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This paper gives an overview of frequency regulation, standardization, and applications of 60 GHz communication systems.
Based on forecasted developments of mobile IP traffic, the motivation for investigating circuits, and systems for the 60 GHz
band is underlined. Some physical properties of 60 GHz radio waves are outlined and implications on potential applications
are sketched. The current international and European frequency regulation aspects are presented. The main parameters of
three different international standards are summarized and compared with each other. Details of channel spacing and
channel bonding are given. Based on the investigation of different applications, the main system requirements are derived.
Finally, some information on protocol issues and system integration aspects are given.
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I . I N T R O D U C T I O N

A) Motivation
The continuing growth of solid flash memories together
with the ubiquitous introduction of digital media services gen-
erates the necessity to stream, copy, and move ever bigger
chunks of data. Digital media streaming services are replacing
terrestrial TV and radio services, and allow the access to news
and entertainment services on portable and mobile platforms.
The introduction of High Definition Television (HDTV),
Voice Over Internet Protocol (VoIP), 3D-video, high-
resolution internet games lead to an explosion of data rate.

According to a White Paper from CISCO [1], the total
internet traffic quadruples between 2009 and 2014. In the
same period of time, the mobile data traffic grows at a rate
of more than 100% per year and reaches in 2014 about 40
times the amount of 2009. The growth of mobile IP traffic
(for better visualization multiplied by a factor of 10), and con-
sumer IP traffic is illustrated in Fig. 1.

B) The potential of 60 GHz systems
In order to cope with this huge increase in traffic, disruptive
technologies are needed. Linear scaling of existing WLAN
will not allow to cope with this huge amount of traffic.
Despite the introduction of Multiple Input Multiple Output
(MIMO) technologies and increased bandwidth, already

nowadays Wireless Local Area Networks (WLANs) do reach
the limit of their capacity in hot-spot areas. To facilitate trans-
porting significantly more data on a number of measures are
needed:

– Firstly, we do need small cells in order to limit the cumulat-
ive data rate per access point.

– Secondly, we do need more bandwidth for higher data rates
per channel.

– Thirdly, we do need techniques for spatial reuse such as
beamforming with interference limitation between several
terminals in one cell.

All those requirements can be fulfilled by communication
systems operating in the 60 GHz band:

– The high free space loss as well as the O2 absorption do allow
the construction of small cells.

– The available bandwidth and power levels are unprece-
dented. Worldwide there is about 7 GHz of bandwidth
available as an Industrial, Scientific, Medical (ISM) band.
This is more than all other ISM-bands at lower frequencies
together.

– Thirdly, the small wavelength and the small antenna size do
support the application of beamforming.

Even though a lot of mobile internet traffic will be routed
over cellular systems such as Long Term Evolution
(LTE)-Advanced, other technologies are required to alleviate
the burden on those cellular systems wherever possible. The
mobile network can only cope with this huge amount of
traffic if cooperative strategies between different technologies
are introduced. Such strategies must route the mobile traffic
via WLAN access points whenever possible, utilize the high-
capacity 60 GHz mode wherever available, and use cellular
systems such as Universal Mobile Telecommunications
System (UMTS), High Speed Downlink Packet Access
(HSDPA), LTE, and LTE-Advanced only if no
WLAN-alternative is available.
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Therefore, communication systems operating in the
60 GHz band will, in the next decade, play an important
role to close the gap between excessive growth of mobile
data traffic and available capacity in traditional WLAN fre-
quency bands around 2.4 and 5 GHz. This overview article
will highlight some aspects of frequency regulation, standard-
ization, and applications related to the 60 GHz band.

Currently, a number of research projects deal with 60 GHz
communication systems. In Germany, 14 partners of the
project “EASY-A” [2] have joined to develop 60 GHz
systems. A number of EASY-A partners have developed inte-
grated mm-Wave 60 GHz frontends. On the EU-level, a
number of European institutions have joined forces in the
project QSTREAM [3]. In the project OMEGA [4], 60 GHz
technology is investigated in the context of future home net-
works. The project IPHOBAC [5] investigates the use of
photonic components for 60 GHz communication as well as
for higher frequency bands.

At the University of California, Berkeley, the project
“On-silicon Gigahertz Radio Exploration” has developed
early solutions for mm-Wave communications [6]. At the
NICT in Japan, a number of projects have supported the
development of 60 GHz technology and standardization [7].

IBM is involved in NASA and DARPA funded projects on
60 GHz technology for quite some time. As a result, a com-
plete transceiver in silicon technology was developed. The
company SIBEAM has developed a complete system for wire-
less HDMI transmission, which is available as product.

I I . P R O P A G A T I O N
C H A R A C T E R I S T I C S A N D
F R E Q U E N C Y R E G U L A T I O N

A) Propagation characteristics
From a physics point of view, due to the short wavelength of
about 5 mm, radio propagation at 60 GHz is similar to the
propagation of visible light. Objects of a size of more than
the wavelength in the line-of-sight path do lead to shadowing
effects. For smaller objects, the diffraction will lead to no sig-
nificant shadowing.

Solid concrete and brick walls cannot be penetrated by
60 GHz waves. Therefore, typically at least one access point
is needed per room.

According to Friis equation, the free space path loss (FSPL) of
a 60 GHz link at 1 m distance is FSPL¼ 68 dB. Doubling the

distance causes 6 dB more attenuation. This high path loss is
owed to the short wave length. To improve the link budget, it
is hence recommended to use multi-antenna systems.

Another physical effect is the relatively strong absorption
of 60 GHz radio waves by O2 molecules. The typical attenu-
ation is around 15 dB/km. This means for typical indoor
applications with a distance in the order of 10 m the attenu-
ation by O2 absorption is just 0.15 dB and hence has virtually
no effect on the total path loss. However, for long-distance
point-to point links over a distance in the order of 1 km this
effect has to be taken into account.

Since antenna dimensions depend on the wavelength,
60 GHz antenna elements can be very small. Typically, patch
antenna elements have a size of about 5 mm2. This means
that many elements can be integrated to form a patch array
antenna. Such a patch array antenna can be designed for a
very high antenna gain. This way, very narrow focused beams
can be generated with relatively small antenna dimensions.

B) International and European frequency
regulation
The 60 GHz frequency band has been used as an ISM band for
many years. However, in the past only small amounts of spec-
trum were available. In Europe, there was a 500 MHz ISM
band from 61 to 61.5 GHz available. The research- and com-
mercial interest in the 60 GHz frequency band rapidly grew,
after the US frequency regulator FCC made 7 GHz of unli-
censed spectrum available in 2001. Subsequently, the fre-
quency regulation bodies of many other countries followed
suit. After a long consultation phase, Europe decided in
2009 to make even 9 GHz of bandwidth available [8].
Nowadays, practically in all regions of the world an ISM
band around 60 GHz exists. The specified power levels allow
the application of highly directive antennas.

Figure 2 shows the 60-GHz-band unlicensed frequency
spectrum that has been allocated in several countries. In
North America and South Korea, 7 GHz bandwidth is allo-
cated from 57 to 64 GHz. Japan has the same bandwidth
but ranging from 59 to 66 GHz. China and Australia have nar-
rower bandwidth than 7 GHz. Europe has allocated 9 GHz
bandwidth from 57 to 66 GHz.

The 60 GHz frequency regulations also define the limit-
ation of maximum transmit output power in terms of
maximum transmitter power into the antenna and peak effec-
tive isotropic radiated power (EIRP). As indicated in Fig. 2,
the maximum transmit power into the antenna is limited to
10 dBm in many countries.

In Europe, there is no limit on the maximum transmit
power into the antenna. However, the frequency regulation
distinguishes between indoor use (max. 40 dBm EIRP) and
outdoor use (max. 25 dBm EIRP). The limited power levels
for outdoor applications are specified in order to protect
point-to-point (PTP) communication links in fixed installa-
tions. They are regulated separately. In Germany, for instance,
the frequency band from 59 to 63 GHz is allocated for fixed
PTP links. The power level for this application is limited to
40 dBm EIRP whereby the antenna gain has to be at least 35
dBi. In Europe, the band from 61 to 61.5 GHz is open for
any application, including RADAR. For this 500 MHz band,
the power level is limited to 100 mW EIRP. In addition to
the above said, the band from 57 to 64 GHz can be used for

Fig. 1. Growth of consumer IP-traffic and mobile IP-traffic in Pbytes/
month [1].
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tank level probing radars with a relatively high power of
43 dBm EIRP. Here the required attenuation of the (metal)
tank or container must guarantee that no interference with
other systems occurs.

The huge available bandwidth as well as the international
availability for unlicensed operation has triggered a lot of
research and commercial activities and the development of
several international standards.

I I I . S T A N D A R D I Z A T I O N

A) Common channel plan
Currently, there are two released international standards on
60 GHz communication systems, ECMA 387 [9], and IEEE
802.15.3c [16]. Furthermore, another IEEE standard IEEE
802.11ad will be released in mid-2011 [14]. The 60-GHz fre-
quency regulation does not specify any channel parameters.
Therefore, these parameters had to be specified in the appro-
priate standards. Fortunately, all three standards use the same
basic channel plan shown in Table 1. From 57 to 66 GHz, four
independent channels were defined. Within the range of the
unlicensed 60 GHz frequency band allocated by a governmen-
tal agency, a 60 GHz communication device chooses a channel
while keeping the assigned center frequency and maximum
channel bandwidth.

In addition to the four individual channels shown in
Table 1, the ECMA 387 standard allows channel bonding. A
graphical representation of the options for channel bonding
is shown in Fig. 3. The bonded channels are numbered from

5 to 10. The largest channel bandwidth that can be used is
almost 9 GHz. This large bandwidth would allow data rates
of well beyond 10 Gb/s.

B) Basic parameters of physical layers
The main PHY parameters of the three different standards are
compared in Table 2. This comparison is somewhat difficult
since there are many different modes of operation. In
ECMA 387 three different device types are specified. The par-
ameters in Table 2 mainly apply to Type 1 devices.

In addition to a class of single-carrier (SC) modes the
IEEE802.15.3c standard specifies two different Orthogonal
Frequency Division Multiplex (OFDM) modes: The “high-
speed interface mode” (HSI mode) and the “audio/visual
mode” (AV mode). The OFDM parameters for the two
modes are slightly different. Within the AV mode, a
low-rate-PHY mode using a narrow bandwidth of about
100 MHz is specified. This can be used for audio distribution
and signaling purposes. Furthermore, this standard defines a
common mode with a high spreading factor which also can
be used signaling purposes for co-existence between different
modes. The AV mode and the common mode are not con-
sidered in Table 2.

For IEEE802.11ad it should be noted that this standard is not
yet released. Therefore parameters and properties may change.
The final standard is expected to be released in mid-2011.

I V . A P P L I C A T I O N S

A) Videostreaming and WLAN
Videostreaming and wireless displays (wireless HDMI) are
seen as attractive applications for 60 GHz communications
systems. In fact, the first products for this class of applications
were developed by the company SIBEAM. The typical
maximum distance is about 10 m and the highest provided
data rate is around 4 Gb/s. Since in the target home environ-
ment multipath propagation will occur, the modulation
scheme OFDM is well suited. Furthermore, beamforming
should be used to improve the link budget.

Table 1. Basic channel spacing for standards ECMA387, IEEE802.15.3c
and IEEE802.11ad (Draft 1.0).

CH ID Start frequency
(GHz)

Center frequency
(GHz)

High frequency
(GHz)

1 57.24 58.32 59.40
2 59.40 60.48 61.56
3 61.56 62.64 63.72
4 63.72 64.80 65.88

Fig. 2. Overview of international 60-GHz-frequency regulation with power levels.

communication systems operating in the 60 ghz ism band 91

https://doi.org/10.1017/S1759078711000249 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078711000249


Similar arguments apply for WLAN applications in a
business, public, or home environment. Despite of using
OFDM, blocking of the line-of-sight path can lead to a
severe attenuation and disruption of the link. Therefore, a
60 GHz system should be combined with an alternative tech-
nology such as IEEE 802.11x or UWB. For this purpose the
IEEE802.11ad standard provides mechanisms for fast
session transfer. This way, a seamless handover from one
physical layer technology to an alternative can be assured.

Again, for this class of applications beamforming seems
mandatory.

The disadvantage of OFDM modulation is high
peak-to-average power ratio which induces the high require-
ments on the linearity of the power amplifier. This does lead
to a high back-off ratio typically between 6 and 10 dB. This
in turn does reduce the efficiency of the power amplifier
further. With a typical saturated power efficiency of around
15% and 10 dB backoff, the overall efficiency is only 1.5%.

Fig. 3. Possible options for channel bonding in standard ECMA 387 [9].

Table 2. Comparison of main PHY-related parameters for standards ECMA387, IEEE802.15.3c, and IEEE802.11ad.

Property or parameter ECMA 387 (Type 1) IEEE802.15.3c (HSI-OFDM) IEEE802.11ad (Draft 1.0)

Number of OFDM subcarriers 512 512 512
OFDM sampling rate (MHz) 2592 2640 2640
SC-chip rate; symbol rate (MHz) 1728 1760 1760
OFDM symbol duration (ns) 222.23 218.18 242
OFDM data rate 1.008–4.032 Gb/s 1.540–5.775 Gb/s 0.693–6.757 Gb/s
SC data rate 0.397–6.350 Gb/s 0.361–5.280 Gb/s 0.385–4.620 Gb/s
Support of beamforming Yes Yes Yes
Support of unequal error protection (UEP) Yes Yes No
Duplex mode TDD TDD TDD
Channel access in command exchange period CSMA/CA CSMA/CA CSMA/CA
Address space for Terminals 16 bit 8 bit 48 bit
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This can be a significant disadvantage for mobile devices.
Constant envelope modulation techniques would achieve a
significantly better power efficiency.

B) Cable replacement and kiosk
Another class of applications includes the wireless connection of
peripheral devices such as harddisk to a PC. Also uploading of
videos from a camcorder to a PC or downloading of movies
from a data kiosk to a mobile device are seen in this category.
Here the distance can be very small, in the order of 1 m.
However, the required data rate should be very high up to
even 10 Gb/s. Since the blockage of the line-of-sight path can
be avoided, SC modulation techniques appear most suitable.
The power efficiency of the analog frontend can be higher
than for OFDM transmission. This is because the linearity
requirements on the power amplifier are relaxed. Additionally,
SC modulation has relaxed requirements on other analog fron-
tend imperfections such as phase noise, I/Q imbalance and fre-
quency offset. Furthermore, the baseband processor for a SC
modulation system can be of lower complexity due to less strin-
gent requirements for analog-to-digital converters.

In particular for mobile, battery operated devices SC
modulation is therefore an interesting option.

C) Backhaul networks
One of the upcoming applications of millimeter wavelength
wireless systems is driven by the fast development of cellular
telephony. The ever increasing demand for additional high-
speed data access to use smart phones as the most important
access to internet was the motor for the standardization of
HSDPA, HSDPA+, LTE, and LTE-Advanced. While
HSDPA provides up to 14 Mb/s, the following standards
rapidly allows higher access speeds up to 300 Mb/s in
LTE-Advanced. Since bandwidth in the interesting frequency
range up to 10 GHz is a scarce resource, an enormous increase
in spectral efficiency is needed. While HSDPA achieves a spec-
tral efficiency of 2.8 b/s Hz, for LTE already 16.3 b/s Hz is
required, and LTE-Advanced goes well beyond a spectral effi-
ciency of 30 b/s Hz. Such a high spectral efficiency leads to
high demands with respect to signal-to-interference-plus-
noise ratio (SINR). Good SINR values can be achieved by
several different measures such as increasing the transmission
power, decreasing the cell sizes, using spatial and time diver-
sity approaches, etc. This article is not focused on such
approaches, but as a consequence of combining several of
the above-mentioned means a couple of tendencies in cellular
network development take place:

– The cell-size is decreasing from several kilometers to just a
few hundred of meters.

– The interconnection between base stations to communicate
parameters of channel quality, MIMO estimations, phase
and time values, etc. on high-resolution time scales
becomes essential for the cellular systems operation.

– The cost for base station interconnect becomes a extremely
high portion of the total CAPEX of the cellar system.

The base station interconnect network is called the back-
haul network of the system. Today these backhaul networks
are mainly realized by wired or fiber systems and they are
dimensioned for backhaul speed of several 100 Mb/s. An

LTE-Advanced backhaul network, however, demands much
higher speed up to several Gb/s. Furthermore, the decreasing
cell diameters lead to an increased number of base stations
such that one base station only covers a few thousand m2.
Today’s backhaul networks can fulfill neither the density
nor the speed demands.

Wireless backhaul technology is a good way to solve this
challenge. In the 60 GHz ISM band, a spectrum of 7 GHz is
available worldwide. PTP connections of up to 5 Gb/s have
already been demonstrated using a 2 GHz bandwidth on
short distances (�20 m). These experiments have been con-
ducted using small Vivaldi antennas with only little antenna
gain of 6 dBi and an emitted power of approximately
10 dBm. Calculating a complete link budget for a 60 GHz
backhaul link and taking into account the permitted emitted
power values of 40 dBm (EIRP), a distance of more than
1 km can been achieved.

Market predictions [10] say that by 2015 more than 50% of
all backhaul networks will be based on wireless connections.
Especially in urban areas, the cost of sophisticated backhaul
topologies is much lower using wireless interconnects. Two
basic flavors of wireless interconnect are explored:

– PTP is mainly used in rural areas. Relatively long distances
can be bridged (40–50 km) but the provided transmission
capacity is very limited. For modern LTE networks, PTP
will also be used in urban areas. Here short-range links
(500–100 m) will be used with data rates of 1–10 Gb/s.

– Point-to-multipoint (PTM) is being used to build a hierar-
chy of access points. From a single central point, several
access points can be reached. This reduces the number of
connections and decreases the complexity of the intercon-
nect network. The data rate demands for modern LTE net-
works; however, will most probably prohibit the use of
PTM approaches.

Both approaches can be used in different frequency bands.
While in former systems microwave links in the 20, 30, and
40 GHz bands have been used, modern backhaul networks
will operate in the 60 GHz or the 70/80 GHz bands. Both
bands provide sufficient bandwidth for the realization of back-
haul networks with several Gb/s data rates. While the 60 GHz
band is an ISM band and freely available, the 70/80 GHz band
is a licensed band dedicated for backhaul and other intercon-
nect network.

So there is a huge market opportunity for 60 GHz intercon-
nect technology. Since the high-level integration of analog
frontends systems allows a dramatic cost reduction for the
interconnect system, the market for these systems will grow
very quickly in the coming years.

V . R E S E A R C H C H A L L E N G E S A N D
F U R T H E R W O R K

A) Multiple antenna technology and
polarization
One of advantages in millimeter-wave 60 GHz wireless
systems with respect to microwave systems is smaller size of
antennas that comes from shorter wavelength. It enables to
realize a multiple antenna configuration in small dimension.
Implementation complexities of multiple RF transceivers
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have been a challenging issue; however, high level integration
of 60 GHz systems have been recently realized with advanced
silicon millimeter-wave circuit technologies. These multiple
antenna technologies are particularly expected to be promis-
ing solutions to the problems that 60 GHz wireless systems
inherently have, for example, line-of-sight (LOS) constraint
and high attenuation loss.

A transmitter switching diversity is the simplest way to
alleviate the LOS constraint problem in terms of hardware
implementation. In addition, it mitigates two-path interfer-
ence fading effects that are most likely to occur in desktop
environments. For these reasons, the IEEE 802.15.3c and
ECMA standards adopted this switching diversity schemes
and an optimized frame structure to support it.

Beamforming techniques are the most attractive multiple
antenna technologies for 60 GHz wireless systems in terms
of performance gain. They make it possible to steer beam
direction to the best path from a transmitter to a receiver.
This process can be performed anew when the link condition
changes, for example, an LOS link becomes blocked by a
person in indoor environments. In other words, they offer
not only high link gain but also LOS blockage avoidance
by changing beam direction adaptively. Suppressed multi-
path fading is another benefit from the narrow beam
width of beamformed links. For these reasons, the IEEE
802.11ad and IEEE 802.15.3c standards support protocols
and frame architectures for beamforming in 60 GHz
systems. Figure 4 shows the 60 GHz beamforming architec-
ture specified in IEEE 802.15.3c. It consists of multiple RF
transceiver arrays and one digital baseband processor.
Unlike conventional digital beamforming systems where
received signals at different antennas are processed and com-
bined in digital domain, it performs such spatial signal pro-
cessing in the analog RF transceiver in order to keep the
baseband architecture as simple as possible. This is particu-
larly advantageous in 60 GHz wireless systems where the
complexity and power consumption of multigigabit base-
band processors and the respective ADCs are limiting
factors. The IEEE 802.15.3c standard also defines the 2-bit
based beamforming codebook for hardware simplification
of 60 GHz phase shifters.

High gain and narrow beam-width of beamforming arrays
makes it possible for 60 GHz systems to employ spatial reuse

techniques. They enable multiple devices to simultaneously
use the same channels in different spatial domain, which
promises higher total throughput in high-density usage scen-
arios. The IEEE 802.11ad standard draft defines such spatial
reuse techniques on the top of beamforming systems. To miti-
gate interference between different 60 GHz devices that
spatially reuse channels (co-channel operation), it is impor-
tant for beamforming to adaptively null out the co-channel
interference from other devices. However it turns out that
the 2-bit-based codebook approach specified in the IEEE
802.15.3c is not sufficient in beamforming receivers. To
resolve the interference mitigation problem, we, IHP, pro-
posed a new beamforming structure with continuous analog
phase shifters and its relevant beamforming protocol [11, 12].

B) Ranging and localization
Location awareness of persons and objects is more and more
of interest in many applications. Some example applications
are: your position in a building, a route to an exhibition
booth, or information about an item in a museum. There
are also a lot of business application in the area of security
and surveillance or smart factories including autonomous
guided vehicles and car-to-car communications.

Global Navigation Satellite Systems are in general not or
only very poorly available in indoor environments and do
not fulfill the resolution and accuracy requirements for most
indoor applications.

Further on, there is an increasing interest to combine com-
munication and localization. The radio communication infra-
structure should include precise localization functions to get
location aware services without additional infrastructure.
Basically, in radio networks four localization techniques can
be distinguished: cell of origin, angle of arrival, received
signal strength, and propagation time. The achievable accu-
racy of the different techniques varies enormously. In
general, the propagation time-based approaches are the
most accurate ones. While cell of origin and signal strength
methods do not benefit from the 60 GHz band, the propa-
gation time-based approaches gets an important profit. The
resolution of the time-based methods is mainly limited by
the bandwidth. In the 60 GHz band, a very high bandwidth
is available. Therefore, the 60 GHz band offers a high potential

Fig. 4. Beamforming architecture specified in IEEE 802.15.3c.
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for time-based localization approaches with a resolution in the
lower centimeter range or even in the millimeter range.
Furthermore, the 60 GHz band allows the combination of
communication with high data rates and localization with
high spatial resolution.

In [13] a localization concept is presented, which measures
the round trip time-of-flight between two radio stations.
One station sends ranging data to a second station. The
second station sends the received ranging data back to the
first station. The received ranging data in the first station
contain twice the propagation time. This concept has been
implemented in a 60 GHz OFDM demonstration communi-
cation system with 2 GHz bandwidth. The resolution of this
implementation is 1.7 cm.

Because of the high bandwidth the transmitted data
packets are very short in time. Therefore, a ranging measure-
ment can be done in a very short interval (below 10 ms).
Measured data can also be exchanged between the stations
very fast. This is important if the stations move with high vel-
ocity like cars, etc.

A benefit of the 60 GHz band is, on the one hand, that there
is no interference with other radio and satellite communication
systems like GSM, GPS, GALILEO, WLAN IEEE802.11/a/b/g/
n and, on the other hand, the limited operating distance caused
by the relatively high attenuation in air. Because a 60 GHz
localization system does not interfere with other systems in
cars, trains or airplanes, it offers new application fields.

C) System aspects, MAC protocol,
and interfaces
Any physical layer communication link providing a certain
data throughput in the physical layer is to be integrated into
a communication system. The manner of integration and
the kind of problems to be solved strongly depend on the
architecture of the whole system.

The simplest system is the unidirectional (simplex) data
transfer from a transmitter to a receiver. Cable replacement
for wireless displays, e.g. for a beamer, is an example relevant
in 60 GHz communications. If the radio channel is not to be
shared with other systems, there is no need for a policy for
medium access control (MAC). Because of the lack of a
return channel, acknowledgements and retransmissions of
undelivered frames are impossible. Hence, a MAC protocol
is not required. The data are usually transferred as a stream,
but may also be disassembled into packets.

A bidirectional PTP connection, when operating in time
division multiplex, normally provides some simple MAC
and ARQ schemes (automatic repeat request, retransmission
of not correctly received frames). These are indispensable in
wireless networks (WLAN’s) with many stations. Several
MAC protocols have been standardized. Examples for 60 GHz
standards are IEEE 802.11ad [14], IEEE 802.15.3c [16], and
ECMA-387 [9]. Most MAC challenges are not specific to the
60 GHz band, but common for any ultrahigh-speed wireless
network. The most important one is to avoid “dead” times not
used to transfer data. Examples are the preamble of a frame
and inter-frame spacings, which scale poorly with increasing
data rate. Typical WLAN values are around a few microseconds,
which is equivalent to a loss in data transfer capability of a few
kilobytes in a WLAN network providing 8 Gb/s.

A MAC extension specific for 60 GHz systems is the
optional support for beamforming in IEEE 802.11ad and
IEEE 802.15.3c. ECMA-387 provides support for directional
antennas.

Performance losses due to preambles, inter-frame spacings,
etc. can be reduced by increasing the frame size. For gigabit
networks, a frame payload size in the order of at least 64
kbyte is desirable [17]. Therefore, the high-speed versions of
all relevant WLAN standards provide larger frame size than
their traditional counterparts (Table 3). Normally, also a pro-
cedure for frame aggregation is standardized, which combines
several network packets (typically IP packets of 1.5 kbyte) into
one longer WLAN frame.

Table 3. Comparison of MAC parameters for three different 60 GHz standards with 5 GHz WLAN.

pc>Parameter 802.11a (5 GHz) Draft 802.11ad 802.15.3c ECMA-387

PHY data rates 6–54 Mb/s 0.4–7 Gb/s 0.03–5 Gb/s 0.4–6 Gb/s
Max. PHY payload size 4 kbyte 256 kbyte 8 Mbyte (SC)

1 Mbyte (OFDM)
64 kbyte

Inter-frame spacing (MIFS,
same TX and RX)

Same as SIFS 1 ms 0.5 ms 0.8 ms (types A and B)
2.1 ms (type C)

Inter-frame spacing (SIFS,
different TX/RX)

16 ms 3 ms 2.5 ms 2.7 ms (types A and B)
6.1 ms (type C)

Preamble duration 16 ms 1.7 ms (data)
3.5 ms (control)

2 ms (SC)
3 ms (OFDM)

1.6 ms (types A and B)
3.2 ms (type C)

Table 4. Computer interfaces providing Gb/s data rates.

Standard Data rate Connector Typical application

PCIexpress 3.0 1 Gb/s per lane
up to 16 lanes

36 pin ( for 1 lane) internal connector
inside PC

Internal graphics cards, Ethernet controllers, etc., in
desktop computers

ExpressCard 2.0 Up to 5 Gb/s 26 pin slot in laptop computer External WLAN modules, etc. in laptop computers
SATA 3 Up to 6 Gb/s 7 pin + cable Hard discs
Firewire 1394 Up to 3 Gb/s 4 or 6 pin + cable Video transfer
USB 3.0 Up to 5 Gb/s 9 pin + cable Any kind of external devices
HDMI Up to 10 Gb/s 19 pin + cable Video + audio transfer
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The extreme example for “dead” time is the immediate
acknowledgement frame, where 1 bit of information (ACK
or non-ACK) is transferred in a complete frame. Therefore,
all high-speed WLAN standards define block or implicit
acknowledgements to avoid the extremely inefficient direct
acknowledgements.

Table 3 gives a simplified overview over important
MAC-related parameters standardized for 60 GHz systems
and compares them with a conventional IEEE 802.11a
WLAN in the 5 GHz band.

The interface of the 60 GHz module to its environment is
another potential bottleneck. There is not much choice
above 10 Gb/s, except optical fibre and upcoming 10 Gb
Ethernet. For a few Gb/s, several standard interfaces are avail-
able or under development. Their main properties according
to [15] are briefly summarized in Table 4.

Even though the physical interface may support data rates
of 10 Gb/s and beyond, often the device drivers may limit the
data rate. Therefore, an efficient software stack is as important
as high-speed interface hardware.

V I . C O N C L U S I O N S

This paper gives an overview of issues related to communi-
cations systems operating in the 60 GHz unlicensed band.
Starting with motivation and general propagation character-
istics, the international frequency regulation is discussed.
Furthermore, three different international standards are
investigated and compared with each other. The common
channel plan for these three standards is presented and the
main characteristics are listed. Some high-potential appli-
cations for systems operating in the 60 GHz band are detailed
and future challenges are outlined. For future WLAN appli-
cations, in particular, beamforming and polarization tech-
niques, methods for localization and ranging as well as
protocol (MAC) and network related issues have to be
investigated.

Potentially, in 3–5 years WLAN and WPAN systems oper-
ating in the 60 GHz band can have a similar market pen-
etration as known WiFi systems do have now.
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