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1 Abstract

Modern multimedia applications demand higher data rates, and the trend towards wireless is evident, not only in telephony but also in home and office networking and customer electronics. This has been recently proven by the accelerating sales of IEEE 802.11 family WLAN hardware.

Current WLANs are, however, capable of delivering only 10-50 Mb/s connection speeds, which is certainly insufficient if we look at the bandwidth requirements of future applications like wireless high-quality videoconferencing, multiple simultaneous wireless IEEE 1394 (Firewire) connections or wireless LAN bridges across network segments. For these and many other purposes a lot more capacity—wirelessly—is needed. It seems that today casual Internet users and office workers are rather happy with the service level provided by IEEE 802.11 WLANs, but the rising of users’ bandwidth demands does not show any signs of decline.
What makes 60 GHz millimeter wave (MMW) systems a very attractive solution for the purposes described earlier, is the fact that there is a several GHz wide frequency range available around 60 GHz, almost worldwide. This massive spectral space (on the magnitude of 5 GHz) enables densely situated, non-interfering wireless networks to be used in the most bandwidth-hungry applications of the future, in all kinds of short-range (<1 km) wireless communication.
In addition to the large unlicensed spectral space available, the propagation characteristics of 60 GHz radio signals are favorable for implementing very high speed wireless networks close to each other in metropolitan environments. Probably the most promising application areas of 60 GHz systems are indoor WLAN solutions and fixed wireless connections, perhaps complemented with FSO (Free Space Optical) lasers to improve outdoor reliability, where heavy rain can significantly attenuate 60 GHz signals.
2 Introduction

The 60 GHz millimeter wave (MMW) radio technology is a promising candidate for fulfilling the future needs for very high bandwidth wireless connections. It enables up to gigabit-scale connection speeds to be used in indoor WLAN networks or fixed wireless connections in metropolitan areas.
In the frequency range of 60 GHz systems (typically 58-64 GHz) there is no need for licensing in most countries, which makes the deployment of 60 GHz systems a lot smoother operation compared to building e.g. 3G cellular networks. However, the 60 GHz radio technology is not a directly competing technology for 3G systems, but instead a building block for future wireless networks with very much more bandwidth and also much less mobility than current cellular systems. 

Generally speaking, the more speed we need the more bandwidth we need. Transmission of several hundred megabits (or even a gigabit) per second requires very large bandwidth, which is available in the millimeter wave area. Fortunately, there is a remarkably large frequency range allocated for unlicensed wireless telecommunications around 60 GHz. In Europe the frequency ranges 62-63 GHz and 65-66 GHz are reserved for wideband mobile networks (MBS, Mobile Broadband System), whereas 59-62 GHz range is reserved for unlicensed wideband wireless local area networks. In the United States the frequency range 59-66 GHz is a generally unlicensed range. In Japan 59-66 GHz is reserved for wireless communications [3] [4]. In comparison to for example 17 GHz radio systems the 60 GHz has a huge advantage in terms of the spectral space available. 

Table 1: Frequencies Available for 60 GHz 
Wireless Communications Worldwide


	Country / Region
	Frequency
Range [GHz]


	Purpose

	Europe
	62–63, 65–66
	MBS

	
	59–62
	WLAN

	USA
	59–64
	General purpose

	Japan
	59–66
	Wireless Communication


The data amounts transmitted in wired and wireless networks have been increasing due to the ever growing population of Internet users and the more and more feature-rich services used. This combined with the trends towards wireless networking (convenience, flexibility) on one hand, and increased need for wireless high-speed data transfer also in the consumer market (digitalization of consumer electronics such as digital still cameras or digital video cameras and video projectors) on the other, brings the need for new very high speed wireless technologies (see Appendix 2 and the following figure).
Figure 2: Home & Office Application Scenarios for 60 GHz or Combined 5/60 GHz systems [3]
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As a technology per se, the 60 GHz MMW is not a new invention. As early as the 1960’s, several applications were implemented by military or governmental institutions but with immense costs. 

3 Special Features of 60 GHz MMW
Atmosphere attenuation
In conjunction with the unlicensed frequency range benefits of 60 GHz systems, also the relatively high free space path loss and especially the extra attenuation caused by oxygen absorption make 60 GHz suitable for high density metropolitan area wireless networking. In these networks, the mutual interference of closely situated network islands (hotspots or wireless link lines) is dramatically reduced due to attenuation characteristics of 60 GHz systems. In the following graph (figure 2) is presented the signal attenuation (dB/km) as a function of signal frequency. Attenuation caused by oxygen resonance is about 10–16 dB/km with 60 GHz signal (attenuation in excess of 10 dB/km occurs in a bandwidth of approximately 8 GHz, centered around 60 GHz). 
In addition, the free space path loss increases quadratically with signal frequency, meaning that on 60 GHz frequency the free space attenuation is 21 dB higher than on 5 GHz, for example. This might indicate an unfortunate propagation behavior for 60 GHz compared to 5 GHz because of the 21 dB link budget disadvantage of 60 GHz systems. However, due to the lower co-channel noise of 60 GHz and the “cleaner” operating environment achieved by heavy attenuation caused by concrete walls, 60 GHz systems can achieve similar or even better SNR (signal-to-noise-ratio) figures than 5 GHz systems. For example an ordinary concrete wall attenuates 60 GHz signals approximately 36 dB, which can be considered as isolation. This provides less noisy operating space for adjacent 60 GHz cells and perhaps even more importantly a means of information security [3]. An outstanding worry for current WLAN owners is the eavesdropping and resource theft done by individuals with WLAN equipment just walking or sitting near an office building—still well within the WLAN network’s coverage.
This rather original behavior of 60 GHz radio signals
(the rapid attenuation in free air) is probably the main reason why the sharpest edge of 60 GHz research work today is in Japan, the country of extremely dense city infrastructure. In Japan, the capability of 60 GHz MMW systems for very dense frequency reuse with any given area is of crucial importance. Many 60 GHz systems can be operated by several operators (firms, individuals or even telecom operators) in a small geographical area, and network redundancy is easier to implement.

Figure 2: Signal Attenuation in Atmosphere
as a Function of Frequency [2]
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Rain Attenuation 
The most problematic condition for outdoor 60 GHz systems is heavy rain. 60 GHz radio signals are millimeter waves that attenuate heavily when trying to travel through rain drops—the size of which is close to the signal wavelength. This behavior limits the range of reliable (carrier class) 60 GHz links to about 400 m (in average rain regions). However, in indoor WLAN applications this is not a problem—quite naturally—and in outdoor fixed wireless systems there are ways to substitute for rain outage. This can be done by using for example a HFR (Hybrid FSO Radio) system in which MMW transmitter is used in conjunction with free space optical (FSO) laser beam system, which essentially unaffected by rain. Unlike rain, fog does not inhibit the propagation of 60 GHz signals. And vice versa: fog attenuates FSO significantly, but rain doesn’t—a fruitful symbiosis there!
Indoor behavior
Also in indoor WLAN applications 60 GHz systems have special features. The diffraction of millimeter waves is weak, and this makes 60 GHz signals vulnerable for physical obstacles such as human beings in an office environment. For this reason, omnidirectional user antennas are favorable as they can take advantage of reflected signals in case of line-of-sight (LOS) obstruction.
Walls are a blocking obstacle, and for this reason every indoor environment (room, hall corridor) needs to have at least one 60 GHz access point installed. For diffraction reasons the best possible mounting position would be in the middle of the ceiling, but systems are being designed so that MMW access points could be installed on walls—near existing LAN cablings—instead of ceilings. 

4 Main Applications for 60 GHz
4.1 WLAN

The emergence of 60 GHz WLAN networks in popular use requires mass production of small, inexpensive and highly integrated components. For this reason we haven’t seen 60 GHz systems in WLAN use yet: the unit prices for essential components have been going down but not yet reached a level suitable for mass production of consumer WLAN hardware. One point to ponder is the required semiconductor technology. Current 60 GHz devices (amplifiers, mixers) make use of a relatively expensive GaAs process, while cheaper alternatives are searched.
4.2 Mobile Networks

Basically due to the rapid attenuation of 60 GHz signals, this is not a technology for cellular systems with wide geographical coverage. However, we do not know what the future will bring and how far the consumers are willing to push the limits of current and successive wireless technologies—with their purses of course. 

In some papers 60 GHz MMW is presented as the 4G communications technology, but a more feet-on-the-ground guess would place the 60 GHz in WLAN & Fixed Wireless applications. 
4.3 Fixed Wireless

Along with the future potential in WLAN systems, fixed wireless seems to be the most promising application field for 60 GHz MMW technology. 60 GHz systems with less than 500mW output power can be widely used without licensing, which relieves the installer from the unrecurring but large initial costs associated with licensing. In addition, in many geographical areas only two or three carriers are allowed to operate on licensed spectrum areas [1]. 
Another issue is reliability and interference. Compared to for example UWB (Ultra Wideband) communications, 60 GHz MMW systems make use of a proven technology with little worries about interference. Up to date, UWB has shown great potential as far as power consumption, frequency reuse and manufacturing costs are considered—but still unresolved questions exist about interference and regulations. Fixed wireless applications of 60 GHz technology are commercially available today but it remains to be seen wheter UWB can ever be used for this purpose.
Figure 3: Multiple FiberLeap OC-12 Channels 
In a metropolitan area [2]
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4.3.1 HFR (Hybrid FSO Radio)

Fixed wireless systems in outdoor installations often suffer from availability problems: FSO (Free Space Optical) laser links suffer in foggy conditions and, on the other hand, for example 60 GHz radio links have difficulties in heavy rain. An US-based company AirFiber (www.airfiber.com) has brought to market a product that combines these two technologies. The weather conditions problematic for FSO and 60 GHz, accordingly, do not overlap and hence it is possible to achieve a link reliability of 99,999 %, AirFiber claims. In the industry, this kind of system is called HFR (Hybrid FSO/Radio). Currently AirFiber states it can provide fixed wireless link systems with speeds up to 1.25 Gb/s, regardless the weather.

Figure 4: Predicted MMW and HFR maximum ranges in various rain regions for 99.99 % 
statistical path availability [1]

[image: image4.png]Rengeied.





(Scale maximum is 1600 m. The taller columns are 60 GHz+FSO, shorter ones 60 GHz only.)
A point to take in fixed wireless considerations for 60 GHz is that attenuation, the 10-16 dB/km regime, makes long-distance connections (>2 km) virtually impossible. However, in the indoor applications mentioned before the 10-16 dB/km oxygen attenuation has no significance whatsoever. 
Figure 5: HFR (Hybrid FSO/Radio) 
A prototype system by AirFiber
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5 Problems, future work

Despite the many good news about 60 GHz there are still many problems to be solved before mass production roll-out.

Perhaps the most decisive and also very straightforward issue is the lack of cheap enough, miniaturized modules for hardware implementation (integrated amplifiers, mixers etc. and antennae). Current GaAs semiconductor platforms are likely to be replaced by cheaper technology, but the industry is not there yet.

One attractive issue to work on is the integration of 60 GHz radio frequency circuitry with the antenna so that intraconnectivity losses could be reduced and size/costs optimized.

The user hardware antennae for 60 GHz WLANs should also be optimized for better behaviour when line-of-sight is lost. 

All in all, the technical problems listed above seem to be of a nature that requires just hard work. The biggest question, however, is in the overall timing of 60 GHz commercialization. As noted before, fixed wireless solutions exist already (FiberLeap, AirFiber, even Nokia MetroHopper), but 60 GHz WLAN products are far from the retail store shelves. If we look at the speed with which the IEEE 802.11 WLAN generations have succeeded each other, we might come to a conclusion where it takes many several years before 60 GHz WLANs are anywhere near mass production.

6 Conclusions
All in all, 60 GHz is a frequency we all are certainly going to hear about in the future—if not for other reasons then because it is really the first time in history when a frequency space as huge as 5 GHz has been allocated for unlicensed communications use, set aside the 3 GHz worldwide overlap in these frequencies, also totally unprecedented.

The evolution, or commercial roll-out, has started with fixed wireless metropolitan area solutions, and it is likely to continue with WLAN-like applications later on.

Perhaps one of the most interesting questions is whether 60 GHz or UWB will dominate WLAN and home wireless markets after the leap to ultra high wireless speeds is made – perhaps during the next decade. UWB has significant advantages in power consumption, cost, and circuitry simplicity, but on the other hand 60 GHz has the huge reserved spectral space and more proven and more reliable technical background.
Both may also be able to survive: UWB in home applications and customer electronics, 60 GHz in corporate use with higher security and reliability requirements. Many things depend on what kind of resolution is found for UWB regulations worldwide—but even regardless of that, 60 GHz systems will eventually make their way to wideband wireless market. 5 GHz of specifically allocated spectrum is surely not going to be abandoned useless.  
* * *

In designing systems and protocols for 60 GHz MMW communications, the main guidelines for architecture design should include affordability, scalability, modularity, extendibility and interoperability [3]. For 60 GHz consumer mass markets to take off, it is crucially important to design such architectures that enable product differentiation and modification for many different usage scenarios. One key aspect is the selection of suitable modulation scheme to foster 60 GHz equipment industry, helping it to make various gadgets optimized for mobile use—all being compatible. OFDM seems to be to the solution for that, but it is another story.  
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Appendix 1: Combined 5/60 GHz Radio Hardware [3] 
One possible scenario for quicker 60 GHz adoption is 5 GHz / 60 GHz

combo hardware that could solve two problems at the same time: the backward 
compatibility of WLAN systems (e.g. 5 GHz IEEE 802.11a) and the
problems with 60 GHz in situations when line-of-sight or adequate amount 

of reflected signals is lost. With a 5/60 combo harware, the outages of 

60 GHz networks could be stiched togetger by using 5 GHz network as 

a backup channel.
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In addition to backward compatibility and improved network redundancy, 

a 5/60 GHz system could also be rather highly integrated: if 5 GHz is
used as an intermediary freaquency, a lot of circuitry can be used for

both 5 GHz and 60 GHz functions—minimizing size and cost (see figure above).

Appendix 2: Examples of short-range wireless multimedia applications [3].
The data rate figures refer to individual connections rather than aggregate network capacity. 

	 Application
	Capacity per user [Mb/s]
	Low cost requirement

	Wireless LAN bridge, e.g., for interconnecting GigaEthernet LANs in different buildings
	100-1000
	No

	Wireless virtual reality allowing free body movements
	450
	Yes

	Wireless IEEE 1394
	100, 200, 400
	Yes

	Wireless TV high-resolution recording camera
	150-270
	No

	Wireless trading terminal having multiple video channels that can be viewed simultaneously for monitoring world news next to stock quote information
	50-100
	No

	Wireless news tablet, a very thin, possibly flexible device that provides the user with a newspaper, e.g., the possibility of activating images to see video impressions
	50-100
	Yes

	Wireless (high-quality) videoconferencing
	10-100
	Yes

	Wireless Internet download of lengthy files
	10-100
	Yes

	Wireless ad hoc communications, i.e., direct communication between notebooks, between notebook and nearby printer, etc.
	0,1-100
	Yes

	Wireless interactive design
	20-40
	Yes

	Hospital bedside application allowing wireless retrieval of patient’s status including X–ray pictures
	10
	Yes

	Wireless surveillance cameras allowing face and number plate recognition at long distances
	4–10
	Yes

	Patient monitoring (patients can walk freely around in the hospital or even at home) with devices that transmit ECG, blood pressure information, etc.
	2
	Yes

	Wireless videophone 
	1,5
	Yes

	Wireless connection between domestic appliances and the Internet e.g. a refrigerator scans its contents and orders the nearby supermarket to deliver what is missing
	0,1
	Yes

	Wireless billing (e.g., automatic payment for petrol service via wireless connection between car and filling station)
	0,1
	Yes

	Road pricing
	0,1
	Yes

	Wireless burglar alarm (wireless window sensors, etc.)
	0,01
	Yes

	Remote control (TV, lighting, door/window lock
	0,01
	Yes

	Wireless embedded systems (e.g., in car between oil filter and dashboard)
	0,01
	Yes


