, Table 5.2, Table 5.3, and Table 5.4. From these tables, it
can be said that in general the gain degradation from the broadside direction
(θ = 90o) to the edge of scanning coverage (θ = 30o) for IEEE 802.15.3c
beamforming, DFT-based beamforming, and FSM-KW beamforming are
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Table 5.2: Gain at the broadside direction and the edge of its desired coverage
angle in DFT beamforming

Number of Beam
Candidates K

Gain at
θ = 90o (dBi)

Gain at
θ = 30o (dBi)

Gain Drop (dB)

4 10.21 2.84 7.37

8 13.22 6.42 6.80

16 16.23 9.38 6.85

32 19.24 12.15 7.09

Table 5.3: Gain at the broadside direction and the edge of its desired coverage
angle in FSM-KW beamforming

Number of Beam
Candidates K

Gain at
θ = 90o (dBi)

Gain at
θ = 30o (dBi)

Gain Drop (dB)

2 10.35 2.94 7.41

4 12.98 6.00 6.99

8 15.59 8.68 6.91

16 17.82 11.07 6.75

32 19.75 12.94 6.81

Table 5.4: Gain at the broadside direction and the edge of its desired coverage
angle in the proposed beamforming

Number of Beam
Candidates K

Gain at
θ = 90o (dBi)

Gain at
θ = 30o (dBi)

Gain Drop (dB)

2 10.80 3.60 7.19

4 12.14 8.75 3.39

8 14.22 11.82 2.40

16 16.29 13.84 2.45

32 18.22 15.12 3.09
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close to the gain degradation in the element pattern which is 6.79 dB. By
using the proposed beamforming, the beam degradation can be reduced to
around 3 dB depending on the beam-searching level.

Beam degradation in the proposed beamforming will reach minimum until a
certain level. It will increase again in the high beam-searching level when
the beamforming cannot design very narrow beam (to give high array factor)
at the edge of scanning coverage direction with a fixed number of antenna
elements.

In general, the proposed beamformng has higher gain at the edge of beam
than the FSM-KW beamforming. For example, when K = 32 at θ = 30o the
proposed beamforming has gain of 15.12 dBi while the FSM-KW beamforming
has gain of 12.94 dBi, so there is 2.18 dB of gain improvement. Nevertheless,
this improvement should be paid with low gain in the broadside direction.
The proposed beam at broadside direction has a slightly lower gain than
the FSM-KW beam which are 18.22 dBi and 19.75 dBi for the proposed
beamforming and the FSM-KW beamforming respectively.

5.2 Received Signal Quality Analysis

To measure the effectiveness of the proposed beamforming compared to
FSM-KW beamforming, we calculate the received signal-to-noise ratio (SNR)
where STA1 acts as the transmitter while STA2 is the receiver. In this case
we only consider the large scale channel fading in the indoor environment
and also there is only a single beam (Ns = 1) created at one time. Maximum
transmitted power, Ptx is set to 10 dBm. The SNR calculations are done
for 1000. For all beam-searching level, the beams are designed in hybrid
beamforming architecture with M = 64 antenna elements and NRF = 8 RF
chains.

We set such that STA1 and STA2 are separated with 10 m of distance, and
these two devices can perform beamforming through its 120o of scanning
coverage as seen in Figure 5.5. The STA1 and STA2 orientation is set
randomly for each measurement using MATLAB normal distribution pseudo-
random generator. However, the STA1 position is always in the 120o scanning
coverage of the STA2 and vice versa, the STA2 position is always in the
120o scanning coverage of the STA1. In this case, the STA1 will act as the
transmitter while the STA2 is the receiver.

Path-loss model for indoor environment in the large scale channel fading can
be expressed as

L(d) = L(d0) + 10nlog10

(
d

d0

)
+XΩ [dB] (5.1)
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Figure 5.5: Illustration of measuring received signal quality
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where L(d) is path loss in dB at distance d, L(d0) is the reference path loss in
dB at distance d0, n is path-loss exponent, and XΩ is shadowing component
which has Gaussian distribution with zero mean and Ω standard deviation.
For generic LOS condition in indoor environment, L(d0) = 68 dB, n = 1.7
and Ω = 1.8 dB [38].

The received SNR can be calculated as

SNR = Ptx +Gtx +Grx − L− [174 dBm/Hz + 10log(B) +NF ] [dB]
(5.2)

where Ptx is transmitted power which is set to 10 dBm, Gtx is transmit
antenna gain, Grx is receive antenna gain, B is channel bandwidth which is
2.16 GHz and NF is noise figure which is set to 8 dB.

The average received SNR results are depicted in Figure 5.6 where the pro-
posed beamforming a little bit outperforms FSM-KW beamforming. It can be
seen that in average, the proposed beamforming has a slightly higher received
SNR than the FSM-KW beamforming due to the coverage angle limitation in
the proposed beamforming. However, as the beam-searching level increases,
the average received SNR difference between FSM-KW beamforming and
the proposed beamforming will be less. This can happen since for a limited
number of antenna elements the proposed beamforming cannot accommodate
to design a highly narrow beam as the beam-searching level increases where
in the high level of beam-searching, the proposed beamforming has to create
a very narrow to maintain the gain level equals.

Hybrid beamforming in our simulation scenario that uses NRF = 8 number of
RF chains nearly does not affect on the beamforming performance (average
SNR). We can see that the proposed beamforming, both for hybrid beam-
forming and fully-digital beamforming, have almost the same average SNR.
Thus, we can conclude that the hybrid beamforming really helps reducing the
hardware complexity, where in our case fully-digital beamforming must use
M = 64 number of RF chains and hybrid beamforming only requires NRF = 8
number of RF chains, without sacrificing the beamforming quality.

Figure 5.7 and Figure 5.8 show the box plot of received SNR data for the
FSM-KW beamforming and the proposed beamforming, respectively. These
box plots show the distribution of the received SNR, especially 25th percentile
and 75th percentile of the data shown in the blue box of the box plot. The
25th percentile means that 25% of the SNR data is below 25th percentile
value, and so does 75th percentile means that 75% of the SNR data is below
75% percentile value. From Figure 5.7 and Figure 5.8, visually we can see
that the proposed beamforming has less distance between the 25th percentile
and the 75th percentile than the FSM-KW beamforming, which means the
variance in the proposed beamforming is less than the FSM-KW beamforming.
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Figure 5.6: Average received SNR for 1000 iterations in the FSM-KW
beamforming and the proposed uniform beamforming

The proposed beamforming distribute the beam gain for all beam candidates
so that the beam candidates have equal gain. Compared to the FSM-KW
beamforming, in the proposed beamforming the gain at the edge of scanning
coverage increases with the cost of gain decreasing in the broadside direction.
As result, the received signal quality in the same distance for any direction
within the scanning coverage is relatively the same.

In the proposed beamforming, the received signal quality in the broadside
direction will not be as high as in the FSM-KW beamforming. However, in the
direction close to the end-fire, the received signal quality can be maintained
not to degrade too much so that in this direction the proposed beamforming
has higher SNR than the one in the FSM-KW beamforming. This signal
quality improvement for low percentile can be seen in the 25th percentile of
received SNR depicted in Table 5.5 where the proposed beamforming has
higher 25th percentile SNR than the FSM-KW beamforming with the cost of
lower 75th SNR in the proposed beamforming than the one in the FSM-KW
beamforming.

The proposed beamforming can achieve the objective to create relatively
uniform gain within the desired scanning coverage so that the beam at the
edge of coverage will not degrade severely. By maintaining the gain level and
implementing several antenna systems to cover 360o, it is expected that for
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Figure 5.7: Box plot data of the received SNR for 1000 iterations in the
FSM-KW beamforming (hybrid beamforming M = 64,NRF = 8)
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Figure 5.8: Box plot data of the received SNR for 1000 iterations in the
proposed beamforming (hybrid beamforming M = 64,NRF = 8)
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Table 5.5: 25th percentile and 75th percentile comparison of received SNR
in the proposed beamforming and the FSM-KW beamforming

Beam-searching
Level

Received SNR (dB)
25th Percentile 75th Percentile

FSM-KW
beamform-

ing

Proposed
beamform-

ing

FSM-KW
beamform-

ing

Proposed
beamform-

ing

1 10.48 11.69 15.40 16.58

2 16.36 17.94 21.27 20.89

3 21.74 23.22 26.65 25.97

4 27.14 28.62 32.11 30.98

5 31.79 33.15 36.58 35.67

the same distance the signal quality can be received relatively uniform in
all direction. Therefore, the signal quality at the edge of scanning coverage
will not degrade too much, and the devices can be put at any orientation
without significantly affecting the signal quality.
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Chapter 6

Conclusion and Future
Work

6.1 Conclusion

Communication in the 60 GHz band offers ultra high data rate. Providing
7 GHz of bandwidth, it can achieve multi-gigabit data rate. However, its
high frequency not only provides high bandwidth but also gives greater losses
compared to 2.4 GHz and 5 GHz band. Thus, the received signal in the
60 GHz will weaken severely.

Due to its high losses, beamforming becomes an essential technique in the
60 GHz communications by giving additional gain through its narrow beam.
Analog beamforming is used in IEEE 802.115.3c and IEEE 802.11ad to
simplify the hardware implementation. This analog beamforming limits the
beamforming design such as beam intersection between the adjacent beams.
To find the best beam pair, these two IEEE standards exploits two-level
hierarchical beam-searching approach. However, in the high-resolution narrow
beam, the beam-searching mechanism still can cause overhead. Therefore,
we consider to use hierarchical beam-searching approach, where there are
multi-level of beam-searching, to reduce the number of training packets.

FSM-KW beamforming, which offers design flexibility but requires more
complex hardware implementation, can be used in the hierarchical beam-
searching approach, where at each stage of beam-searching the interest area
is narrowed. FSM-KW beamforming also has small beam intersection that
can reduce interference. However, to the best author knowledge, there is no
beamforming design in mmWave communications that consider non-isotropic
element beam pattern in their design.

Prior beamforming designs take the assumption that element beam pattern is
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isotropic, which is unrealistic. As a result, the beamforming that is designed
in array antenna consisting of several patch antenna elements will suffer gain
degradation in the direction close to end-fire direction. The gain of each
beam will vary depending on the angle direction where beam close to the
end-fire direction has smaller gain than the one in the broadside direction.
Thus, the signal quality will depend on the antenna orientation where the
signal quality in the direction near to the end-fire direction will be worse
than the one in the broadside direction.

The proposed beamforming is designed based on FSM-KW beamforming due
to its flexibilities to set the beamwidth and to reduce the beam ripples. Beam-
width adjustment is needed to accommodate hierarchical beam-searching
approach. With Kaiser window in the beamforming, the trade-off between
the ripple amplitude and the transition width can be adjusted. FSM-KW
beamforming requires a higher number of antenna elements than IEEE
802.15.3c beamforming and DFT-based beamforming. It also needs to adjust
the amplitude and phase shift at any arbitrary value. Therefore, it will not
be feasible if the proposed beamforming is implemented in digital beamform-
ing, which requires a lot number of RF chains. As an alternative, hybrid
beamforming, with a low number of RF chains but with performance close
to the digital beamforming, is chosen.

The proposed uniform beamforming offers relatively uniform gain within
the scanning coverage, which can be set arbitrarily depending on the beam
requirement. The scanning coverage limitation in the proposed beamforming
is considered more practical than covering the 360o with only one antenna
system since the patch antenna gain will degrade seriously in the direction
close to the end-fire direction (low angle direction). Compared to the classical
FSM-KW, the proposed beamforming can maintain relatively flat gain within
the scanning coverage with non-isotropic element beam pattern assumption.
The proposed beamforming can improve the gain at the edge of scanning
coverage direction so that it is almost the same with the one in the broadside
direction.

6.2 Future Work

This research only focuses on linear array antenna that only facilitates two-
dimensional (2D) beamforming where the antenna only steers the beam
either into elevation or azimuthal angle, depending on the antenna orient-
ation. Three-dimensional (3D) beamforming can be a future work where
theoretically, 3D beamforming can be obtained from a Kronecker product
of beamforming in the azimuthal angle and beamforming in the elevation
angle. Beam-searching algorithm in the 3D beamforming also can be further
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discussed to find the optimal one.

There is still directivity degradation within one beam since the array factor in
the desired beamwidth has a flat pattern while the element pattern decline in
the low angle direction. As a consequence, the array factor cannot compensate
the directivity degradation. If the array factor within the same beam can
be designed such that within the same beam the array factor increases in
the low angle direction, the directivity degradation within one beam can be
minimized.
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Appendix A

Finest Beam Candidates

In this appendix, finest beam candidates for various scanning coverages and
different number of beam candidates. The beams are designed with number
of antenna elements M = 128 in the digital beamforming architecture. The
element pattern assumption is taken from the first element pattern model
in [36].

A.1 Scanning Coverage ∆θc = 120o
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Figure A.1: 2 beam candidates in the proposed beamforming covering 120o
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Figure A.2: 4 beam candidates in the proposed beamforming covering 120o
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Figure A.3: 8 beam candidates in the proposed beamforming covering 120o
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Figure A.4: 16 beam candidates in the proposed beamforming covering 120o
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Figure A.5: 32 beam candidates in the proposed beamforming covering 120o
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A.2 Scanning Coverage ∆θc = 60o
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Figure A.6: 2 beam candidates in the proposed beamforming covering 60o
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Figure A.7: 4 beam candidates in the proposed beamforming covering 60o

0

30

60

90

120

150

180

210

240

270

300

330

0

1

2

3

4

(a) Array factor

0

30

60

90

120

150

180

210

240

270

300

330

0

10

20

(b) Array beam pattern
(dBi)

Figure A.8: 8 beam candidates in the proposed beamforming covering 60o
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Figure A.9: 16 beam candidates in the proposed beamforming covering 60o
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Figure A.10: 32 beam candidates in the proposed beamforming covering 60o
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Appendix B

Pseudo Algorithms

B.1 Hybrid Beamforming Algorithm

Algorithm 3: OMP algorithm for hybrid beamforming [26] [28] [29]

Input : Ideal digital predefined codebook w, restricted RF codebook
candidate wRFcan

Output :Predefined RF codebook wRF , predefined baseband
codebook wBB

1: wRF = empty matrix
2: wres = w
3: for i ≤ NRF do
4: Ψ = wHRFcanwres
5: k = arg max

m=1,...,K
(ΨΨH)m,m

6: wRF = [wRF , [wRFcan ]:,k]

7: wBB = (wHRFwRF )−1wHRFw
8: wres = w−wRFwBB

‖w−wRFwBB‖2
9: end for

10: wBB = wBB
‖wRFwBB‖2
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Algorithm 4: DDL OMP algorithm for hybrid beamforming [12]

Input : Ideal digital predefined codebook w, restricted RF codebook
candidate wRFcan

Output :Predefined RF codebook wRF , predefined baseband
codebook wBB

1: wRF = empty matrix
2: wRFcan = [wRFcan , S(w)] {S(v) is an operator that maps the vector v

into one close vector attainable with b-bit RF phase shifters}
3: w′RFcan = wRFcan
4: wres = w
5: for i ≤ NRF do
6: Φ = w′HRFcanwres
7: k = arg max

m=1,...,K+1
|Φ(m)|

8: wRF = [wRF , [wRFcan ]:,k]

9: wBB = (wHRFwRF )−1wHRFw
10: wres = w − wRFwBB
11: [w′RFcan ]

:,k
= [wRFcan ]:,k − (wHRFwRF )−1wHRFwRFcan

12: for j ≥M + 1 do
13: if ‖w′RFcan :,k

‖2 6= 0 then

14: [w′RFcan ]:,k =
[w′RFcan ]:,k
‖w′RFcan :,k

‖2
15: end if
16: end for
17: wBB = wBB

‖wRFwBB‖2
18: end for
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B.2 Hierarchical Beam-searching Algorithm in the
Proposed Beamforming

Algorithm 5: Find the best beam pair AWV 1 = w(log2K, k1) and
AWV 2 = w(log2K, k2), assuming STA1 and STA2 have the same
beam-searching level L = log2K

Input :A full set of predefined codebook
[w(1, 1), w(1, 2)], [w(2, 1), ..., w(2, 4)], ...., [w(log2K, 1), ...., w(log2K,K)]

Output :Best beam pair w1(log2K, k1) and w2(log2K, k2)

1: ` = 1; k1 = 1; k2 = 1
2: STA1 and STA2 transmit beacons through its quasi-omnidirectional

beam AWV 1 = w(0, k1) and AWV 2 = w(0, k2) respectively
3: STA1 and STA2 detect the beacons and start beamforming
4: while ` ≤ L do
5: STA1 sets its AWVs into AWV 1

1 = w(`, 2k1 − 1) and
AWV 1

2 = w(`, 2k1) alternately
6: STA2 sets its AWV into AWV 2 = w(`− 1, k2)
7: STA2 measures the signal quality received from AWV 1

1 and AWV 1
2

which are Γ1
1 and Γ1

2 respectively
8: if Γ1

1 ≥ Γ1
2 then

9: k1 = 2k1 − 1
10: else
11: k1 = 2k1

12: end if
13: STA1 sets its AWV into AWV 1 = w(`, k1)
14: STA2 sets its AWVs into AWV 2

1 = w(`, 2k2 − 1) and
AWV 2

2 = w(`, 2k2) alternately
15: STA1 measures the signal quality received from AWV 2

1 and AWV 2
2

which are Γ2
1 and Γ2

2 respectively
16: if Γ2

1 ≥ Γ2
2 then

17: k2 = 2k2 − 1
18: else
19: k2 = 2k2

20: end if
21: `+ +
22: end while
23: AWV 1 = w(log2K, k1)
24: AWV 2 = w(log2K, k2)
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