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Codebook-Based Beamforming Protocols for 5G
Millimeter Wave Communications

Anggrit Dewangkara Yudha Pinangkis, Kishor Chandra,
and R. Venkatesha Prasad

Electrical Engineering, Mathematics and Computer Science Department, Delft University of Technology, Delft, The Netherlands

7.1 Introduction

The explosive proliferation of mobile devices and ever increasing usage of data-
hungry applications have resulted in the need of multi-Gbps wireless access.
According to Cisco report [1], in 2015, wired networks still dominated 51% of
IP traffic while Wi-Fi and mobile networks accounted for 48%. In 2020, as the
number of mobile devices increase, it is predicted that the traffics from Wi-Fi
and mobile device will grow significantly and will account for 66% of the global
data traffic while the wired networks will only account for 34%. The increasing
use of video applications that contribute to 75% of the mobile data traffic is
one of the main contributing factors to this unprecedented surge in data traffic.
The Next Generation Mobile Networks(NGMN) Alliance has identified several
high data rate scenarios for 5G communications such as mass data download
from a kiosk, 8K ultra-high definition wireless video transfer, augmented and
virtual reality applications, video on demand systems in crowded public spaces,
and in-vehicle environments requiring data rates ranging from tens of Mbps to
multi-Gbps [2]. Furthermore, the mobile offloading and wireless fronthauling
and backhauling would require enormous data rates. For example, extremely
high quality (8K) video conferencing and gaming would require a per-user
data rate of 300 Mbps in the downlink (DL) and 50 Mbps in the uplink (UL).
Considering the mobile broadband access in a highly dense urban environment
with 2500 connections/km?, the resulting DL and UL traffic density would be
around 750 Gbps/ km? and 125 Gbps/ka, respectively [3]. On the other hand,
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current 4G system technology, that is, Long Term Evolution (LTE), can only
provide a peak data rate of 100 Mbps per user with a DL traffic density 0.77
Gbps/km? [4]. Thus, it is evident that a huge gap exists between the future data
traffic projections and the capacity of current mobile communication systems.
To address this predicted surge in the mobile data usage, 5G networks target a
1000x increase in the existing network capacity [2].

Traditionally, reducing the cell size has been the main driver behind the net-
work capacity growth from 2G to 4G cellular systems. However, the network
densification resulting due to the closely spaced small cells in the sub-6 GHz
frequency bands is interference limited. Although several techniques of coordi-
nated transmission have been proposed to avoid the interference in small cells,
the capacity is still limited by the intercell interference in dense small cell en-
vironments. Currently, Wi-Fi (IEEE 802.11b/g/n/ac) operating over 2.4/5 GHz
dominates the indoor wireless space. Since its inception, Wi-Fi technology has
gone through several amendments to meet the data rate requirements. Despite
using very sophisticated physical (PHY) and medium access control (MAC)
layer techniques, such as multiple user multiple-input multiple-output (MU-
MIMO), higher order modulation and coding, channel bonding and frame
aggregation, it is hard to improve the 2.4/5 GHz Wi-Fi data rates any further.
For example, the IEEE 802.11ac uses channel bonding and multiuser MIMO
schemes but it can only provide a peak data rate of around 1 Gbps because of
the limited available bandwidth in the 5 GHz frequency band.

To achieve the targeted 1000X increase in the network capacity, many dis-
ruptive approaches are being pursued for 5G communications. These include
dense small cell deployment, massive MIMO, millimeter wave (mmWave) radio
access and the cloud radio access network (CRAN) architecture, and so on. Mil-
limeter wave frequency band (30—300 GHz) has a large bandwidth availability in
bothlicensed as well as unlicensed bands. This massive available bandwidth can
support very high data rates in the order of multi-Gbps. This is why mmWave
wireless access has become one of the most preferable air interface for sup-
porting high data rate applications in 5G communications [5-7]. Because of
the availability of large bandwidth, radio access and fronthauling and backhaul-
ing in the mmWave band (30—-300 GHz) has emerged as a key candidate for
the multi-Gbps wireless connectivity in the 5G communications [8]. The large
frequency chunks are available in 27.5-29.5 GHz, 38.6-40 GHz, 57-66 GHz,
71-86 GHz, and 81-86 GHz bands comprising of both the licensed and unli-
censed spectrum (see Figure 7.1). These frequency bands are being investigated
for wireless personal area networks (WPANSs), wireless local area networks
(WLANSs), mobile broadband access, and small cell fronthaul and backhaul
connectivity in 5G networks. The unlicensed frequency band in 60 GHz band
(57-66 GHz) has received most attention for short range high data rate commu-
nication resulting in standards such as IEEE 802.15.3¢ [9] and ECMA-387 [10]
for WPAN applications and IEEE 802.11ad [11] for WLAN applications.
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Figure 7.1 Available bandwidths in millimeter wave bands below 90 GHz [8].

The initial standardization efforts such as IEEE 802.15.3c and IEEE 802.11ad
in the 60 GHz mmWave bands have mainly focused on WLAN/WPAN op-
erations. However, recent measurement studies have supported the feasibility
of mmWave-based mobile communication [12,13]. A further amendment to
the 60 GHz WLAN standard IEEE 802.11ad is underway through the recently
setup IEEE 802.11ay working group targeting a peak data rate of 20 Gbps us-
ing MU-MIMO and channel bonding in unlicensed mmWave bands above
45 GHz. Apart from the WLAN applications, IEEE 802.11ay targets new us-
age scenarios and applications, including broadband access in crowded public
spaces, wireless connectivity in data centers, and fronthaul and backhaul com-
munications in mmWave bands. There are several 5G-PPP projects under the
Horizon 2020 Framework Program of the European Commission, such as mm-
Magic [14], FLEX5GWARE [15], and METIS [16] that are investigating mobile
communications at mmWave frequencies.

mmWave-based small cells can provide much needed capacity gain due to
the availability of large bandwidth. However, the mmWave signal propagation
is significantly different from the sub-6 GHz signal propagations leading to sev-
eral unique characteristics. As the free-space path loss is proportional to the
square of carrier frequency, mmWave signals experience a significantly higher
path loss as compared to the 2.4/5 GHz signals. To overcome the path loss,
beamforming is used in the mmWave communication [17,18]. Thanks to the
short wavelength in mmWave band making it feasible to pack a large number
of antenna elements to enable high-gain beamforming. Beamforming results in
additional antenna gain to overcome the path loss by focusing the signal power
in the desired directions. Apart from the high path loss, an important propaga-
tion characteristic of mmWave signals is their limited ability to diffract around
obstacles due to the short wavelengths. Furthermore, mmWave signals cannot
penetrate through solid materials such as walls and metals. These properties
make mmWave links highly susceptible to blockage from obstacles [19]. The
highly directional beams that can be steered in the desired direction are much
sought in mmWave communications to compensate for the high path loss as
well as to circumvent the blockage by obstacles in order to find alternate paths.
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Steering high-resolution (narrow beamwidth) beams into the desired direc-
tion such that two mmWave devices can communicate with their best beam
pair is not easy. Finding the best beam directions can consume a significant
amount of allocated channel time, hence, the beamforming technique should
be chosen properly. In this chapter, we focus on the beamforming mechanism
and protocols that enables fast link setup in mmW ave directional links.

In general, there are two kinds of beamforming: adaptive beamforming and
switched beamforming. The former depends on the explicit channel estima-
tion that leads to computation and communication overheads, especially in
mmWave communications with a large number of antenna elements imple-
menting MIMO [20]. On the other hand, switched beamforming uses fixed
predefined antenna sectors and employs MAC layer procedures to find the
best beam direction. Antenna sectors are determined using predefined an-
tenna weight vectors (amplitude and phase configurations) that are also called
beam codebook. The codebook-based beamforming employs beam searching
protocols at MAC layer that find the transmit and receive antenna orien-
tations to find the best beam directions. IEEE 802.15.3c and 802.11ad have
adopted codebook-based beamforming employing beam searching protocols
at the MAC layer. These beamforming protocols rely on the exhaustive search
where a considerable fraction of the allocated time slot is wasted in search-
ing the best direction thus resulting in a very high beam searching overhead.
Specially, in the dynamic channel conditions, frequent beam searching would
be triggered that will significantly hamper the transmission capacity. There-
fore, efficient MAC layer beamforming protocols are required that can find the
appropriate beam directions with minimum overhead. Before discussing the
beam searching algorithm, we provide a brief introduction of the underlying
beamforming architectures as follows.

7.2 Beamforming Architecture

There are three kinds of beamforming architectures, namely, analog beamform-
ing, digital beamforming, and the hybrid beamforming. Each beamforming ar-
chitecture has its own trade-off between the complexity and the beamforming
performance as explained in the following section.

7.2.1 Analog Beamforming

Analog beamforming is the simplest beamforming architecture. This architec-
ture only uses a single radio frequency (RF) chain consisting of an analog to
digital converter (ADC) and a mixer (up/down converter), as can be seen in
the Figure 7.2. All antenna element weighting factors are applied in the analog
domain. Although the analog beamforming is simple, controlling the beam in
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Figure 7.2 Analog beamforming architecture.

analog domain is not flexible. The phase shifts cannot be set to any arbitrary
value. As a result, the beam performance (i.e., gain) depends on the resolution
of the phase shifters that are attached at each antenna element.

7.2.2 Digital Beamforming

Digital beamforming uses digital signal processor to implement the beamform-
ing algorithm. Since the antenna weighting factors are applied in the digital
domain, the phase shift and the amplitude changes can be done flexibly. Each
antenna element needs one RF chain that consists of an ADC and an up/down
converter, as seen in the Figure 7.3. When a large number of antenna elements
are used, the RF chain consumes a lot of power and it also increases the system
cost.

7.2.3 Hybrid Beamforming

Hybrid beamforming can leverage the benefits of both analog and digital beam-
forming. It offers performance close to digital beamforming but with less num-

Antenna  LNA

V Mixer
I\ ADCH

12

i
Y om
I

Baseband—p

V

Figure 7.3 Digital beamforming architecture.
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ber of RF chains. Hybrid beamforming can be roughly divided into two cate-
gories, namely, fully connected and partially connected, as shown in Figure 7.4,
where Nip RF chains serve M antenna elements. In fully connected architec-
ture, each RF chain is connected to all antennas while in partially connected
systems, each RF chain is connected to a set of antenna elements. A fully con-
nected beamforming system requires M X Nyp analog phase shifters while a
partially connected system requires M analog phase shifters. Consequently, a
fully connected architecture provides Ny times higher beamforming gain per
transceiver than the partially connected system.

Due to its ability to reduce the number of RF chains, hybrid beamforming
has emerged as a preferable solution in the 5G mmWave communications
that exploits MIMO technology [21,22]. In particular, it is highly suitable for
the beamforming employing massive MIMO technology where antenna arrays
would consist of hundreds of antenna elements [23].

Hybrid beamforming approaches the ideal codebook (w) by multiplying pre-
defined RF codebook (wgp) and predefined baseband codebook (wgg). In this
case, W Is restricted by the set of feasible RF codebook wgg, . Minimizing
RMSE in ||w — wrrwgg||, means that the beam in the hybrid architecture will
be closer to the one in the fully digital architecture.

(woRF;:t, w%r;;) =argmin|| w — wgrpwpg |,
WRF->WBB
s.t.[wgg] € Wgg,, (7.1)
Il wrpwgg 113 = 1.

There are some proposed algorithms to minimize the difference between
the fully digital codebook and the hybrid codebook. To find the solution of
Eq. 7.1, References [24] and [25] employ orthogonal matching pursuit (OMP)
algorithm. In Reference [26], orthogonal matching pursuit with dynamic dic-
tionary learning (DDL—OMP) algorithm, which is a modified version of OMP
algorithm, is used to solve the problem. A geometric approach algorithm is
also proposed in Reference [27]. Beams created in OMP algorithm, DDL-
OMP algorithm, and geometric approach algorithm compared with fully digital
beamforming are shown in Figure 7.5. The performance comparison of three
algorithm in the hybrid beamforming is shown in the Figure 7.6. It can be seen
that the geometric approach algorithm outperforms both OMP algorithm and
DDL-OMP algorithm.

7.3 Beam Searching Algorithm

Unlike adaptive beamforming where the best beam direction is defined by
measuring full channel state information (CSI), beam searching in the switched
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Figure 7.4 Hybrid beamforming architectures.

beamforming only depends on the measured signal quality of each predefined
beams. Transmitter and receiver devices exchange their training packet to
measure the channel quality for each beam candidate. Nevertheless, finding
the best beam pair in the mmWave communication that exploits very narrow
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Figure 7.5 Beam patterns based on FSM-KW. The beams are created with 128 antenna
elements in fully digital beamforming, hybrid beamforming with 8 RF chains using OMP
algorithm, and hybrid beamforming with 8 RF chains using DDL OMP algorithm.

beamwidth is not easy. As the number of beams rises or the beam resolution
gets higher, the number of training packets also increase.

7.3.1 |EEE 802.15.3c Beam Searching

IEEE 802.15.3cis a standard for wireless personal access networks (WPANSs) for
high data rate in 60 GHz [28,29]. 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.

The PNC will start transmitting beacon using its quasiomni level beam to
identify DEVs around the PNC that want to join the network before starting the
beamforming. There are two level beam searching in the beamforming. The
first level is sector level that is considered as a coarse level. The sector level
beam is needed to find the area of interest and to find the best sectors for both
DEVs. It will be followed by beam level where some beams will be covered by
one sector. The beam level will select the best pair beams covered in the best
selected sector. The beam searching, both in sector level and beam level, will
be done in brute force search. Therefore, the number of training packets will
be

N =a(N} x N5+ N} x ND), (7.2)
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Figure 7.6 Comparison of root mean square error (RMSE), ||w — wypwgg||,, with various
number of RF chains in OMP algorithm, DDL-OMP algorithm and geometric approach
algorithm. In this case, the beam created is based on FSM-KW beamforming, A = 40 and
M =128.

where @ = 1 when the channel is symmetrical and a« = 2 when the channel is
asymmetrical. N} and N3 denote number of sector candidates in DEV1 and
DEV?2, respectively, while N }’ and N, ;’ denote the number of beams covered by
one sector in DEV1 and DEV2, respectively.

7.3.2 |EEE 802.11.ad Beam Searching

Instead of calling the device as DEV as in IEEE 802.15.3¢c, IEEE 802.11ad calls
the device as station or STA. Before starting beamforming, STA1 will transmit
beacons to initiate communication with STA2. The beacons are transmitted
through its quasiomni beam (Figure 7.7).

Similar to IEEE 802.15.3¢c, IEEE 802.11ad also exploits two level of beam-
training mechanism [30]. However, instead of using exhaustive beam searching
at each level of beam searching as in IEEE 802.153¢, IEEE 802.11ad uses its
best sector or its best beam to receive the training packets. The beam-training
mechanism is shown in Figure 7.8. By doing sector level beamforming and beam
level beamforming, the total training packets will be
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Figure 7.7 Beamforming mechanism in IEEE 802.15.3c (symmetrical channel condition).
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Figure 7.8 Beam searching mechanism in I[EEE 802.11ad (symmetrical channel condition).

N =a(N} x N5+ NP x NY), (7.3)

where a = 1 when the channel is symmetrical and @ = 2 when the channel is
asymmetrical. N 1‘ and N; represent the number of sectors in STA1 and STA2,

respectively. N }’ and N, ; represent the number of beams covered by one sectors
in STA1 and STAZ2, respectively.
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Figure 7.9 lllustration of beam searching mechanism in decrease-and-conquer
(symmetrical channel condition).

7.3.3 Hierarchical Beam Searching

Instead of using only two-level beam searching as proposed in IEEE 802.15.3c
and IEEE 802.11ad, hierarchical beam searching consists of multilevels. Hi-
erarchical beam searching is proposed in References [26,31-35]. In order to
minimize the beam training overhead, hierarchical beamforming generally uses
two beam candidates at each level as can be seen in Figure 7.9. Therefore, the
searching will follow a binary search-like algorithm.

By doing binary search-like beam searching, the total number of training
packets will be

N = a(2log, N +2log, N,), (7.4)

where N is the number of possible finest beams in STA1, N, is the number
of possible finest beams in STA2, « = 1 when the channel is symmetrical and
a = 2 when the channel is asymmetrical. If N; and N, is associated with N7,
NP, N5and N? as in IEEE 802.15.3c and IEEE 802.11ad, they will be equivalent
with N; = N$ x N} and N, = N3 x N?.
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7.4 Codebook Design

Switched beamforming requires predefined codebook so that the beam can-
didates can be generated directly from the codebook. Codebook that consists
of K beam candidates and M number of antenna elements is a M X K matrix
that represents amplitude and phase shift changes at each antenna element.
By adjusting the signal at each antenna element, the beam can be steered at a
specific direction.

wl’l wl’z wl’K
w=| 2 2.2 2,K (7.5)
wM,l I/UM’2 ves wM’K

7.4.1 |EEE 802.15.3c Codebook

Codebook is defined specifically in IEEE 802.15.3¢c, but there is no specific
codebook defined in IEEE 802.11ad. In order to reduce the complexity, IEEE
802.15.3c standard only uses limited phase shift adjustment without amplitude
changes. The phase shift is limited to 2-bit of resolution or 0, 7 /2, z, 37 /2 [28].
When the number of possible beams is more than the number of antenna

elements, K > M, the codebook is defined as

mxmod [k+(K /2),K] }

K/4 for m=0: M—-landk=0:K -1,
(7.6)

wim k) = j™

for a special case when K = M /2

(_j)mod(m,k), for m=0:M-1andk=0
w(m, k) = fix{%ﬂK/M}
(-1) K/4 for m=0: M—-landk=1:K-1
(7.7)

Beam candidates with M =2 K=4 and M =4 K =8 are shown in
Figure 7.10. It can be seen that due to limited phase shifter resolution, some
beams cannot reach maximum gain. Moreover, there is a gap between adja-
cent beams that can be counted as loss. Therefore, to reduce the cusp loss, the
number of antenna elements is set equal to twice the possible beams [36].

7.4.2 N-Phase Beamforming

N-phase beamforming is similar to IEEE 802.15.3c. However, this beamforming
is designed to accommodate the availability of higher phase shift resolution.
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Figure 7.10 |EEE 802.15.3¢ beamforming with various number of beams.

Instead of using only 4-phase or 2-bits of resolution, this beamforming uses
N-phase [37]. The codebook is defined as

Z_nfix{ mxmod[k+(K /2),K] )
w(m, k) =jnN K/N for m=0: M—-landk=0: K—-1,
(7.8)

where M is number of antenna elements and K is number of possible beams.

Since the phase shifter resolution is higher than the one in IEEE 802.15.3c
codebook, this beamforming offers better beamforming as depicted in Figure
7.11 where eight beams are generated with N = 4. All the beam candidates can
reach maximum gain, unlike in IEEE 802.15.3c where some beams have lower
array factor than the others. Nevertheless, for higher beam resolution higher
phase resolution is needed.

7.4.3 DFT-Based Beamforming

Digital Fourier Transmorm (DFT)-based beamforming gives more flexible
beams where each beam can reach the same maximum gain. However, this
beamforming requires more flexible phase shift to compensate the flexibility of
the beams.

DFT-based codebook can be formulated as

w(m, k) =e/2k/K for m=0:M-landk=0:K-1, (7.9)

where M is number of antenna elements and K is number of possible beams
(Figure 7.12).
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Figure 7.11 N-phase beamforming with N=8 and various number of beams generated.

(a) K=4andM=2 (b)K=8and M =4

Figure 7.12 DFT-based beamforming with various number of beams.

From Eq. 7.9, it can be seen that the codebook requires higher phase shift
resolution as K increases. The phase shift resolution in this codebook is b =
log,(K).

Compared to IEEE 802.15.3c, with the cost of higher phase shift resolution
DFT-based codebook gives better beamforming performance where all of its
possible beams can reach maximum gain. Beamforming in IEEE 802.15.3c
when K = 32 suffers cusp loss 1.98 dB or losing about 36% of its power. If this
beamforming is used in both DEV1 and DEV?2, it is potential to loose 3.96 dB
or 60% of its 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
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maximum cusp loss, it still have 1.92 dB of losses or about 35% of its power in
total.

7.4.4 Fourier Series Method with Kaiser Window (FSM-KW)
Beamforming

FSM-KW beamforming can be seen as a bandpass filter in the angle space

domain [38]. This beamforming is intended to have uniform array factor in the

desired beamwidth. Kaiser window is chosen in Reference [26] since the trade-

off between sidelobe attenuation and beam transition width can be adjusted.
Beamforming codebook in FSM-KW can be defined as

m=0,1,..M—1, (7.10)

w(m) = wwindow(m)(l,_"ﬁ"”"M for
zp

where w,;,40w (M) are the Kaiser window samples and g = m — M /2 while y,
and y, are given as

Y, = %(cos 0, + cos 0,), (7.11)
. . (AO ©D
w, = 7sin(6,)sin (7> + (7.12)

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

A-795 .
S if A>21

=q M3 (7.13)
0922, if A<2L

The y factor can be calculated as

0.11(A - 8.7), if A>50
¥y =10.58(A —21)%% +0.079(A -21), if 21<A<S5 (7.14)
0, if A<21.

The Kaiser window samples itself are given as

I(rv1-4p%

7.15
Loy (v)s (7.15)

Wyindow (M) =
where [, is the zeroth order modified Bessel function of the first kind.

Unlike the IEEE 802.15.3c beamforming, N-phase beamforming, DFT-based
beamforming, and FSM-KW beamforming can generate almost uniform array
factor in the desired beamwidth with only small fraction of beamforming. Since
the beamwidth and the beam direction can be set flexibly, this beamforming can
be used in the hierarchical beam searching algorithm where the beam searching
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270
(a) K=8and M =128 (b) K=16and M = 128

Figure 7.13 Beamforming based on FSM-KW beamforming that is used in Reference [26]
and implemented on fully digital beamforming.

area can be divided into two areas at each beam searching level. The resulting
beams using the FSM-KW beamforming can be seen in Figure 7.13.

7.5 Beamforming Evaluation

Comparing the three beam searching algorithms mentioned in Section 7.3,
hierarchical beam searching has the lowest number of training packets if the
hierarchical process is done in binary-like search. The comparison of training
packets for some arbitrary number of beams is shown in Table 7.1. It can be
concluded that hierarchical beam searching performance is better than the
other mentioned beam searching methods.

Discussing how to design the beams, FSM-KW beamforming can accommo-
date hierarchical beam searching with low beam intersection and almost flat
array factor in the 360° coverage. Although it costs more antenna elements
compared to other beamforming, the complexity can be reduced with hybrid
beamforming. Moreover, hybrid beamforming also offers ability to generate
multiple beams that will be useful in the MIMO system.

Nevertheless, in general codebook design in IEEE 802.15.3c standard N-phase
beamforming, and DFT-based beamforming, FSM-KW beamforming do not
take into account the beam pattern of element antenna. The element pattern is
assumed to have an isotropic beamforming that has the same gain in all angle
direction. Therefore, the beam pattern is assumed to be the same as the array
factor in the array antenna.



7.6 Conclusion

Table 7.1 lllustration of comparison of training packets in IEEE 802.15.3c, IEEE 802.11ad, and
decrease-and-conquer beamforming, taking assumption that the channel is symmetric and
both devices have the same number of sectors and beams.

Number of Training Packets (Symmetrical

Number of Number of
Sectors Beams per Channel)
Sector IEEE 802.15.3c IEEE 802.11ad Hierarchical (2 Beam
Candidates)

4 2 20 12 12

4 32 16 16

8 8 128 32 2%

8 16 320 48 28

In reality, it is impractical to steer the beam at low angle direction. A patch
antenna that is usually used as an antenna element in the array antenna has
limited beamwidth that will lead to scanning angle limitation, which is usually
until +60° from the broadside direction [39,40]. Beamforming in more realistic
condition when considering that a patch antenna has sinusoid beam pattern,
E(0) = sin(0), as shown in Figure 7.14.

A patch antenna is usually preferred as an array antenna component due to
its compactness, for example, patch antenna designed in Reference [41] has size
of 1.7 mm X 2 mm. If this factor is not being considered such that 360° is only
covered with one array antenna system, the beam at low-angle direction will
have verylow gain. Therefore, it is suggested to limit the beamforming scanning
angle +60° from the broadside direction so that there are at least three antenna
system to cover 360°.

7.6 Conclusion

In the context of 5G, mmWave communication has established itself as the main
candidate for the multi-Gbps wireless connectivity in WPAN/WLANs and cel-
lular access, backhaul and fronthaul in dense small cells. The small wavelength
of mmWave signals allows close packing of a large number of antenna elements
to form highly directional antenna arrays that can compensate for the high
path loss observed at mmWave frequencies. However, forming a mmWave link
using narrow beams is not easy as the receive and transmit antenna arrays
need to find each other. The time spent to find the best beam directions has a
direct consequence on the medium access utilization [42] as well as the initial
access procedures [43] to discover an access point or base station. Generally,
beamforming is performed using two approaches, namely, adaptive beamform-
ing and switched beamforming. Switched beamforming outperforms adaptive
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Figure 7.14 Field pattern of beamforming in (a) IEEE 802.15.3c, (b) N-phase, (c) DFT based,
and (d) FSM-KW when the antenna element pattern is considered (taking assumption
E() = sin(0)).

beamforming in terms of computational complexity that has a direct impact
on the baseband power consumption that is an important factor at mmWave
frequencies. However, switched beamforming has limited flexibility where the
beams have discrete angle directions. The discretization of beam directions
introduces intersection loss (cusp loss) between the adjacent beam candidates.
A compromising approach called hybrid beamforming that uses both the digi-
tal and analog beamforming has emerged as an attractive alternative to realize
the mmWave beamforming. It is power efficient than the digital beamform-
ing but can also provide satisfactory performance in terms of flexibility. Al-
though hybrid beamforming is more complex than analog beamforming, the
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