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1. Introduction

 June 12, 2009 was a momentous day in the history of television in the United States.  Federal Communications Commission (FCC) mandated more than 1,600 full-power U.S. television stations would cease broadcasting analog NTSC signals and would rely entirely on their ATSC digital signals for terrestrial television broadcasting to their viewers. Each TV station was assigned eight to twelve radio frequency (RF) channels for TV broadcast before the transition, each channel occupying 6 MHz in the VHF(very high frequency) /UHF(ultra high frequency)  spectrum.  This conversion to DTV will free up spectrum in the VHF band and in the lower part of the UHF band that is occupied currently by TV broadcasters.  As each TV station operating in a certain geographic region uses only a limited number of channels in the TV band, some digital channels will remain unused by broadcasters in a given region.  Industry refers to this locally unused/vacant spectrum as "TV band white space (TVWS)" and devices that operate in TVWS frequencies are generally called TV band devices or TVWS devices. 

This development opens up the possibility of providing a variety of new wireless services in the TVWS.  Figure 1 bellow depicts the US digital TV spectrum which consists of five spectrum blocks.  The FCC has allocated channels 2 through 51 to digital TV; channels 52 through 69 that occupy the lower half of the 700 MHz band have already been reallocated through auction. When transition DTV ends in 2009, every TV market in the US may have a number of unused channels which will form the TVWS in that market. As different geographic regions will have different vacant channels, the available TVWS will vary by region.  
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                                                              Figure 1 US Digital TV Spectrum

TVWS is perfectly suited for other unlicensed wireless internet services due to the lower frequencies have better penetration capability and longer transmission range. IEEE 802.22 is the first ever standard using TVWS and has specified for rural broadband services. Other networks that may operate in TVWS include Femto cell, retrofit WiFi or 3GPP LTE (3GPP long term evolution) etc. 

 However, as the spectrum still belongs to primary systems including TV broadcast and wireless microphones, all other systems using the TVWS are mandated as secondary.  The FCC engineering office released a Report and Order (FCC R&O) on November 14, 2008, that identifies the rules and orders that devices must meet in order to use TVWS.  The main requirement is these TVWS devices must not interfere with the operation of primary systems that are active in area in which the TVWS device is to be used.  Signals radiated by any TVWS device must follow the FCC R&O to ensure that their operation does not interfere with the operation of primary systems that are already deployed in the TV band in a given area or which may be deployed in the future.  Furthermore, the FCC R&O outlines that TVWS devices should not affect the sensitivity of TV tuners and the performance of ATSC TV receivers.  The FCC R&) uses the term “white space etiquette” for the set of regulations that must be accounted for when designing TVWS devices.   The FCC R&O specifies several detailed requirements (more details refer to [1]). Here we only summarize the following five main rulings.

Capability Ruling: Fixed TVWS devices shall employ geolocation and database access as well as spectrum sensing.  A database may comprise of protected TV channels in a given geographic region, the location of venues (such as stadiums, electronic news group (ENG), and churches) that use wireless microphones.  The spectrum sensing capability specifies that TVWS devices must be capable of detecting TV and microphone signals with a minimum threshold of -114 dBm.  Personal or portable TVWS devices must operate under the control of a fixed TVWS device or employ geolocation and database access as well as and spectrum sensing.  These geolocation and database access as well sensing capabilities would prevent interference with broadcast TV stations and wireless microphones and ensure compliance with FCC rules. When a protected system signal is detected in the operating channel, TVWS devices must cease transmission within 2 seconds. 

Power Radiation Ruling: FCC R&O specifies that the maximum transmission power allowed for fixed TVWS devices is 1 watt with antenna gain to achieve 4 watts EIRP (equivalent isotropic radiated power).  Personal/portable TVWS devices are permitted to radiate up to 100 milliwatts EIRP with no antenna gain.  When operating on a channel adjacent to a protected channel, the radiation shall be limited to 40 milliwatts EIRP. 

Channel Assignment: Fixed or portable TVWS devices can operate on unused TV channels from 21 to 51 excluding channel 37 which is reserved for telemetry. Fixed TVWS devices communicating with other fixed devices are also allowed to operate on channel 2 and channels 5 through 20 except those used by PLMRS (private land mobile radio services) for public safety. 

Adjacent Channel Limitation: Fixed TVWS devices will not be allowed to operate on channels that are immediately adjacent to an ATSC protected channel. Portable TVWS devices are allowed to operate on the immediate adjacent channel of an ATSC protected channel providing their out-of-band emission to the first adjacent channel should be limited to a level 55 dB below the power level of the protected ATSC channel.  

Antenna Requirements: Antenna(s) shall be permanently attached to personal/portable TVWS devices.  For fixed TVWS devices, the receiving antenna shall be located outdoor at least 10 meters above ground and the transmitting antenna shall not be more than 30 meters aboveground. 

Industry is looking to facilitate widespread use of the TVMS for wireless broadband access systems by developing technology standards that support the commercialization of devices and services that are simple and cost effective to build, maintain and use.   The IEEE 802.22 Working Group received the mandate to develop a standard for Wireless Regional Area Networks (WRAN).  The PAR for this working group is to develop a technology specification that provides wireless broadband services to single-family residential, multi-dwelling units, small office/home office and small businesses in rural areas.  The standard will be used by license-exempt devices in TVWS with FCC R&O.  The 802.22 draft standard specifies that the network should operate in a point to multi-point configuration, where a base station (BTS) or an access point (AP) will control the medium access for all the customer premise equipment (CPE) attached to it, while avoiding interference with the broadcast services.  One key feature of the WRAN BTS/AP is the capability to perform distributed spectrum sensing, where the CPE will sense the spectrum in their vicinity and send periodic reports to the serving WRAN BTS/AP.  These reports will inform the WRAN BTS/AP of what they sensed in a TV channel such as the present of a broadcast TV signal or a wireless microphone signal or interference from other TVWS devices.  Based on the information received, the BTS/AP will evaluate whether or not the current operating channel should be changed

In general, a TVWS system is comprised of 4 major components: 1) Sensing and Database Engine (SDE); 2) Physical Layer Processor (PHY); 3) Media Access Controller (MAC) processor; and 4) Spectrum Manager (SM).  In this whitepaper, we will mainly discuss the spectrum manager along with possible architectures of the SDE, implementation options of each architecture and their respective pros and cons. 
2. Sensing and Database Engine (SDE)

The SDE will process and store the meaningful data and policy-related radio parameters including protected channel numbers, geolocation and contour of a TV towers, geolocation of sites using wireless microphones, terrain curvatures of the service region, maximum EIRP on allowed TV channels, antenna height and gain, propagation models, interference scenarios, fixed TVWS devices and their geolocations, transmission power and operating channels. This regularly updated information will be agreed upon by broadcasters, regulators and service providers.  The database can be pulled by or pushed to TVWS devices.  The devices will use the database information to configure their TVWS spectrum usage. Figure-2 below depicts a five-party logical relationship between the database engine and its owners (the broadcasters and regulators) and users (TVWS service providers and devices). Broadcasters and regulators (or their authorized representative) will do the AAA (authentication, authorization and administration) of the database.  Secondary users must provide their radio configuration parameters and sensing results to database administrators for inclusion in future database updates.  
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                                                                      Figure 2 Logical Five Party Relationships

Broadcasters and regulators must regularly update the database with current protected and vacant TV channel numbers and associated protection contours.  TVWS service providers and other devices must provide their sensed incumbent data and transmission parameters to the database, which after a validation and security verification process completed by broadcasters and regulators will be included in a database update.  Broadcasters and regulators may push their newly updated data to TVWS devices directly or via service providers.  Preferably, service providers shall provide an anchor point where the database engine can push data to.  Broadcasters and regulators may push/update particular data type to clear a channel or multiple channels of a region within a certain time delay.

TV band devices, particularly the WRAN BTS/AP shall access the database to obtain the information that is necessary to configure spectrum usage and devices under their control. When a BTS/AP receives information from the database, they are required to reconfigure the spectrum usage within a certain time, say 30 seconds.

3. Spectrum Sensing 

Spectrum sensing is the key element for cognitive radio. For TVWS, spectrum sensing is required and used to identify the presence of signals from primary systems including TV broadcast and wireless microphones.  The 802.22 WG has received many contributions related to sensing ATSC signal and wireless microphones.  As a result of these contributions, several key algorithms, including energy detection, correlation, cyclostationary feature extraction, eigenvalue decomposition and fine FFT, have been developed and evaluated. 

For ATSC signal sensing, which utilizes known embedded sequences such as pilot and PN sequences, detection is relatively straightforward with 802.22 contributors reporting good simulation results. Hardware implementation has proven to be a big challenge due to the lack of cost-effective front-end components and difficulty in retrofitting TV tuners to handle -114 dBm sensitivity. Moreover, the current consensus on TV sensing is that the FCC R&O may not meet broadcasters’ real requirements (refer [5] and [6]).  Industry concern is focused primarily on the limitations of the contour-based protection of broadcast channels.  Within the protected contour of a TV channel, the channel cannot be utilized by TVWS devices regardless of whether the sensing engine can sense the ATSC signal or not. Outside of the protected contour, the channel can be used even if the sensing engine detects an ATSC signal.  

Talk to wireless microphones having no training sequence and erratic FM waveform and this makes it difficult to sense the signal, thus no convincing reported simulation results. The FM waveform has an energy concentration of about 40 kHz which may dance around within 200 kHz. These two factors make detection of wireless microphones very challenging. A 2k or 4k FFT spectrum analyzer plus a bin tracked energy detector can be used to sense wireless microphones.  The FCC R&O threshold of -114 dBm sets the detection performance limit.  802.22 TG-1 designed and proposed a beacon mechanism for wireless microphones which may make the wireless microphones sensing more practical. 
4. TVWS Spectrum Manager 

The spectrum manager (SM) is one of the intelligent components for TVWS wireless system and it may perform the following functions. 

Local or Regional Information Database: The SM shall pull or receive relevant channel information from a sensing device or database for the local area it overlooks. This information may include channel availability, channel usage information, devices geolocation information, devices antenna gain information, devices performance metrics, interferences scenarios both self interferences and interferences among different WIPS/ISPs, C/I and SNR scenarios etc. 

Spectrum Allocation Authority: The SM will be responsible for allocating channels to the TVWS devices under its control. The allocation policy should first follow FCC R&O rulings and can shut off the devices under its control and report the problematic devices beyond its control to higher authorities. After the SM has identified an appropriate channel on which devices can operate, the SM maximizes the spectrum efficiency with certain service fairness and QoS built in. 

Communicate with BTS: The SM has a direct communication link with BTS/AP under its control.

Communicate with Sensing Engine: The SM has a direct communication link with the sensing engine or communicates with the sensing engine via BTS/AP.

Communicate with Database: The SM has a direct communication link with a database engine therefore licensees and FCC authority may indirectly manage TV band devices via a SM. 

SM Computes for a Decision: SM will analyze all the information available and make a decision on spectrum allocation. The spectrum allocation decision can be made based on the requirements of one BTS/AP or a group of BTS and AP.  The spectrum allocation decision will consider, among other things, hardware efficiency, throughput, service latency, reliability, coverage and connectivity as well as coexistence with other wireless systems or networks. 
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                                                      Figure 3 Spectrum Manager Functions 
5. Spectrum Manager’s Location

SM’s location relates to system performance and implementation complexity. The SM can reside within a BTS/AP or co-locate with a Wireless Internet Service Provider/Internet Service Provider (WISP/ISP) server.  Alternatively, its function can be split between the two.  Implementations may use different system architectures which would deliver different performance levels and services and support different business models. 

When a SM resides in a BTS/AP, it may effectively optimize the link level performance and maximize the data throughput of the cell.  From the point-of-view of broadcasters and regulators, this architecture is ideal as it provides them with the ability to directly interrupt a BTS/AP, when necessary, by pushing data into the SM. From the point-of-view of a WISP/ISP, this architecture is unfavourable as it does not provide them full control of their equipment therefore their services can be interrupted in uncontrolled manner. Figure 4 illustrates the logic relationship between SM and PHY and MAC
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                                                                                   Figure 4 SM resides in a BTS/AP

SM Procedures: The SM acquires protected channel information from the database and channel occupation information from sensing engine.  Due to VHF/UHF frequency characteristics, it is very hard, if not impossible; to design an RF front-end and an antenna combination to effectively match all the TV channels.  The SM shall select the channel or channel set that will maximize the sector/cell throughput according to the latest information in hand. 

When a SM co-locates with a WISP/ISP server, the SM can optimize the whole network in terms of the frequency reuse plan, interference mitigation, radio resource coordination and management, power optimization and diversity data routing etc.  This architecture is good for WISP/ISP’s as it provides them full control of their equipment and all their BTS/APs can access the incumbent systems information from the SM which will acquire and process the data needed to operate in TVWS.  Figure 5 below illustrates a reference architecture in which the SM controls multiple base stations including those belonging to other WISPs or ISPs. 
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                                                 Figure 5 SM functions as a base station controller
SM Procedures: In this architecture, the SM acquires protected channel information from the database, channel occupation information from sensing engine and database as well as the associated geolocation information.  In addition, the SM obtains information about the radio configurations of both the TVWS devices under its control and those belonging to other WISPs and other data including location-based BER/FER, RSSI and C/I.
Using the acquired information, the SM “computes and learns” and makes channel/spectrum allocation and frequency reuse and network topologies and spectrum sharing plan to optimize the aggregated network throughput.  The SM will be the anchor point for broadcasters and regulators to interrupt the TVWS devices under its control.  When the database pushes the data, the SM shall proactively respond in a manner that ensures incumbent systems are protected but without causing service interruption.  When another WISP/ISP changes its channel usage profiles, the SM needs to respond as well, either as a courtesy under the spectrum usage etiquette or for its own benefit by re-optimizing network throughput by adjusting the frequency plan and spectrum sharing plan and guiding the CPEs to re-associate to the base stations. Although the SM of WISP-A cannot change the spectrum usage of WISP-B, it will consider WISP-B’s spectrum usage when assigning spectrum to the base stations under its control and may negotiate with WISP-B when spectrum sharing is required. 

6. Conclusion

SM better has the flexibility to adapt to different database architectures. SM may have some overlap functionalities with RRM (radio resource management) which may reside in a BTS/AP. RRM can optimize the radio resource on the operating spectrum. SM will acquire information and then make decision on which spectrum to operate. SM will also draw a line between the equipments and devices owner and the outside of the world for security and privacy purposes. 
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Abstract


In TVWS wireless systems, a spectrum manager will play a key role in protecting incumbent systems, ensuring QoS and maximizing spectrum efficiency. Firstly, a spectrum manager must guarantee that a TVWS wireless system will not operate on protected channels in the database, and cease operating on channels that are newly entered into the database or when operation of an incumbent system is detected by a spectrum sensor; Secondly, a spectrum manager must guarantee that the radio/radios under its control have the capability of switching in both time and frequency; Thirdly, a spectrum manager has also to guarantee certain QoS and spectrum efficiency meanwhile to be courtesy to other coexisting TVWS systems.  This white paper will introduce two reference-architectures for implementation and analyze the pros and cons of each architecture. 
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