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Abstract

In this paper, the feasibility and performance of millimeter wave (mmWave) 60 GHz ultra⁃wide band (UWB) systems for gigabit
machine⁃to⁃machine (M2M) communications are analyzed. Specifically, based on specifications, channel measurements and models
for both line⁃of⁃sight (LOS) and non⁃LOS (NLOS) scenarios, 60 GHz propagation mechanisms are summarized, and 60 GHz UWB
link budget and performance are analyzed. Tests are performed for determining ranges and antenna configurations. Results show
that gigabit capacity can be achieved with omni⁃directional antennas configuration at the transceiver, especially in LOS conditions.
When the LOS path is blocked by a moving person or by radiowave propagation in the NLOS situation, omni⁃directional and direc⁃
tional antennas configuration at the transceiver is required, especially for a larger range between machines in office rooms. There⁃
fore, it is essential to keep a clear LOS path in M2M applications like gigabit data transfer. The goal of this work is to provide
useful information for standardizations and design of 60 GHz UWB systems.
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1 Introduction
he millimeter wave (mmWave) 60 GHz band is
seen as the major candidate for enabling wireless
interface for gigabit applications, due to the intrin⁃
sic high transmission bandwidth available in the

band [1], [2], [3]. The large bandwidth (as a thumb of rule the
available bandwidth B is about 10% of the center frequency
for transmission) makes 60 GHz radio particularly interesting
for gigabit wireless communications [4]. There is 7 GHz unli⁃
censed spectrum (from 57 to 64 GHz) around 60 GHz allocated
worldwide today. The 60 GHz radio is often viewed as a shifted
version of ultra⁃wide band (UWB), which is defined as any de⁃
vice emitting signals with fractional bandwidth greater than 0.2
or a bandwidth of at least 500 MHz at all times of transmission.
Today, gigabit wireless applications are emerging, especially
gigabit machine⁃to⁃machine (M2M) applications, e.g., wireless
audio/video (A/V) cable replacement, wireless high data trans⁃
fer, high quality multimedia services, etc. In high definition
television (HDTV) applications, up to several Gb/s rate is re⁃

quired for supporting uncompressed exchange of information
between TV, cameras, DVD and other appliances. Fig. 1
shows examples of the 60 GHz radio for gigabit wireless appli⁃
cations in M2M networks.

The 60 GHz band regulation and standardization efforts are
currently underway worldwide. At present, the international
standards for 60 GHz band are ECMA⁃387, IEEE 802.15.3c
and IEEE 802.11ad. In China, the study progress of 60 GHz

HDD: hard⁃disk drive PDA: personal digital assistant STB: set⁃top box
▲Figure 1. Examples of the 60 GHz radio for gigabit M2M
communications.
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band has been attracting more and more attention in recent
years. In 2010, the 60 GHz wireless network project group
(PG4) was established. The PG4 and the IEEE 802.11 working
group formed a formal partnership. The IEEE 802.11 ⁃ aj task
group was founded according to the China millimeter wave
band for next generation in September 2012. The IMT ⁃ 2020
(5G) group was founded on February 19, 2013 for promoting
the standard formulation in the 60 GHz band for 5G technolo⁃
gy, and the first standard plan was completed in 2014 [5], [6].

However, the output power of 60 GHz devices is limited by
regulations, and the free space path loss for a 60 GHz band car⁃
rier is much higher than that for a microwave carrier. Though it
is possible to use high gain antennas to compensate for the
high path loss at mmWave, the drawbacks of high gain antenna
are that systems suffer from poor flexibility and limited mobili⁃
ty. In this work, we analyze 60 GHz UWB system link budget
and performance, considering office room M2M applications (e.g.
computer⁃to⁃computer data transfer) in the range of 1 m-5 m
and employing the experimental path loss models of line ⁃ of ⁃
sight (LOS), non⁃LOS (NLOS) and LOS path blocked by mov⁃
ing persons studied in our previous works [7], [8]. Tests are al⁃
so performed for determining ranges and antenna gains. The
goal of this study is to provide useful information for the design
of 60 GHz UWB systems in gigabit M2M communications and
standardization. The 60 GHz band is planned and limited on
transmit power, and the effective isotropic radiated power
(EIRP) and antenna gain for various countries [9] including
specifications in China [10] are summarized in Table 1.

2 MmWave 60 GHz Propagation
Mechanisms
In design and optimization of wireless communications sys⁃

tems, channel models featuring the relevant characteristics of
radiowave propagation are required. Ray tracing is a well ⁃ es⁃
tablished tool for channel modeling. In the ray ⁃ tracing algo⁃
rithm, reflection and diffraction are the main physical process⁃
es for LOS and NLOS environments. In our previous works [7],
[8], mmWave 60 GHz propagation mechanism is studied based
on direction ⁃ of ⁃ arrival (DOA) measurements. The DOA mea⁃
surements require the detailed knowledge of the propagation
channels. The measured power angle profiles (PAPs) and pow⁃
er delay profiles (PDPs) can then be connected with site⁃specif⁃
ic information of the measurement environments to find the ori⁃
gin of the arriving of signals. From [8] mmWave 60 GHz propa⁃
gation mechanism can be concluded as:

• Direct path and the first ⁃ order reflected waves from
smooth surfaces form the main contributions in LOS propaga⁃
tion environments.

• Diffraction is a significant propagation mechanism in
NLOS cases. Moreover, the signal levels of diffraction and sec⁃
ond⁃order reflection are comparable.

•Transmission loss through concrete or brick walls is very
high.

The person blocking effect (PBE) is also measured in our
previous work [7], as the movement of persons is quite usual in
office rooms in reality. The PBE is a major concern for propaga⁃
tion research and system development and PBE at 60 GHz has
been studied by many researchers [11], [12]. In [7], PBE is
measured by employing DOA measurement techniques as de⁃
scribed below.
2.1 PBE Measurements

The PBE measurements were performed in a room at Aalto
University, Finland, where the TX and RX positions are fixed
with 5 m apart. When keeping a clear LOS path and a person
blocked in the middle of the LOS path, measuring the PAPs of
the clear LOS path and the blocked path, as shown in Figs. 2a
and 2b. It is seen that there is about 18 dB person attenuation
in the blocked path (φ=0°). However, the PBE can be reduced
to 12 dB by using selection diversity technique, i.e., selecting
another stronger path (at φ=315°), which is considered as the
first⁃order reflection from window glass in the room [8].

When the LOS path undergoes a deep fading (person block⁃
ing), the fading effects can be mitigated by selecting another in⁃
dependent strong signal. This selection diversity is a powerful
communication receiver technique for link improvement.
Therefore, the effective PBE=12 dB is considered in 60 GHz
UWB system parameter analysis of this paper.
2.2 Radiowave Propagation Mechanisms in NLOS Cases

We know that in the LOS propagation environments, direct
path and the first ⁃order reflected waves from smooth surfaces
form the main contributions of receiving signals [8]. This is al⁃
so proved in [13] where a two⁃ray model (LOS path and first⁃or⁃
der reflection from desktop) is proposed for 60 GHz M2M sys⁃

▼Table 1. 60 GHz band plans and limits on transmit power,
EIRP and antenna gain for various countries [9], [10]

EIRP: effective isotropic radiated power
ETSI: European Telecommunications Standards Institute
NS: no specification

PD: power density
TBD: to be determined

Region

USA

Canada

Japan

Australia

Korea

Europe

China

Frequency band

7 GHz
(57 GHz-64 GHz)

7 GHz
(57 GHz-64 GHz )

7 GHz (59 GHz-66 GHz)
max 2.5 GHz

3.5 GHz
(59.4 GHz-62.9 GHz)

7 GHz
(57 GHz-64 GHz)

9 GHz
(57 GHz-66 GHz )

min 50 MHz
5 GHz

(59 GHz-64 GHz)

TX power
(max)

500 mW

500 mW

10 mW

10 mW

10 mW

20 mW

10 mW

EIRP

40 dBm (ave.)
43 dBm (max)
40 dBm (ave.)
43 dBm (max)

NS

150 W (max)

TBD

57 dBm (max)

44 dBm (ave.)
47 dBm (max)

Antenna
gain

NS

NS

47 dBi
(max)
NS

TBD

37 dBi
(max)

NS

Comments
For B>100 MHz, translate
average PD from 9 μW/cm2

to 18 μW/cm2 at 3 m
For B>100 MHz, translate
average PD from 9 μW/cm2

to 18 μW/cm2 at 3 m

Limited to land and
maritime

Recommendation by ETSI
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tems. In NLOS cases, diffraction is a significant propagation
mechanism, and the signal levels of diffraction and second⁃or⁃
der reflection are comparable [8]. This indicates that radio
links are relayed by direction and/or the second⁃order reflec⁃
tions in the NLOS propagation scenarios in 60 GHz band. As
an example, Fig. 3 shows the radiowave propagation in office
room environment with NLOS scenario. In Fig. 3, the diffrac⁃
tion and second⁃order reflection rays are denoted by dot and re⁃
al lines, respectively. It should be noted that in the NLOS
case, signal power loss increases greatly with the increasing of
distance between the TX and RX. Thus, propagation range is
major concern in NLOS environments in system development.

3 Analysis of 60 GHz UWB System Link
Budget
In wireless communication systems, the upper bound of ca⁃

pacity is determined by Shannon theorem, which is function of

bandwidth B and signal ⁃ to ⁃ noise ratio
(SNR) with expression as:
C =B∙ log2(1 + SNR) . (1)
A system capacity increases with B

and SNR. However, increasing of band⁃
width will lead to high noise power of
system. For example, noise power is 18
dB higher with a UWB B=7 GHz chan⁃
nel than a narrowband B=100 MHz
channel (when antenna noise tempera⁃
ture is T=290 K).

In this study, SNR=10 dB and B=1
GHz are considered for performing a ba⁃
sic feasibility study for achieving gigabit
capacity of 60 GHz UWB systems.
3.1 Parameters for 60 GHz UWB

System Link Budget
In wireless communication systems, the performance and ro⁃

bustness is often determined by SNR from radio link budget:
SNR =Pt +Gt +Gr -PL -N0 - IL , (2)

where Pt is the transmitted power, Gt and Gr are the transmit⁃
ter (TX) and receiver (RX) antenna gains, PL denotes path
loss in propagation channel, N0 is the total noise power at RX,
and IL denotes the implementation loss of system. Pt is often
limited by regulations of radio systems. In this work, it is cho⁃
sen as Pt = 10 dBm, as it was specified by most of countries in⁃
cluding China. The other system parameters are set as practi⁃
cal values, i.e., IL = 6 dB and noise figure NF = 6 dB in calcu⁃
lating total noise power: N0 = 10 log10(kTB) +NF , where k is
Boltzmann’s constant and T is the standard noise temperature
T =290 K.
3.2 Path Loss Models in 60 GHz UWB Systems

Path loss characterizes channel large⁃scale fading, which is
a key impact on the coverage and reliability of system. Path
loss PL denotes the mean signal power loss and usually obeys
the power distance law. Due to variations in the propagation en⁃
vironments, the signal power observed at any given pints will
deviate from its mean, and this phenomenon is called shadow⁃
ing. Because of shadowing, a fading margin FM is often consid⁃
ered in system design. Thus path loss PL is modeled as a com⁃
bination of mean path loss and fading margin FM:

PL =
             
PL0( )d0 + 10n log10æ

è
ç

ö
ø
÷

d
d0

mean path loss

+FM , (3)

where the free space path loss PL0 is frequency ⁃ dependent,
PL0 = 68 dB at reference distance d0 = 1 m, path loss exponent
n is environment⁃dependent, and FM is mainly system⁃depen⁃
dent. UWB system naturally leads to shadow fading improve⁃

▲Figure 2. The measured power angle profiles of (a) clear LOS path and the
(b) the LOS path blocked by a person in person block effect measurements.

(a) (b)

▲Figure 3. MmWave radio links are relayed by diffraction and/or
double⁃reflection in the NLOS case.
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ment relative to narrow band systems.
Based on our results that FM decreases with channel band⁃

width B, and is less than 4 dB for a minimum bandwidth
( B = 500 MHz) in UWB channel with 90% link success proba⁃
bility [14], fading margin is considered as FM = 2 dB for the 60
GHz UWB ( B = 1GHz) system in this work.

The studies show that path loss exponent ranges in 2-3.5 in
LOS and NLOS office room environments [8], [13]. In this
work, path loss models of LOS ( n = 2 ), LOS path blocked by
moving person and NLOS ( n = 3.5 ) are considered, and they
are PL1(dB) = 68 + 20 log10(d) +FM , PL2(dB) = 68 + 20 log10(d)+FM +PBE , and PL3(dB) = 68 + 35 log10(d) +FM respectively.
The path loss model of LOS+PBE is more feasible when com⁃
paring with the NLOS model. Since the blocking effect is mod⁃
eled independently on mobile position, which reflects a real
case that movement of persons is quite typical in office rooms.
Whereas, the NLOS model accounts for high path loss due to
large distances practically. Table 2 summarizes the parame⁃
ters used in the 60 GHz UWB system link budget analysis, in
which the maximum range is chosen as 5 m considering office
room M2M applications (e.g. computer⁃to⁃computer data trans⁃
fer).

4 Analysis of 60 GHz UWB System
Performance
As transmission power is restricted in regulations of 60 GHz

radio systems, and further, path loss of the 60 GHz channel is
high (e.g. free space path loss at 60 GHz is 22 dB higher than
5 GHz frequency band at d0 = 1 m), the antenna gains become
very important in guaranteeing radio links for achieving gigabit
capacity of system. In the following, tests are being performed
in order to determine ranges and combined antenna gains (sum
of gains at TX and RX), when using the parameters and path
loss models of LOS ( n = 2 ), LOS + PBE and NLOS ( n = 3.5 )
in Table 2.

Fig. 4 shows the combined antenna gain vs. distance for the
60 GHz UWB system. It is seen that gigabit capacity can be
achieved with omni ⁃ directional antennas configuration at the
transceiver in LOS condition. However, at further distance of
d = 5 , only with the LOS path loss PL1 model antenna configu⁃
ration of omni⁃directional is feasible for gigabit capacity. With
another two path loss models of PL2 (LOS + PBE) and PL3(NLOS n = 3.5 ), antenna configuration of omni ⁃ directional is
required for the 60 GHz UWB system.

Note that directional antenna is with high gain, for instance,
the half power beam width (HPBW) is approximately 6.5 for an
antenna with more than 30 dBi gain [9]. The drawbacks of high
gain antenna are that systems suffer from poor flexibility and
limited mobility. It should be noted that the path loss model of
LOS + PBE in Fig. 4 is more feasible when comparing with the
NLOS model, because the blocking effect is modeled indepen⁃
dently on mobile position, which reflects the real case that

movement of persons is quite typical in office rooms. Whereas,
the NLOS model accounts for high path loss due to large dis⁃
tances practically. The results show that it is essential to keep
a clear LOS path of 60 GHz UWB systems in gigabit M2M ap⁃
plications.

5 Conclusions
The feasibility and performance of mmWave 60 GHz UWB

systems for gigabit M2M wireless communications are ana⁃
lyzed in this work. Specifically, based on specifications and ex⁃
perimental channel measurements and models for both LOS
and NLOS scenarios, the 60 GHz propagation mechanisms are
concluded, 60 GHz UWB radio link budget including person
block effect and channel fading margin are provided, and sys⁃
tem performance is analyzed further. Tests are also performed

LOS: line⁃of⁃sight
NLOS: non⁃LOS

PBE: person blocking effect
SNR: signal⁃to⁃noise ratio

UWB: ultra⁃wide band

▼Table 2. Radio link budget of 60 GHz UWB system

▲Figure 4. Combined antenna gains in 60 GHz UWB system with link
budget in Table 2.
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for determining communication ranges and antenna configura⁃
tions. Results show that when having a clear LOS path and em⁃
ploying omni ⁃ directional antennas at the transceiver, gigabit
capacity can be achieved. When the LOS path is blocked by a
moving person or radiowave propagation in NLOS situation,
omni ⁃ directional and directional antennas at the transceiver
are required for achieving gigabit capacity in the range of 5 m
between machines in office rooms. The high gain antenna sys⁃
tems suffer from poor flexibility and limited mobility. There⁃
fore, it is essential to keep a clear LOS path in gigabit M2M ap⁃
plications like data transfer in office rooms. The goal of this
study is to provide useful information for the design of 60 GHz
UWB systems in gigabit M2M communications.
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