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WRAN PHY Layer
The WRAN PHY layer is based on 802.16-2004 OFDMA mode. In this proposal, we only use one TV channel as a WRAN channel. For simplicity of the system design, no TV channel aggregation and segmentation is used. The duplex mode is time division duplex (TDD). The adjacent subcarrier permutation for AMC subchannels may be used when wireless microphone signals are detected in the operating channel and only occupy only a small portion of the TV channel. In this case, the subchannels affected by the wireless microphone signals are not allowed for WRAN transmission.

In the following we only describe the OFDM symbols used for WRAN. For the details of PHY layer such as frame structure, subcarrier allocation, channel coding etc., please refer to WirelessMAN-OFDMA PHY in [1].

OFDM symbol descriptions
OFDM symbol in time domain comprises two parts: the useful symbol time 
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and cyclic prefix (CP), where CP is a copy of last 
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portion of the useful symbol time. So an OFDM symbol time is
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On initialization, a customer premise equipment (CPE) should search all possible length 
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 of CP until it finds the 
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 being used by the BS. The CPE use the same 
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 on the uplink. Once a specific CP duration 
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 has been selected by the BS for operation on the downlink, it should not be changed.

In frequency domain, an OFDM symbol can be described using the following parameters:

· 
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. This is the nominal channel bandwidth

· 
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: Number of used subcarrier

· 
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: Smallest power of two greater than 
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· Sampling frequency: 
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· Subcarrier spacing: 
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From the parameters above, we can have the following derived parameters

· Useful symbol time: 
[image: image14.wmf]f

T

b

D

=

/

1


· G: ratio of CP time to “useful” time, defined as 
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· CP time: 
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The values for these parameters are listed as following, corresponding to different TV channel bandwidth

Table 1 – OFDM symbol parameters

	Parameter
	BW=6 MHz
	BW=7 MHz
	BW=8 MHz

	NFFT
	2048
	2048
	2048

	Fs
	6.72 MHz
	8 MHz
	8.96 MHz
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	3.28125 KHz
	3.90625 kHz
	4.375 KHz

	Tb
	304.762 usec
	256 usec
	228.571 usec

	G
	¼,1/8,1/16,1/32
	¼,1/8,1/16,1/32
	¼,1/8,1/16,1/32


WRAN MAC Layer

We propose to use 802.16-2004 MAC as the baseline with modification suitable for WRAN application. Specifically, two major functions, dynamic frequency selection (DFS) and transmit power control (TPC), are proposed for WRAN systems.
DFS and TPC have been used in some other wireless networks such as 802.11 to avoid interference to existing incumbent signals such as radar signals. Due to different working enviroment for WRAN systems and 802.11 systems, the dynamic frequency slection and transmit power control mechanism are different in the two systems even though they share certain common features. The details of the mechanism are provided in the following.

Dynamic frequency slection (DFS) is a mechanism that is required to avoid interference with licensed users and to ensure uniform utilization of available channels. The DFS in WRAN service provides the following features:

1. Association of CPEs based on the CPEs’ supported channels.

2. Quieting the current channel so it can be tested for the presence of licensed users with less interference from other CPEs.

3. Testing channels for licenced users before using a channel and while operating in a channel.

4. Discontinuing operations after detecting licensed users in the current channel to avoid interference with licensed users.

5. Discontinuing transmission in some frequency sub-band in the current channel where licensed users are detected while still using other frequency sub-band in the current channel
6. Detecting licensed users in the current and other channels based on regulatory requirements.

7. Requesting and reporting of measurements in the current and other channels.

8. Selecting and advertising a new channel and its frequency usage map to assist the migration of a WRAN system after licensed users are detected.
9. Selecting and advertising modification of frequency usage map within the current channel after licensed users are detected.

For an OFDM based WRAN system,  the system is able to turn off certain subcarriers utilizing frequency usage map which define certain subcarrier can be used in the current channel. 
Transmit power control (TPC) specifies a maximum transmit power and dynamically adjust the transmission power to mitigate interference. The TPC service provide the following features:
1. Association of CPEs with a BS based on the CPEs power capability.

2. Specification of regulatory and local maximum transmit power levels for the current channel.

3. Selection of a transmit power for each transmission in a channel within constraints imposed by regulatory and local requirements.

4. Adaptation of transmit power based on a range of information, including path loss and link margin estimates

5. Adaptation of transmit power based on the detection of licensed DTV signals in the neighbor channels of the operating channel to satisfy the required D/U ratio for the neighbor channels.

Thus in the downlink, the control message should include the information elements that follow: 

1. Power contraint including local maximum transmit power in the current channel. 
2. Channel switch announcement including channel switch mode, new channel number, channel switch start time. 
3. Quiet interval allocation including start time, period, duration, and offset, 

4. TPC report including transmit power and link margin (link margin shall be set to 0 when a TPC report element is included in an autonomous report) and TPC request. 
5. Channel measurement request including the channel list, measured parameters, start time and duration, etc. The measurement parameters may be received signal-to-interference-and-noise ratio (SINR), the incumbent signal power, center frequency and bandwidth, etc. 

6. Channel modification including the modification of the downlink/uplink frequency usage map and DL/UL channel descriptor.
To enter a WRAN network, a consumer premise equipment (CPE) should first associate with the WRAN base station (BS). During the assocation, the CPE provide the information on its capability to the BS including minimum and maximum transmission power, supported channel list for transmission and receiving and supported channel list for incumbent signal detection (termed as channel sensing). The BS shall use this information to decide whether to allow the CPE to associate. 

To sense incumbent signals in a channel, the WRAN system should cease transmission in that channel during the channel sensing period. A BS may schedule quiet interval in  OFDMA frames using the downlink control field. The BS may schedule a quiet interval that span multiple OFDMA frames or a quiet interval within an OFDMA frame, for example a quiet uplink subframe. 
A BS may request a CPE to measure one or more channels on its behalf either in idle state or during normal operations. The procedure is shown as following:
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A CPE may autonomously report measurements to the BS. A BS may enable or disable measurement requests or autonomous measurement reports from a CPE by transmitting Measurement Request elements with the Enable bit set to 1 and the Request bit and Report bit set to 0 or 1, as appropriate. All measurement requests and reports are enabled by default. The measurements report message contains elements such as incumbent signal power, center frequency and bandwidth. The measure report message can also contain information such as histogram of the incumbent signal power and signal-to-interference-and-noise ratio (SINR). 

A BS may select a new channel using the information in Supported Channel elements and the results of measurements undertaken by the BS and CPEs. A BS shall inform associated CPEs that the BS is moving to a new channel and maintain the association by advertising the switch using Channel Switch Announcement elements in downlink control. The BS may force CPEs to stop transmissions until the channel switch takes place using the Channel Switch Mode field in the Channel Switch Announcement element. If possible, the channel switch should be scheduled. A CPE that receives a Channel Switch Announcement element may choose not to perform the specified switch, but to take alternative action: for example it may choose to move to a different BS. 

In addition to channel switch, a BS may still use the current channel if the incumbent signals are narrow band signals and occupy only a small portion of the channel. A BS may choose not to use these subcarriers in the affected spectrum. In order to indicate the channel usage change, the BS can issue channel modification message such as modification of the downlink/uplink frequency usage map and downlink/uplink channel descriptors.

A BS and a CPE can dynamically adapt the transmission power based on any criteria such as path loss, link margin estimates, channel measurement results, transmission power constraints, etc The BS may use a TPC Request message to request a CPE to report transmission power and link margin information. The CPE receiving a TPC Request shall respond with a TPC Report message containing the power used to transmit the response in the Transmit Power field and the estimated link margin in a Link Margin field.  A CPE can also request the BS to report transmission power and link margin.

The CPE or BS can adjust its transmission power using the received link margin information. In addition, a BS may issue control message to a CPE to change the CPE’s maximum allowed transmission power based on the current channel environment. A BS shall autonomously include a TPC Report element with the Link Margin field set to 0  and containing transmit power information in the Transmit Power field in downlink control field. The procedure is shown as following:
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In general, a BS determine the CPE’s maximum transmission power. However, a CPE may autonomously adjust its transmit power within the maximum transmit power constraint or cease transmission: i.e., reduce the transmission power to zero when incumbent signals are detected and the CPE’s signal may cause harmful interference to the incumbent signals
ATSC DTV Signal Sensing

WRAN systems are intended to operate on VHF/UHF TV bands, where TV and wireless microphone signals already exist. WRAN systems cannot interfere with these existing licensed incumbent signals. To achieve this goal, one critical procedure is to robustly and accurately sense the licensed incumbent signals in the TV bands. In this section, we describe methods to sense the ATSC DTV signals in DTV bands.
ATSC DTV Signal Description
DTV data is modulated using 8-VSB [2]. Besides the eight-level digital data stream, a two-level (binary) four-symbol data segment sync is inserted at the beginning of each data segment. A complete segment consists of 832 symbols: four symbols for data segment sync, and 828 data symbols. The data segment sync pattern is a 1001 pattern, as described in Figure 1 . Multiple data segments (313 segments) comprise a data field. The first data segment in a data field is called the data field sync segment. The structure of the data field sync segment is shown in Figure 2, where each symbol represents one bit of data (two-level).  In the field sync segment, a pseudo-random sequence of 511 bits (PN511) immediately follows the data segment sync. After the PN511 sequence, there are three identical pseudo-random sequences of 63 bits (PN63) concatenated together. 

First Category of Sensing Method

In the first category of the sensing method, the pilot carrier is extracted using some combination of phase-locked-loop and filtering techniques. This may be done either in the analog or digital domain.  The received DTV signal is then converted to baseband, utilizing the recovered pilot carrier. After down-conversion to baseband in the analog or digital domain, the signal exists as digital samples, for example, at the nominal symbol rate of 10.762 MHz. If the transmitter symbol clock is very close to the receiver symbol clock, and the carrier offset is minimal, a matched filter that matches to the PN511 sequence can be used to identify the presence of the PN511 sequence. 

To reduce the complexity, a matched filter that matches to the PN63 can also be used. To improve the detection probability and reduce the false-alarm probability, the matched filter results corresponding to a data field (832*313 symbols) can be accumulated multiple times to decide if an outstanding peak exists (See Figure 6A). The drawback of this method is that a large memory is required. Another approach is to detect the peak value and peak position within one data field and store the results for multiple data fields. If the peak positions are the same for certain percentage of the data fields, we decide that a DTV signal is present in the DTV channel.  This is illustrated in Figure 6B.  
Another method to detect the presence of a DTV signal is to use the data segment sync. Since the data segment sync repeat every data segment, it is usually used for timing recovery. The same circuit can be used for DTV signal sensing. If the timing recovery circuit provides an indication of timing lock, it ensures the presence of the DTV signal with high confidence.  This method will work even if the initial local symbol clock is not close to the transmitter symbol clock, as long as the clock offset is within the pull-in range of the timing recovery circuitry. 

Alternatively, the segment syncs can be used independent of the timing recovery mechanism employed.  A leaky integrator can be used, as shown in Figure 3, to build up the timing peak for detection by reinforcing information that occurs with a repetition period of one segment.  This assumes that the timing is within a sample over the time constant of the filter, and carrier offset is within a fraction of a cycle over the time constant of the filter. 

The previous two approaches can be combined, as follows: first, use the timing recovery procedure to recovery the symbol timing; then, try to detect the presence of the PN511 or PN63 sequences. This method provides higher confidence compared with either of the first two approaches alone: however, it also requires higher complexity.

Second Category of Sensing Method

In this category, down-conversion to baseband via use of the pilot carrier is not required.  This is advantageous in that robust extraction of the pilot can be problematic in low signal-to-noise situations.

In order to achieve a robust estimate of the location of the segment sync, a delay-line structure is used as in Figure 4.  The signal is multiplied by a delayed, conjugated version of itself.  The result is summed by a sliding window filter of length four symbols:  the conjugation ensures that any carrier offset will not affect the amplitude following the sliding window filter.  Following the sliding window filter, the magnitude of the signal is taken (or more easily, the magnitude squared is taken as I2 + Q2, where I and Q are in-phase and quadrature components, respectively, of the signal out of the sliding window filter).  This magnitude value can be examined directly to see if an outstanding peak exists, indicating the presence of a DTV signal, or it can be further refined by processing with an IIR filter, as shown, in order to improve the robustness of the estimate over multiple segments.  The sliding window filter is a leaky integrator having a delay line equal to the segment length; alternatively, an integrate-and-dump approach might be taken.

Similarly to the first category of sensing method, the longer PN63 and PN511 sequences found within the field sync can be used: however, in this case, some modifications may be used within the algorithm to accommodate the frequency offset:

For example, if the PN511 sequence is to be used as an indicator of the ATSC signal, there may be several correlators used simultaneously to detect its presence.  Consider the case where the frequency offset is such that the carrier undergoes one complete cycle or rotation during the PN511 sequence:  in such a case, the matched correlator output between the input signal and a reference PN511 sequence would sum to zero.  However, if the PN511 sequence is broken into N parts, each part would have appreciable energy, as the carrier would only rotate by 1/N cycles during each part.

Therefore, a non-coherent correlator approach can be utilized advantageously by breaking the long correlator into smaller sequences, and approaching each sub-sequence with a non-coherent correlator, as shown in Figure 5.  In this figure, the sequence to be correlated is broken into N sub-sequences, numbered from 0 to N-1.  The input data is delayed such that the correlator outputs are combined to yield a usable non-coherent combination.
Similarly to the first category of sensing method, the previous two approaches can be combined, making use of both the segment syncs and the PN511 or PN63 sequences within the field sync. This method provides higher confidence compared with either of the first two approaches alone: however, it also requires higher complexity.   
Synchronization Method using Strong DTV Signals

Note that, using either non-coherent or coherent (baseband) detection techniques, performance may be improved by increasing the accuracy of either the timing or carrier frequency references in the receiver.  One way to do this is by receiving a strong station on another frequency, and observing the timing and frequency offsets and settings relative to its known timing and frequency characteristics.  These observed timing and frequency offsets and setting can then be used to calibrate the receiver, such that a DTV station can be sensed with accurate knowledge of its timing and frequency location. This method relies on the stability and known frequency allocation of DTV channels.  As specified in ATSC A/54A ATSC Recommended Practice [3], carrier frequencies are specified to be at least within 1 KHz, and tighter tolerances are recommended for good practice.  ATSC DTV channels will be on specific frequencies, depending on the NTSC and ATSC interferers in the location.  This allows 14 possible carrier offsets for a given channel.  As NTSC transmission is discontinued, the number of channel offsets should decrease to two, with a tolerance of 10 Hz.  This method relies on the short term stability of the frequency reference in the receiver.  Stability of the tuner local oscillator would be a consideration in the design of the tuner for a receiver using this approach.  

To get a close frequency reference for detecting the presence of an ATSC signal, this system tunes in an existing ATSC signal.  With this signal as a reference, the tuner local oscillator PLL conversion ratios are noted, and the frequency offset is stored.  If an analog AFC is used, this voltage is frozen via a track and hold or by freezing the DAC which generates the control voltage.  This will keep the reference oscillator of the tuner PLL at as constant of frequency as possible.  Typical tuners allow frequency selection as a multiple of a step size between 50 and 200 KHz.  

A numerically controlled oscillator (NCO) is used to fine tune the signal.  Once a channel at the nearest synthesizer step is established, the NCO is tuned to lock to the channel using known carrier recovery techniques.  This information is recorded and used to estimate the PLL reference frequency or synthesizer step.  This is illustrated in the equation below, where Fc is the channel frequency (Low band edge from table 1 plus low band edge offset from table 2), n is the PLL divider, Fstep is the PLL frequency step, and Foffset is the NCO measured deviation from the PLL frequency step.  Foffset includes both the distance from the multiple of Fstep to the channel and the error caused by frequency differences in the local frequency reference and the transmitter frequency reference.  Since we measure Foffset, we know n and Fc, we can solve for Fstep to determine the exact frequency of another ATSC channel.  
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An analog oscillator could be used, but we benefit from the digital design in having a precise (as stable as the sample clock) measurement of carrier frequency offset from the PLL synthesizer step.  Figure 7 illustrates the NCO and derotator in context of a DTV tuner, receiver, and detector.  The detector is the device which is used to find ATSC signals by correlating with the training signals.  

Determining the reference oscillator frequency can be achieved in multiple ways.  First, if only one strong DTV signal is present, one will assume that the DTV signal is one of the 14 possible frequencies listed in ATSC A/54A [3] (See Tables 2 & 3).  Solving for the reference oscillator frequency or PLL frequency step, we can find 14 possible reference oscillator frequencies or frequency steps.  After NTSC is made obsolete, the number of possible frequencies will be reduced to two (Boldface in table).  Second, if multiple DTV channels are present, one can solve for the best fit of the frequency step, providing precise frequency information, possibly even determining the exact reference oscillator frequency rather than a set of guesses.    

Once this is accomplished, the channel under test is selected, and the derotator oscillator is tuned to try each of the possible channel frequencies (This could be combinations of reference frequency estimates, and channel frequency possibilities -- a worst case of 196 combinations, or fewer if some of the close entries are considered one entry).  If the ATSC detector finds evidence of an ATSC signal, the channel is presumed to have a DTV signal, even if that signal is below the usable signal strength.  The target sensitivity for this device is to detect ATSC signals with a signal strength of -116dBm.  This is >30dB below the threshold of visibility.  The ATSC detector will perform repeated correlations of the training signals of the ATSC signal, to bring the low level signal out from the noise floor.  By removing carrier offsets to the order of 1 KHz, non-coherent accumulations of segment and field sync correlations should reveal the presence of ATSC signals below the noise floor.  

Once NTSC is obsolete, the limited number of frequency possibilities will reduce the number of combinations of reference frequency estimates and channel frequency possibilities to 4.  

The algorithm flow is illustrated in Figure 8.  

Since this is an open loop timing system, it is important to periodically check timing with the reference station, depending on the drift characteristics of the reference oscillator and to a lesser extent, the sample clock oscillator.  It is also possible to use two synchronized tuners to constantly lock to a VSB channel while looking for other VSB channels.
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Figure 1: ATSC 8-VSB Data Segment
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Figure 2: ATSC 8-VSB Field Sync
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Figure 3: Coherent Segment Sync Detector
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Figure 4: Non-coherent Segment Sync Detector
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Figure 5: Non-coherent Field Sync Detector
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Figure 6: Matched Filter approach to ATSC Signal Detection
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Figure 7 - ATSC Alternate Channel Carrier Frequency Reference
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Figure 8 – Flowchart

Table 2 – TV Channel Frequencies

[image: image30.emf]Channel Number Channel Boundary

2 54-60

3 60-66

4 66-72

5 76-82

6 82-88

VHF Television Frequency

(Low Band)

VHF Television Frequency

(High Band)

7 174-180

8 180-186

9 186-192

10 192-198

11 198-204

12 204-210

13 210-216

UHF Television Frequency

14 470-476

15 476-482

67 788-794

68 794-800


Table 3 – Frequency of Pilot Tone with respect to low band edge of channel

	Low Band Edge Offset in Hz
	Tol. ±Hz
	Condition

	309440.559
	10
	Standard DTV

	322138
	3
	Lower Adjacent NTSC with -10 KHz Offset

	328056
	1000
	Co-channel NTSC with -10 KHz Offset

	328843.6
	10
	Co-channel DTV

	332138
	3
	Lower Adjacent NTSC

	338056
	1000
	Co-channel NTSC

	341541
	10
	Co-channel DTV with DTV with Lower Adjacent NTSC with -10 KHz offset

	342138
	3
	Lower Adjacent NTSC with 10 KHz Offset

	347459
	1000
	Co-channel DTV with DTV with Co-channel NTSC with -10 KHz offset

	348056
	1000
	Co-channel NTSC with 10 KHz offset

	351541
	10
	Co-channel DTV with DTV with Lower Adjacent NTSC

	357459
	1000
	Co-channel DTV with DTV with Co-channel NTSC

	361541
	10
	Co-channel DTV with DTV with Lower Adjacent NTSC with 10 KHz offset

	367459
	1000
	Co-channel DTV with DTV with Co-channel NTSC with 10 KHz offset


Sensing Antenna Design

As part of interference avoidance, the WRAN device is required to detect television signals produced by field strengths as low as 21 dBuV/m over a 6 MHz television channel.  Since the licensed transmitter may be at any location relative to the WRAN unit, such sensing must be made for a 360 degree circle.  Such an antenna for horizontal polarization is very difficult to achieve and can only be done over a few 6 MHz television channels.  In particular, two horizontal dipoles can be placed orthogonal to each other and the outputs added.  This would, at first examination, achieve an approximate omni-directional pattern.  However, at the 3 dB points of each pattern, the signals from each antenna are equal, but of undetermined phase.  This can result in an out of phase addition that produces a deep null at one or more of those 4 points.  It is possible to carefully adjust the phasing to minimize that null for a narrow band of frequencies such as one or two 6 MHz television channels. This can be done for television broadcast antennas but requires considerable added complexity.  However, this type of control cannot be achieved over a wide band of frequencies such as the complete UHF television band.  

This proposal is to provide two or more antennas with overlapping patterns.  The antennas are to be alternatively switched electronically to a common measurement apparatus.  If any of the antennas produce an indicated field strength above the limit, then the frequency is in use and must be avoided.  For example, two orthogonal dipoles could be used.  Each dipole produces a figure 8 pattern with each lobe having a 3 dB beamwidth of approximately 90 degrees.  By switching and measuring each antenna separately, a full 360 degree circle is covered.  The gain of a dipole is 2.12dBi.  At the 3 dB points, the gain would be -0.88 dBi which is close to, but not within the prescribed limit of 0 dBi gain.  If this is not acceptable, 3 dipoles could be arranged with uniform radial spacing.

If the signal from such a dipole arrangement is not sufficiently high enough for the detection means used, then each of the dipoles may be augmented by additional dipoles stacked vertically.  For example, a two by two dipole arrangement would give an additional 3 dB gain in output signal.  

It is also possible to make an arrangement of 4 antennas spaced 90 degrees with a unidirectional pattern: an example would be an arrangement of 4 corner reflectors.  Such antennas have approximately 90 degree 3 dB beamwidths and a gain of 8 dBi.

Although it may require some time to switch to each antenna and make the multiple measurements, this time may be compensated by producing a higher signal level that is more quickly detected in the presence of noise.
Antenna Installation Method

The Wireless Regional Area Network (WRAN) system proposed by IEEE 802.22 requires mitigating interference to incumbent television service.  One method is to operate the two services in orthogonal antenna polarizations.  In the USA, television is generally transmitted with horizontal polarization.  A proposed system for an unlicensed WRAN would share those frequencies.  To minimize interference, the WRAN should transmit using vertical polarization.  An exemplary desired cross polarization isolation is given as 14 dB.

The isolation achieved, assuming a properly designed and manufactured antenna, is proportional to the cosine of the angle between the transmitting and receiving antennas.  Thus, if the antennas are 90 degrees to each other, the isolation is infinite.  However, if the angle is 78.5 degrees, the isolation is 14 dB.  If we were to assume equal error on the transmit and receive antennas, this would imply that the transmit antenna must be installed with an error of 5.5 degrees or less.  The proposed service states that the equipment can be user installed.  Thus, no skill can be assumed with respect to proper alignment.  

A solution to this problem is to provide a level sensitive switch in the antenna structure that would be in one state when the antenna is aligned within a specific tolerance and in another state when positioned improperly.  The state resulting from improper positioning could be used to prevent transmitter operation, reduce the transmitter power to a lower level or to signal to a service provider that the antenna was misaligned and required professional service.  

As a specific example, the switch could be made as a conductive pendulum inside a conductive tube.  By design of the length of the pendulum and the diameter of the tube, the degrees of misalignment before the pendulum and tube make contact can be controlled to any desired value.  This contact can close a circuit to indicate misalignment and control transmitter operation as above.
[image: image31.wmf]To Monitoring

Circuitry

Insulating

Support

Conductive

Weight

Conductive

Tube


Figure 9  

In Figure 9, the switch is incorporated in a metal tube that could be part of the mounting past for the antenna structure.  In the cut away drawing, a small flexible wire is suspended from an insulating support and a second wire is connected to an external monitoring circuit.  A conductive weight is connected to the other end of the flexible wire so that the wire and weight will rotate freely to be vertical under the influence of gravity.  As shown in Figure 9, the tube is vertical.  The weight does not touch the sides of the tube and correct alignment is indicated by presenting an open circuit to the monitoring circuitry.
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Figure 10
In Figure 10, the tube has suffered a rotation and is no longer vertically oriented.  The flexible wire and weight assembly no touch the side of the tube.  This presents a closed circuit which can be detected by the monitoring circuitry.
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Abstract


We propose to use 802.16-2004 MAC as a baseline, incorporating specially designed messages for 802.22 WRAN systems. The PHY layer utilizes an OFDMA based PHY. This proposal includes specifications regarding channel sensing, channel changing, and antenna design and installation methods.
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