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Abstract: Millimeter-wave (mmWave) technology has been well studied for both outdoor long-distance transmission and indoor
short-range communication. In the recently emerging fiber-to-the-room (FTTR) architecture in the home network of the fifth
generation fixed networks (F5G), mmWave technology can be cascaded well to a new optical network terminal in the room to
enable extremely high data rate communication (i.e., >10 Gb/s). In the FTTR+mmWave scenario, the rapid degradation of the
mmWave signal in long-distance transmission and the significant loss against wall penetration are no longer the bottlenecks for
real application. Moreover, the surrounding walls of every room provide excellent isolation to avoid interference and guarantee
security. This paper provides insights and analysis for the new FTTR+mmWave architecture to improve the customer experience
in future broadband services such as immersive audiovisual videos.
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1 Introduction

Over the past two decades, fixed broadband has
been continuously developed to provide high-speed
Internet connection for global end users.

In 1999, the Standardization Sector of the In-
ternational Telecommunication Union (ITU-T) pub-
lished the Asymmetric Digital Subscriber Line
(ADSL) standard G.992.1 (ITU-T, 1999), opening the
broadband era for this century. To evolve, the tech-
nologies over twisted pairs are further specified by the
ITU-T, including VDSL2 G.993.2 (ITU-T, 2019c¢c),
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G.fast (ITU-T, 2019a), and MGfast (ITU-T, 2020a)
targeting to provide 10 Gb/s. However, fiber is con-
sidered to be a better medium for communication
because of its much lower loss over long distances.
The standards including gigabit-capable passive op-
tical networks (GPON) G984.1 (ITU-T, 2008),
10G-PON G.987.1 (ITU-T, 2016), and high-speed
PON G.hsp (ITU-T, 2019b) that are aiming at 50 Gb/s
connection over fiber have been specified. Because of
the great advantage of low attenuation in fiber
transmission, fiber access is becoming the dominant
broadband access technology all over the world.
With the continuous expansion of the broadband
access data rate (currently approaching multiple gi-
gabits per second), high-resolution video services are
becoming available and popular. Currently, over-the-
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top (OTT) media service platforms can supply cus-
tomers with 4K and 8K videos, while multi-views
even 360° augmented reality (AR) and virtual reality
(VR) services are under investigation and tested
through pilot usage. The quality of the home network
(as in the “last ten meters connection”) significantly
influences the end user experience. User experiences
are affected by many characteristics of the home
network, e.g., maximum service throughput, stability
and performance of the network, simple installation,
and zero-touch management. To guarantee a good
user experience, wireless local area network (WLAN)
technologies, especially WiFi series, are some of the
most widely deployed fixed wireless access tech-
nologies for the home network. The new published
version of WLAN (802.11ax) is branded as WiFi 6,
providing a maximum data rate around 10 Gb/s for
end device connection. To form a backhaul network
to support WiFi 6, ITU-T Q18/SG15 specified a new
generation of wireline technology (Ghn2) (ITU-T,
2009) with 10-Gb/s data rate. In 2019, the European
Telecommunications Standards Institute (ETSI)
launched a new Industry Specification Group (ISG)
F5G (ETSI, 2019) to explore the fifth generation of
the fixed broadband, where 10G-PON and 802.11ax
are the two main technology candidates for the access
and home networks, respectively. Cloud VR is con-
sidered as a characteristic service.

Although a hybrid solution with Ghn2 and WiFi
6 may be a good option for satisfying the require-
ments of cloud VR, there are still many challenges.
For example, because of the dynamic timeslot as-
signment and collision avoidance mechanism of a
WiFi scheduler, the transmission latency cannot be
well guaranteed against unexpected jitter of data rate
and latency of the transmitted data flow. This makes it
difficult to deploy time-sensitive or high data rate
applications such as cloud VR, immersive real-time
live broadcasting or gaming. It is expected in Zhang
XZ et al. (2019) that for strong interactive ultimate
cloud VR video transmission, a stable 4.4 Gb/s should
be the minimum data rate while a stable 10 ms should
be the maximum round-trip delay and jitter for the
home network segment. A high-quality VR helmet is
typically connected by a High-Definition Multimedia
Interface (HDMI) cable which provides up to 40 Gb/s
transmission capability. However, the connecting
cable imposes critical physical restrictions to VR

video/game customers for free movement, thus
breaking the immersive live experience. To overcome
this problem, fiber-to-the-room (FTTR) with
millimeter-wave (mmWave) WLAN technology is
then another candidate for better conveying service
content in F5G (Fig. 1).
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Fig. 1 Architecture schematic for fiber-to-the-room

In ITU-T, a new work item G.fin (ITU-T, 2020b)
has been created to specify the system architecture,
network functions, and transceiver specification over
the fiber for home network. In addition, based on
further fiber penetrating in the apartment for each
room, using mmWave has two distinct advantages,
i.e., more available spectrum leading to an extremely
high speed and less interference between neighbor
networks due to large insertion loss in penetrating
walls (Marcus and Pattan, 2005). In the new archi-
tecture, each FTTR terminal can cascade with a
mmWave access point (AP) in the downlink while
connected to the same optical network terminal (ONT)
in the uplink.

In the past two decades, there was a lot of good
work on applying mmWave for home network to
support immersive applications. For such a purpose,
photonic devices and radio-over-fiber technology
have been investigated (Hirata et al., 2006; Weil3 et al.,
2008; Guillory et al., 2011). Based on the home net-
work scenarios and use cases, Genc et al. (2008)
conducted investigations of the challenges of the
60-GHz mmWave transmission. Channel measure-
ments and models at 45 and 60 GHz were studied
(Sato et al., 1997; Moraitis and Constantinou, 2004;
Wang H, 2015; Wu et al., 2017). In the 26-GHz band,
Ai et al. (2017) carried out work on indoor massive
multi-input multi-output (MIMO) measurement and
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simulations. According to the nature of mmWave, the
use of beamforming in short-range communication
has been widely studied (Wang JY et al., 2009; Yu YK
et al., 2011; Hur et al., 2013; Alkhateeb et al., 2014;
Rangan et al., 2014); using this, capacity then can be
further leveraged.

Short-range communication at 60 GHz has at-
tracted much attention. Two early-stage develop-
ments are the releases of 802.11ad (IEEE, 2012) and
802.15.3¢ (IEEE, 2009). Owing to the high atmos-
pheric absorption in this band (roughly —14 dB/km), it
is not well suited for long-distance transmission. To
overcome this problem, the China Wireless Personal
Access Network (CWPAN) of the National Infor-
mation Technology Standardization Committee
(NITSC) developed Q-LINKPAN (the accompanying
standard in IEEE is specified by the IEEE 802.11aj
task group). This standard consists of two bands (i.e.,
59-64 GHz and 43.5-47 GHz), the lower of which is
based mainly on Q-LINKPAN-S. The Radio Man-
agement Bureau of China has published the regula-
tion for systems operating in the band 42-48 GHz
(Q-band) named “the usage of 40—50 GHz frequency
band for mobile services in broadband wireless access
systems” (MIIT, 2013). The main regulation param-
eters are shown in Table 1.

Table 1 Main regulation parameters for Q-band in China

Parameter Value
Frequency band (GHz) 42.3-47,
47.2-48.4
Bandwidth (MHz) 540, 1080
Frequency tolerance 100x10°°
Maximum transmit power at antenna port 20
(dBm)
Maximum equivalent isotropic radiated power 36
(EIRP) (dBm)

2 Q-band mmWave technologies
2.1 Baseband signal processing

IEEE 802.11aj defines two types of physical
layer (PHY): one leverages the widely adopted or-
thogonal frequency division multiplexing (OFDM)
while the other uses single-carrier (SC) modulation.
OFDM PHY is well suited for frequency-selective
wireless channels, but it has shortcomings such as
high peak-to-average power ratio (PAPR), requiring

dedicated power fallback in real applications. To
avoid this problem, the SC mode is adopted as man-
datory by IEEE 802.11aj technology. In addition, to
overcome the multi-path shading effects caused by
walls, human body, and furnishings, the MIMO
scheme is preferred in 802.11aj rather than the
beamforming in IEEE 802.11ad. Fig. 2 (IEEE, 2018)
shows the processing blocks of the physical layer:

(1) Scrambler encodes the data blocks from the
higher-level layer to reduce the probability of long
Zero sequences or one output bit sequences;

(2) Forward error coding (FEC) uses low-density
parity-check code (LDPC) to enable error correction;

(3) Padding units fill the transmitted frames into
an integral number of LDPC blocks;

(4) Stream sparser and inter-leaver divide the
coded bits into blocks for each spatial stream;

(5) Constellation mapper maps the bit block in
spatial streams to constellation points according to the
selected modulation and coding scheme (MCS);

(6) Space-time block coding (STBC) encoder
spreads the spatial distributed constellation points
into spatial-temporal distributed streams;

(7) Cyclic shift block shifts different spatial
streams to avoid unwanted beamforming effects;

(8) Guard interval inserting block implements
padding fixed zero crossing sequences for symbols to
against inter-symbol interference and track the
channel changes;

(9) Pulse shaping filter shapes the signal spec-
trum to match the power spectrum density (PSD)
requirements; Analog and radio frequency (RF)
modules up-convert the baseband signal to the
45 GHz band channel and transmit signals within the
regulated radio power.

The rate-dependent MCS parameters for
1080-MHz bandwidth with four spatial streams are
shown in Table 2 (IEEE, 2018), where the roll-off
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Table 2 Data rates for different modulation and cod-
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ing schemes (MCSs) and code rates (IEEE, 2018)

MCS  Modulation Code rate Data rate (Mb/s)
0 BPSK 172 1126.4
1 QPSK 12 2252.8
2 QPSK 3/4 3379.2
3 16-QAM 172 4505.6
4 16-QAM 3/4 6758.4
5 64-QAM 172 8448.0
6 64-QAM 3/4 10137.6
7 64-QAM 13/16 10982.4

factor of the pulse filter is 0.25. When the single-user
4x4 MIMO operation mode is selected, the maximum
data rate is 14 Gb/s.

2.2 Radio frequency integrated circuit (RFIC)
techniques and design

Millimeter-wave RFIC chipsets are essential
components for supporting high-throughput trans-
mission of Q-band signals. According to 802.11aj, to
reach the highest data rate, the single channel band-
width is set to be 1080 MHz with 64-QAM modula-
tion. Furthermore, the transmitter error vector mag-
nitude (EVM) should be lower than —25 dB. In gen-
eral, the performance of mmWave circuits is strongly
related to the semiconductor process. To have a bal-
ance between complexity and productivity, comple-
mentary metal oxide semiconductor (CMOS) and
bipolar CMOS (Bi-CMOS) are the most feasible
candidate types, better than more expensive III-V
semiconductors, such as GaAs and GaN. Nowadays,
the terminated frequency f; of CMOS and Bi-CMOS
transistor is high enough to support the Q-band fre-
quency. The 28-nm CMOS and 130-nm Bi-CMOS
can support 300 and 260 GHz, respectively (Riid-
denklau et al., 2018). At the moment, semiconductor
techniques are not the bottleneck for mmWave RFIC
chipsets.

Millimeter-wave transceivers fabricated using
either CMOS or Bi-CMOS technology have already
been widely researched (Okada, 2019), and can be
divided mainly into two kinds of architectures, i.e.,
direct-conversion and super-heterodyne. Direct-
conversion is the simplest way to convert the fre-
quency between an intermediate frequency (IF) signal
and mmWave by using an up-mixer and a down-
mixer in the transmitter and receiver link, respectively.
As for super-heterodyne, the digital baseband coun-
terpart consists of a digital-to-analog converter/

analog-to-digital converter (DAC/ADC) and IF mixer,
and the frequency conversion between IF and
mmWave signals needs to be additionally integrated
into the RF beamforming (BF) chip, which is always
implemented independently. Furthermore, to support
multiple spatial streams, polarization diversity of RF
BF chip has been recently studied (Thakkar et al.,
2019), and high QAM modulation becomes realistic
(Pang et al., 2020) with optimized schematic and
layout design of a mmWave transceiver. The design
difficulty is reduced for a highly integrated high-
performance Q-band transceiver.

Besides the transceiver design, power consump-
tion is another challenge of the mmWave transceiver
RFIC, typically with a large number of RF channels,
e.g., 64, 128, 256 (Shahramian et al., 2019), or even
more. For mmWave RFIC, the power amplifier in the
transmitter consumes most of the power for high
on-chip loss. According to the power amplifier (PA)
survey report (Wang H et al., 2020), as shown in Fig. 3,
the peak power-added-efficiency (PAE) and saturated
power Pg, of CMOS mmWave PA are mainly below
25% and 22 dBm, respectively, similar to those of
Bi-CMOS (GeSi). GaAs is a better choice for higher
Pgy, but it comes with the integration level penalty,
resulting in high complexity. When the mmWave PA
carries the 64-QAM signal, the average efficiency
may be much lower, e.g., less than 5% as reported in
Vigilante and Reynaert (2017). Therefore, techniques
for efficiency enhancement are considered for appli-
cation to the mmWave PA, such as (1) supply modu-
lation including envelope tracking (ET) and discrete-
level supply bias, (2) load modulation including
doherty, outphasing, and load modulated balanced
amplifier (LMBA) techniques, (3) mmWave digital
pre-distortion (DPD) algorithm, (4) harmonic tuning,
and (5) digital power amplifier (DPA).
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An ET system has been experimented to improve
the efficiency of a Q-band microwave monolithic
integrated circuit (MMIC) PA, supporting only
20-MHz signal bandwidth which is much lower than
1080 MHz (Li HT et al., 2019). Doherty and out-
phasing are the two more promising techniques for
high efficiency. These can use the antenna-over-air
combining technique to increase the integration level
(Wang H et al., 2019). If the Doherty or outphasing
architecture is selected, linearization algorithms like
DPD are indispensable for supporting high-order
QAM modulation (Kelly et al., 2017). Yu C et al.
(2020) reported that band-limited DPD can now lin-
earize 800 MHz modulation bandwidth. The har-
monic tuning technique (Sarkar and Floyd, 2017)
without DPD is another high-efficiency solution for
mmWave PA, showing better linearity than load-
modulation techniques. DPA operating in switch-
mode has been widely researched for the high-
efficiency sub-6 GHz transceiver, and now is also
introduced to the mmWave transmitter (Deng et al.,
2020). As well as the above mentioned circuit-level
high-efficiency techniques, system-level energy-
efficient methods for the mmWave Internet of Things
(IoT) node have been proposed, such as wireless
beam modulation (WBM) using the beam propaga-
tion information, leading to a low-complexity hard-
ware design (Chen et al., 2020).

The huge propagation loss at the mmWave fre-
quency provides many challenges for real applica-
tions. This can be improved by the beamforming
technique, in either an analog or digital manner. In the
RF analog domain, high performance of the phase
shifter is crucial in realizing the beamforming func-
tion. State-of-the-art mmWave phase shifters can
easily cover an angle range of 360°, while supporting
the whole Q-band frequency range, and can also be
fabricated using the low-cost CMOS process (Gao
and Rebeiz, 2020). Therefore, it is worth further in-
vestigating the use of the CMOS process for a Q-band
beamforming system.

2.3 Antenna techniques and design

The design of a mmWave antenna has been well
researched, including various techniques (Ghosh and
Sen, 2019), e.g., metasurface, substrate integrated
waveguide (SIW), Fabry—Pérot (FP), antenna-in-
package (AiP), and antenna-on-chip (AoC). Because

of the small size of a Q-band antenna, the metasurface
can be used to enhance performance effectively, in-
cluding gain, isolation, S11, and 3-dB axis ratio (AR)
(Hussain et al., 2020). SIW with low-loss character-
istics is quite suitable for mmWave antenna design
(Ranjan and Ghosh, 2019), such as for a leaky wave
version. FP including a partially reflective surface
(PRS) layer is a type of high-gain antenna and can be
easily used to achieve beamforming, as recently
studied for mmWave, although its multi-layer archi-
tecture results in high complexity in fabrication
(Emara et al., 2021). AiP is a commercially successful
solution for integrating a large antenna array directly
with RFIC for a compact mmWave module, but this
solution relies strongly on the technology and mate-
rial of the package (Zhang YP and Mao, 2019). AoC,
a more compact antenna solution, directly fabricates
the antenna using a chip semiconductor process, but
the loss induced by the silicon substrate and the in-
creased complexity because of the larger chip area are
the two main shortcomings (Karim et al., 2019).

As to Q-band applications, Wang H and his
colleagues (Wang H, 2015; Wang H et al., 2019, 2020)
have designed many kinds of antennas using various
techniques (Zhang T et al., 2015; Yu SH et al., 2016;
Xu et al., 2017; Zhang Y et al., 2017, 2019; Li CF
et al., 2019; Liu et al., 2019; Jiang et al., 2020). In
Zhang T et al. (2015), a circularly polarized (CP)
patch antenna with a simple structure based on a one-
layer printed circuit board (PCB) was designed for
large 3-dB AR bandwidth, finally reaching 22.8%, i.e.,
from 37 to 46.5 GHz, while the peak gain is 12.35 dBi.
Except the directional high-gain antenna for Q-band
AP, Yu SH et al. (2016) reported a wideband omni-
directional antenna for Q-band terminals, covering a
frequency range from 36 to 50 GHz with 4-dBi gain.
In Xu et al. (2017), a Q-band low-profile dual circu-
larly polarized array antenna using the SIW feeding
network was designed. This could be used in 2x2
MIMO systems. For wide-angle radiation, a wide-
beam Q-band antenna was designed in Zhang Y et al.
(2017), successfully covering 120° beamwidth at
45 GHz. In Liu et al. (2019), a tapered slot antenna
(TSA) array consisting of eight TSAs was designed to
generate the end fire radiation pattern, operating at
42 GHz and reaching 13.9 dBi gain. In Zhang Y et al.
(2019), a wideband CP antenna array was also de-
signed with an improved SIW feeding network
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including 45°-inclined slot, operating at 45.5 GHz. In
Li CF et al. (2019), a CP patch antenna array using a
metasurface was proposed, centering at 45 GHz with
32% impedance fractional bandwidth and finally
achieving 18.2-dBi peak gain. In Jiang et al. (2020), a
low-complexity transmit array supporting multiple
beams with only one feed was reported to have high
gain (>30 dBi), suggesting its promising use in future
Q-band communications systems.

In summary, the design of antennas for Q-band
communication is already mature. However, how to
integrate it into a single module with RFIC still needs
further research for mass production.

2.4 Application outlook
2.4.1 Potential evolution of mmWave components

With the rapid growth of 5G mmWave devices,
mmWave components are going to be mature. To
balance complexity and performance, a 16-element
scale array is a good choice for the Q-band commu-
nication system for the home network. In-phase/
quadrature (I/Q) direct-conversion transceiver is the
simplest architecture for silicon chipset implementa-
tion by single frequency conversion, and this is more
suitable for Q-band mmWave RFIC design. A digital
baseband chipset integrated with ADCs and DACs
can be developed independently, using smaller node
CMOS technology. A dual polarization antenna array
can support more Q-band spatial streams with a
smaller size. Also, the AiP technique is very im-
portant for compact design. It needs to evaluate multi-
beam antenna to support multi-user application. Fi-
nally, an intelligent reflection surface (IRS) operating
at Q-band would be helpful for enhancing coverage
(Perovic¢ et al., 2020).

2.4.2 Beamforming in mmWave communication

BF technologies improve mmWave communi-
cation capability by focusing the transmitted signal
towards the receiver to provide additional link gain
(Fig. 4). This can be implemented via full digital BF,
full analog BF, and hybrid BF (HBF) (Sun et al., 2014)
architectures. For full digital BF systems, each
channel consists of individual ADC/DAC and RF
chains. Therefore, arbitrary beam steering can be
obtained by adjusting phase and amplitude in the
digital domain. However, such an architecture is not
optimal for mmWave systems with mass channels

because of high cost and power consumption. Fur-
thermore, full analog BF is not flexible and the per-
formance is limited. For HBF systems, transmitted
signals are first processed through phase shifting in
the digital domain and then processed by conven-
tional analog beamformers, thus providing a trade-off
between complexity and performance (Kutty and Sen,
2016).
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Fig. 4 Beam alignment

Generally, HBF algorithms can be categorized
into two types. The first is to take advantages of
classical full digital BF technologies to obtain the
optimum full digital BF matrix and then the HBF
parameters can be obtained by minimizing the Fro-
benius norm between the HBF matrix and the full
digital BF matrix. Typical studies of this type include
El Ayach et al. (2014) and Yu XH et al. (2016). As-
suming that the channel knowledge is well known at
the transmitter, El Ayach et al. (2014) obtained the
optimal transmitter and receiver precoding parame-
ters by translating the HBF problem into a sparse
reconstruction problem. Nevertheless, perfect chan-
nel status (channel state information, CSI) is difficult
to obtain in actual scenarios, and thus Zhu et al. (2017)
proposed an HBF scheme combined with subspace
construction based on limited channel feedback to
solve the partial CSI problem. However, for the first
type of HBF algorithms, owing to the simplification
in regarding the optimization problem as a matrix
splitting problem, it usually obtains a sub-optimal
result. In contrast, the other type of HBF algorithms
regards HBF as a fresh problem and solves the opti-
mization problem directly. This can obtain better
results. Typical studies include Sohrabi and Yu (2016)
and Lin et al. (2019). Al-based HBF optimizations
were also investigated and good results were obtained
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(Tao et al., 2020). Multi-beam transmission for a
single-user MIMO mode based on HBF was also
proposed by Kim et al. (2013), while the guidelines
for analysis of optimal streams and spectral efficiency
were proposed by Kwon et al. (2014).

HBF for indoor mmWave communication usu-
ally consists of three steps (Zhou et al., 2018). First,
analog beamforming is trained by beam scanning
without considering digital beamforming. Then, the
receiver estimates the effective channel and feeds
back channel information to the transmitter. Finally,
the transmitter calculates the digital beamforming
matrix.

For the analog beamforming training, IEEE
802.11aj specifies a selection-based protocol to select
the best transmit and receive beam pairs in three
phases:

(1) Sector level sweep (SLS): a coarse procedure
to decide the best transmit sector and optional receive
sector;

(2) Beam refinement phase (BRP): beam re-
finement training transmit and receive beam pairs
with finer beam width;

(3) Beam tracking phase (BT): adjustment of the
beam pairs for channel changes in the data transmis-
sion stage by appending training fields to data packets.

In this analog beamforming training, codebook
design and efficient beam alignment are two im-
portant problems. For codebook design, complexity
and protocol overheads attracted much attention
(Kutty and Sen, 2016). For beam alignment (BA),
search complexity is determined by the number of
training symbols required to select the beam pair with
the highest signal-to-noise ratio (SNR). The most
straightforward beam alignment is exhaustive search,
in which the transmitter and receiver scan all the
beam pairs and find the strong beam pairs (Akdeniz
et al., 2014). To decrease time consumption, several
optimization methods have been proposed. These
algorithms are all aimed at achieving reliable beam
alignment using less overhead than exhaustive search.
Palacios et al. (2017) proposed a two-stage pseudo-
exhaustive beam alignment scheme. The key point is
to do a coarse beam alignment first and then conduct a
mode-refined BA. Similar research can be found in
Noh et al. (2017). Moreover, the nature of mmWave
channels, i.e., the sparse attribution in the beam do-
main, motivates studies to introduce compressed

sensing (Rodriguez-Ferndndez et al., 2018) to im-
prove BA. The compressed sensing-based methods
show particularly attractive improvements for the
multi-user environment but suffer from low SNR. In
addition, WiFi-positioning-based beam alignment
algorithms (Mubarak et al., 2016) were used to reduce
the searching codebook. Tsang et al. (2011) also used
a beam coding mechanism to enable multiple beams
to steer simultaneously in BF training.

After analog BF, the possible analog beam pairs
will be obtained and can be used to calculate digital
BF parameters (Zhou et al., 2018). In the digital BF
training, multiple beam pairs will all be tried and the
best transmit-receive beam combinations can be de-
termined (Ghasempour et al., 2017). The algorithm for
determining the best beam pairs is implementation-
dependent. For the FTTR scenario, the requirement
for beam alignment could be simplified because the
coverage area is usually limited to a single room and
wide beam can also be useful. Furthermore, re-
quirements for HBF methods can be simplified when
the spectrum resource is almost infinite and could
support an ultra-high data rate for isolated rooms.

2.4.3 Roaming in the mmWave network

Currently, the multi-AP solution is quite suc-
cessful in the market for bringing better signal cov-
erage. In this case, roaming is an indispensable fea-
ture for seamless connection. As Fig. 5 shows, clas-
sical WiFi roaming typically contains the following
steps:

(1) Station (STA) identifies low-quality signal
environments by the received signal strength indica-
tor (RSSI), bit error rate (BER), or other related
physical layer parameters;

(2) WiFi AP works with STA to change the
connection to an alternative AP by a roaming protocol
such as 802.11k (IEEE, 2008a);

(3) Current connecting AP informs STA to
switch to the selected AP by 802.11v (IEEE, 2011)
and 802.11r (IEEE, 2008b) to improve the handover
efficiency. Authentication, association, and encryption
related procedures are completed in this step.

However, it is difficult for mmWave to use the
roaming procedure above. Because Q-band mmWave
communication is usually based on line-of-sight
(LoS), it is challenging for an AP in this band to sense
the existence of other APs with significant building
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blockage between each other. It is necessary to de-
velop a new strategy. For example, centralized man-
agement and control by an agile controller (AC)
server can be used to distribute mmWave APs. In the
FTTR architecture, each AP connects to the optical
network terminal of the access network through fiber.
In this scenario, roaming can be controlled in a cen-
tralized way. Furthermore, to enhance coverage and
stability of handover between mmWave APs, multiple
links based on multiple beams or multiple bands are
also proposed. For example, low-frequency channels
(2.4 GHz) can be used as stable connections to
transfer management messages to avoid reassociation
processes including beam alignment when handover
between mmWave APs occurs. Clearly, mmWave
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ACK I search backup AP

|
Beacon REQ (11K)JI
Probe REQ
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Fig. 5 Typical AP switching procedures (IEEE, 2008a,
2008b, 2011)
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device roaming has many distinct features and needs
further research when compared to classical WiFi
technology.

3 Commercialization of Q-band products

3.1 Cloud VR and relevant network requirement
for a home network

Cloud VR makes use of cloud computing and
cloud rendering for VR services. With fast and stable
networks, cloud-based audiovisual contents are coded,
compressed, and transmitted to end user devices,
delivering cloud-based VR services (Zhang XZ et al.,
2019).

In general, cloud VR places strict requirements
on the network bearer. It can be transported together
with current Internet services. However, in that case,
these services are packaged and streamlined for
transmission with strong coupling and competition
between each other. It is difficult to guarantee the VR
service experience because of the current IP for-
warding network without slicing. To ensure an ex-
cellent VR experience, it is better to transport VR
traffic through an independent channel separated
from existing Internet services (ETSI F5G Industrial
Specification Group, 2021). To implement this, the
ONT needs to recognize cloud VR traffic and direct it
to corresponding sliced channels, along with provid-
ing quality-of-service (QoS) guaranteed resources.
The concept is shown in Fig. 6.

The characteristics and corresponding network
requirements are summarized in Table 3 (Zhang XZ
et al., 2019), which shows that one ultimate VR
streaming requires multiple Gb/s guaranteed data rate
and only a few milliseconds latency budget in a home
network.

= Internet
Internet access channel

\ :jManagemenf
: platform
VR transport channel

- Rendering
server

Metro/Backbone @ CDN

Fig. 6 Schematic of the architecture for FTTR (ETSI F5G Industrial Specification Group, 2021)
ONT: optical network terminal; OLT: optical line terminal; VR: virtual reality; CDN: content delivery network
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Table 3 Network requirements of could VR

Data rate (Mb/s) RTT (ms) Packet loss rate (x10°) .
- - - Full-view resolu-
VR VR online VR cloud VR online VR cloud VR online VR cloud tion of video
video gaming video gaming video gaming
Pre-VR 25 50 30 20 240 10 4K 2D:
3840x1920
Elementary VR 75 (2D); 150 (2D); 30 (2D); 10 24 1.0 8K 2D/3D:
120 (3D) 250 (3D) 20 (3D) 7680%3840
Advanced VR 630 1.4x1024 20 5 1.0 1.0 12K 3D:
11 520%5760
Ultimate VR 4.40x1024  3.36x1024 10 5 1.0 1.0 24K 3D:
23040x11520
Current WiFi technology (e.g., 802.11ax) oper- 30 @)
ating at 2.4 and 5 GHz finds it difficult to satisfy the P o
requirements of cloud VR in many scenarios because P e L mpor
.. . . 520 ™~ il
of limited spectrum, neighbor interference usage, and < e
a collision-based protocol. Fortunately, mmWave has §15 ﬂﬁ,ﬂ*‘*’o
the following advantages to solve these challenges: % 10 ﬁo}’p
(1) There is an additional 100 dB loss in pene- £ I
. - . 25 [/
trating a concrete wall as shown in Fig. 7, to provide |4
0 4

high isolation among rooms.

(2) The current mmWave protocol IEEE
802.11aj uses the time-division multiplexing (TDM)
mode in the MAC layer, avoiding potential collision
due to competing with the air interface.

(3) The Q-band with 6-GHz bandwidth (Fig. 8),
which is about 10 times wider than the existing
802.11ax spectrum, was released in 2013 from 42 to
48 GHz, in China.

However, with all these advantages, widely de-
ploying mmWave devices still involves the need to
solve practical issues.

In the common fiber-to-the-home (FTTH) solu-
tion of China, the ONT is put in the information box
which normally is metal or plastic sheathed and lo-
cates near the entrance of an apartment. The envi-
ronment of the information box limits the use of the
mmWave directly from the ONT since larger attenu-
ation will take place in going through the information
box and nearby walls. Another approach is to make
use of existing copper media (including phone line,
coaxial cable, or power line) as backhaul links for
mmWave products. However, these backhaul links
are at a low data rate because of larger attenuation
fading channels. New backhauling needs to be de-
veloped to make best use of mmWave capabilities.

Service requires high data rate. Current network
services, such as audio, HD/4K video, web browsing,

0 10 20 30 40 50 60 70
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Fig. 7 Signal loss over different radio frequencies: (a)
path loss of different RF signals; (b) penetrating loss for

different media (References to color refer to the online
version of this figure)
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Fig. 8 Q-band spectrum released in 2013 by the Chinese
government

and file downloading, need a data rate of less than
100 Mb/s. Conventional WiFi technology has met the
needs of such services. With the deployment of cloud
VR, there are new opportunities for mmWave.
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The current fiber access network is evolving
from GPON to 10G-PON, bringing the upgrade of the
access network to the Gb/s era. In this new era, the
transport and access network outside apartments will
no longer be the bottleneck of data rate limits.

3.2 Fiber as mmWave backhaul

As discussed in Section 1, in 2019, ETSI estab-
lished a new ISG F5G to define the fifth generation of
the fixed network. F5G considers the migration of the
reference architecture from FTTH to FTTR.

FTTR is created to provide an extremely high
broadband with perfect coverage everywhere within
the home. Currently, WiFi is the main technology
widely deployed to provide the last 10-m connection
to end users. With the increasing demand of network
throughput from various services, and to solve the
wall penetration loss problem, a multi-AP solution is
used to improve the signal coverage within the home,
practically realizing similar signal strength almost
everywhere. By using wireless backhaul, spectrum
resources may be shared between backhaul and
fronthaul, or more RF links need to be used. These
solutions will either reduce the connection broadband
bandwidth or increase product complexity. In addition,
the collision probability over air interfaces will get
worse due to the limited RF spectrum, leading to
performance degradation in terms of data rate, latency,
and stability. To ideally solve the backhaul problem,
fiber is the best choice since the modulation band-
width is nearly unlimited compared to any other wired
metallic medium. Under the new architecture of
FTTR, backhaul connection for new services (e.g.,
cloud VR/AR and holograms that require tens of Gb/s
and less than millisecond latency) is no longer a bot-
tleneck. To replace the current WiFi unqualified
connection, mmWave based on Q-band is a promising
approach to guarantee the required data rate and la-
tency in those advanced multimedia applications.

3.3 Indoor channel modeling

To further optimize communication capability
using mmWave technology, it is necessary to adapt
the system to mmWave indoor transmission models.
Channel models are commonly classified into two
types, known as analytical and physical models. An-
alytical models are usually based on mathematical
analysis of the channel, while physical models are

described on the basis of their electronic wave prop-
agation characteristics. Usually, the analytical models
can be derived from the physical models, so we focus
on the physical models of millimeter channels here.
For physical channel models, they are divided into
deterministic and stochastic. Ray-tracing (RT) tech-
niques, which are best suited for deterministic models,
are widely used to describe mmWave channels to
simulate a desired channel scenario. Furthermore, RT
can predict new environmental characteristics. Sev-
eral studies based on RT have been conducted to de-
scribe the propagation characteristics in different
mmWave scenarios (Alexander et al., 2010; Hemadeh
et al., 2017). Fig. 9 (IEEE, 2010) shows an example
for modeling the channel of a living room. Possible
transportation routes are illustrated. In general, LoS
and non-light-of-sight (NLoS) are used to describe
the channel condition. LoS indicates no blockage
between the transmitter and the receiver, therefore
leading to minimum loss of signal. When LoS is not
available because of blockage, a transmission link can
be established through NLoS links, such as reflection
or refraction. The lower part in Fig. 9 demonstrates
possible reflection routes (1% order and 2™ order) that
can be used for signal transmission. In this case, the
signal suffers from larger transmission attenuation
because of longer transmission routes and additional
reflection loss.

In contrast to deterministic models, stochastic
models (Cui et al., 2019) describe the spatial-temporal
characteristics of the channel by impulse response
according to many measurements from real envi-
ronments. The probability density functions of
channel characteristics are used for describing large-
and small-scale fading features. Stochastic channel
models are considered simple and thus reduce the
complexity for system design and simulation. Several
mmWave channel models have been developed in
recent years for indoor communication scenarios
(Table 4). For a detailed comparison of these models,
please refer to Hemadeh et al. (2017).

4 Prototype measurements
He et al. (2017) developed a mmWave prototype,

achieving 4 Gb/s data rate. In this section, we
demonstrate a Q-band prototype with 4-port
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Table 4 mmWave channel models (Hemadeh et al., 2017)

Technology Frequency Year Channel model Description

WPAN 60 GHz 2007 TG3c Proposing a channel model for 60 GHz, where nine scenarios with
both NLoS and LoS environments are identified

WLAN 60 GHz 2010 TGad Statistical models of the indoor 60 GHz channel; BF considered

WLAN 60 GHz 2014 Cluster double Measurements based channel model

directional model

Indoor 45 GHz 2015 Hybrid channel model Hybrid 45 GHz model for indoor conference room; based on both
measurements and RT

Indoor 60 GHz 2015 Statistical channel model Based on spatial-temporal indoor measurements

User device

+ +
++

—* Line of sight (LoS)
———= 1% order reflection
—=—=-» 2" order reflection

Fig. 9 Ray tracing model for mmWave transmission in a
living room (IEEE, 2010)

transmission and reception capability. As shown in
Fig. 10, the system consists of three parts: a digital
front end (DFE), an analog front end (AFE), and a
radio frequency (RF) module. The implementation is
based on the 802.11aj protocol. The 1080-MHz
channel bandwidth and 16-QAM modulation are
supported. Fig. 11 shows the RF test bed, including an

| DsP | |FPGA|

| I

| R
i SERDES : DA [ PGA |
: LBUS |—‘I:_ |—§’» IF '— RF 1 ANT }
| I o
i |
| [}

DFE AFE

(b)

Fig. 10 Q-band prototype: (a) prototype blocks; (b)
prototype appearance

R&S vector signal generator SMW200A to generate
802.114a;j signals and a signal spectrum analyzer FSW
to measure signal quality in the baseband and RF
band. Fig. 12 shows the transmitting intermediate
frequency (IF) signal at 3 GHz, while the actual
bandwidth is 1.1 GHz when the symbol rate is set to
1 Gsym/s with single carrier modulation. From en-
velopes of the signal and noise, the SNR is estimated
to be approximately 33 dB.

To measure the loopback performance from
transmitter to receiver, experiments using wireline
cable to connect the transmitter and receiver directly
are conducted. As Fig. 13 shows, SNRs of 25 and
20 dB are obtained in the channel bandwidths of
540 MHz (Figs. 13a and 13b) and 1080 MHz
(Figs. 13c and 13d), respectively. Up to 2 Gb/s per
stream is achieved with 16-QAM modulation and a
total data rate up to 8 Gb/s can be reached.
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Conclusions

The main contribution of this paper is to propose

a novel home network architecture: Q-band mmWave
communication over FTTR. This is a promising so-
lution to the next generation home networks, compared
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with other candidate solutions (including mesh WiFi
and WiFi over wired Ghn (ITU-T, 2020c)). This
novel solution can guarantee that the QoS of a home
network will be suitable for advanced emerging cloud
VR/AR and hologram services. FTTR provides
nearly unlimited backhaul throughput using a fiber
connection, while Q-band mmWave provides an ex-
tremely high data rate and avoids interference under a
shared unlicensed band.

There have been many studies on how to better
design Q-band mmWave transmission systems to
support future advanced home network services, e.g.,
how to effectively improve Q-band performance by
using massive MIMO, beamforming, roaming, and
advanced IF/RF and antenna design. However, effi-
cient protocols and system level integration need to be
thoroughly investigated. For the prototype shown in
Section 4, more efforts need to be made to evaluate
and verify the in-home use cases.

Standardization efforts are also necessary for the
industry ecosystem to conduct mass production and
deployment. New non-communication applications
(e.g., positioning, detection, health-care, and home
security) may be developed on top of the communi-
cation system. Moreover, openness of the Q-band
spectrum for indoor usage needs further consideration
in spectrum regulation in ITU-R.
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