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Technical Outline

for the 802.22 WRAN Standard

1. Introduction
The purpose of this document is to outline PHY and MAC specifications proposed for WRAN system.

PHY is based on OFDMA for multiple access and FDD and TDD are proposed for duplex method. To cope with WRAN channel condition and spectrum usage, the frame structure, subcarrier allocation scheme and pilot pattern, channel coding and modulation are proposed. Multi-Resolution Spectrum Sensing and Analog Auto-Correlation method are proposed for fast and low cost spectrum sensing. Specral efficiency, minimum peak data rate and BER simulation results are exhibited as performance analysis.

MAC protocol specification is based on the existing MAC standard, especially IEEE 802.16 specification. Some CR-enabled features, including spectrum management, are introduced. Furthermore, CR-specific MAC management messages or information elements are proposed for modifying the current IEEE 802.16 specification as a baseline.

2. PHY
2.1 System Parameters for WRAN
Table 2-1 shows the system parameters for Wireless Regional Area Networks(WRANs). According to “Functional Requirements for 802.22 WRAN standard”, the frequency bands used by 802.22 systems vary from 54 MHz to 862 MHz. The typical range of the system is 33 km, and up to a maximum of 100 km. The required minimum peak throughput at edge of coverage shall be 1.5 Mbit/s per subscriber in the downlink and 384 kbit/s per subscriber in the uplink. A maximum and minimum spectrum efficiency are at least 5 bits/s/Hz and 0.5 bits/s/Hz, respectively. The mandatory channel spacings are 6, 7 and 8 MHz. In addition to, by using spectrum sensing result, bandwidth scalability can be provided from 1 MHz to 5 MHz. OFDM and adaptive OFDMA is chosen as a modulation and multiple access method. In adaptive OFDMA, it is possible to control the transmission parameters such as FFT size, GI mode, modulatiion, code rate, coding scheme, channel bandwidth, etc. The proposal can apply 2048, 4096, and 8192 FFT and 1/4, 1/8, 1/16, 1/32 cyclic prefix mode. In addition, cyclic postfix mode of 1/64 is used to combat the pre-cursor signal. The duplexing method shall be either TDD or FDD, but in license-exempt bands, TDD shall be used. The frame length is 5 ms or 10 ms for TDD and 5.103 ms or 10.206 ms for FDD.
Table 2-1: System Parameters for WRAN
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2.2 Cognitive WRAN Transceiver Architecture
Figure 2-1 shows the cognitive WRAN transceiver architecture which is divided into two paths, i.e. data path and spectrum sensing path. Data path is composed of the directive antenna, switch(or duplexer), RF/IF part, PHY, and MAC. And spectrum sensing part is composed of omni antenna, correlator and low speed ADC.
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Figure 2-1 Cognitive WRAN Transceiver Architecture
2.3 PHY(Baseband) Architecture
The PHY block diagram for the downlink of an adaptive OFDMA system is shown in Figure 2-2. At transmitter, the binary data stream enters a randomizer. The randomizer output are then encoded and punctured, and bit-interleaved. The interleaved bits are then mapped into constellation symbols, which are subsequently allocated to subchannel. After being multiplexed with the preamble and pilot signal, the allocated subcarriers are combined using the IFFT into an OFDMA symbol. Finally a cyclic prefix and cyclic postfix are added to mitigate the intersymbol and intercarrier interference. This is then transmitted through a wireless and AWGN channel. The received signal is converted into a frequency domain signal using the FFT process after removing the cyclic prefix and cyclic postfix. After timing and frequency synchronization, the channel estimation can be performed using the preamble and pilot signal for coherent demodulation. The demodulated constellation symbols are then deallocated and demapped. And then through the deinterleaver and depuncturer, the demodulated signals enter channel decoder. Finally derandomizer recovers the binary data.
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Figure 2-2. PHY(Baseband) Architecture
2.4 OFDMA Symbol Time Structure and Parameters
Figure 2-3 illustrates the OFDMA symbol time structure. Inverse Fast Fourier Transrom(IFFT) generates the useful OFDMA symbol Td. A copy of the last Tpre time of the useful OFDMA symbol time, termed cyclic prefix, is used to cope with the post-cursor signals, and a copy of the first Tpost time of the useful OFDMA symbol time, termed cyclic postfix, is used to cope with the pre-cursor signals. The guard interval time TG is the sum of the cyclic prefix time Tpre and cyclic postfix time Tpost. The pre- and post-cursor are shown in Figure 2-4.
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Figure 2-3. OFDM Symbol Time Structure
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Figure 2-4. Post- and Pre-cursor

For 2048, 4096, and 8192 FFT mode, Table 2-2 shows the OFDM parameters such as subcarrier spacing, number of used subcarrier, and OFDMA symbol time, etc. It is assumed that cyclic prefix mode is 1/4. To increase the robustness against frequency offset including Doppler effects, it is required to maximize the subcarrier spacing as possible. And to increase the data rate for given bandwidth, it is required to maximize the number of used subcarrier. The effective bandwidth of the transmitted signal is related to the subcarrier spacing and the number of used subcarriers. However it is required to consider a trade-off between ACI(adjacent channel interference) and bandwidth efficiency. The bandwidth efficiency is defined as,
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where, Nused, f, and BW are the number of used subcarrier, subcarrier spacing, and bandwidth, respectively.
The proposal uses the sampling factor of 8/7, thus the sampling rate is Fs=64/7 MHz(=8MHz*8/7). Therefore the sampling frequency and subcarrier spacing are always constant for given FFT mode. In general, the bandwidth efficiency is designed to be in the range of 83–95% in order to occupy the maximum usable bandwidth but still allow adequate RF filtering. The bandwidth efficiency is chosen to be 92.93%.
Table 2-2: OFDM Parameters
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2.5 Adaptive OFDMA with Flexible Bandwidth Allocation and Partial Spreading
In adaptive OFDMA system, there are many parameters that can be varied according to channel state information. The following parameters are frequently used in adaptive transmission systems.

· FFT parameters(FFT size, the ratio of GI time to FFT time, etc.)
· Modulation order(BPSK, QPSK, 16QAM, 64QAM, 256QAM)
· Code rate(1/2, 2/3, 3/4, 5/6, 7/8, etc.)
· Coding scheme(convolutional code, convolutional turbo code, LDPC code, concatenated code, etc.)
· Transmit power(power control, boosting factor, etc.)
In addition to, depending on the channel state information, the partial bandwidth can be used adaptively as shown in Figure 2-5. Here, the subcarrier spacing is the same for 1/2/3/4/5/6/7/8 MHz band, and common sampling frequency and FFT size for all bands is used. The flexible bandwidth can be allocated by adjusting the number of active subcarriers.
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Figure 2-5. Flexible Bandwidth Allocation
2.6 Frame Structure for TDD/FDD
Figure 2-6 shows the frame structure for TDD system. Each frame begins with downlink preamble followed by a DL transmission and UL transmission. In each frame, the transition gap(TTG or RTG) shall be inserted at the end of each downlink and uplink transmission, respectively, to allow the BS to turn around. Where TTG and RTG denote transmit/receive transition gap and receive/transmit transition gap, respectively. The downlink FCH(Frame Control Header) contains the information regarding the current frame and DL-MAP. The DL-MAP message and UL-MAP message define the usage of the downlink burst and uplink burst, respectively.

  Table 2-3 shows the frame parameters for TDD system. It is assumed that the frame length is 10 ms and cyclic prefix mode is 1/4. From the point of view of a TTG time, the 2K and 4K FFT mode can be used to satisfy the typical range of the system(33 km), and the 8K FFT mode can be used to satisfy the maximum range of the system(100 km). The number of OFDMA symbols per frame depend on the cyclic prefix mode.

Figure 2-7 and Table 2-4 show the frame structure and frame parameter for FDD, respectively. In Table 2-4, it is assumed that the frame length is 10.206 ms and cyclic prefix mode is 1/4. Apart from the TTG and RTG time, the structure of FDD system is similar to that of TDD system.
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Figure 2-6. Frame Structure For TDD

Table 2-3: Frame Parameters for TDD
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Figure 2-7. Frame Structure For FDD
Table 2-4: Frame Parameters for FDD
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2.7 Subchannelization
The subcarrier allocation can be performed using distributed or adjacent subcarrier permutation. According to channel quality information, BS determines the type of subchannel. For subchannel type with distributed subcarrier permutation, each subchannel consists of distributed subcarriers within an OFDM symbol. And only the average CINR over all subcarriers is required. It is suitable for the users with high frequency selectivity or far distant users.

On the other hand, for the subchannel type with adjacent subcarrier permutation, each subchannel consists of a group of adjacent subcarriers. The bands in good state are selected for data transmission to provide the multiuser diversity. This type of subchannel requires the more feedback information than distributed subcarrier allocation type.
2.8 Pilot Pattern
Generally speaking, the block-type pilot pattern is suitable for frequency-selective fading channel, and the comb-type pilot pattern is suitable for fast fading channel. However, the number of used pilots is a trade-off between throughput and channel estimation performance. So we will use the combination pilot pattern of comb- and block-type. To determine the optimal pilot subcarrier period and pilot symbol period between pilots, we need to consider the Doppler spread and the maximum delay spread of the wireless channel under consideration. As the WRAN channel has the characteristics of the frequency-selective but slow fading, the pilot symbol spacing is sparse but the pilot subcarrier spacing is dense.
Figure 2-8 shows the pilot pattern with variable pilot symbol period and pilot subcarrier period. The pilots are placed at specified intervals in the OFDM frequency-time signal space, so that the frequency and time interpolation of the channel is used for the channel estimation. Pilot symbol period and pilot subcarrier period are varied with channel state information.
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Figure 2-8. Pilot Pattern
2.9 Channel Coding and Modulation
Channel coding procedures consist of the randomization, channel encoding, and bit interleaving. Channel encoding scheme include the convolutional coding(CC), convolutional turbo conding(CTC), LDPC code, and concatenated code. For LDPC code, code rate of 1/2, 2/3, 3/4, 5/6, and 7/8 will be supported. For CTC, code rate of 1/3, 1/2, 2/3, 3/4, 5/6, and 7/8 will be supported. And for CC, code rate of 1/2, 2/3, 3/4, 5/6, and 7/8 will be supported. For concatenated code, BCH code is used as outer code and the inner code is chosen from among the CC, CTC, and LDPC code.
The preamble, pilot and control channel shall be modulated using BPSK. For data, Gray-mapped QPSK, 16QAM, 64QAM, and 256QAM shall be supported. The constellations shall be normalized by multiplying the constellation point with the specified factor to achieve the equal average power.
2.10 Spectral Efficiency and Ideal Minimum Peak Throughput
Table 2-5 shows the spectral efficiency of WRAN system. It is assumed that FFT size and cyclic prefix mode are 2048 and 1/4, respectively. The spectral efficiency is defined as,
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where, Nused, bm, cr, Ts, and BW are the number of used subcarrier, the number of bits per modulation symbol, code rate, OFDMA symbol time, and bandwidth, respectively.

The WRAN system shall operate with a minimum spectral efficiency per transmission link of 0.5 bits/sec/Hz and a maximum goal of 5 bit/sec/Hz or better. From the Table 2-5, the proposal meets the spectral efficiency of the functional requirement.
Table 2-5: Spectral Efficiency
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In Table 2-6, ideal minimum peak throughputs are shown for bandwidth of 6 MHz. It is assumed that there are no pilots and no sensing periods. And it is also assumed that there are at least 512 simultaneously associated CPEs and the oversubscription ratio is 50. Therefore, it can be assumed that at most 11 CPEs can be served by BS, simultaneously. The spectral efficiency is defined as,
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where, NCPEs is the number of CPEs that is served by BS simultaneously.
The required minimum peak throughput of the WRAN system shall be 1.5 Mbit/s per CPE in down link and 384 kbit/s per CPE in the up link. From the Table 2-6, the proposal meets the minimum peak throughput of the functional requirement.

Table 2-6: Ideal Minimum Peak Throughput
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2.11 Performance Analysis
Simulation result for code rate of 1/2 is shown in Figure 2-9. In this figure, the performances of LDPC code are compared with that of convolutional turbo code for variable modulation type. The simulation is performed using the WRAN multipath profile C. As the SNR increases the performance of LDPC code is better than that of convolutional turbo code. In addition, simulation result for code rate of 2/3 is shown in Figure 2-10. Similarly, as the SNR increases, the performance of LDPC code is better than that of convolutional turbo code. And as the H size increases, the performance of LDPC code is improved.

[image: image18.wmf]0

5

10

15

20

25

10

-10

10

-8

10

-6

10

-4

10

-2

10

0

Eb/No(dB)

BER

Blue1 

Blue2 

Red1 

Red2 

Blue1: 1/2Turbo message 728 bits

Blue2: 1/2Turbo message 1456 bits

Red1:  1/2LDPC H size 728*1456

Red2:  1/2LDPC H size 1456*2912 

Multi-path Fading

6-Paths

Carrier=617MHz

Dopper=0.10

200 Frames 

QPSK 

16QAM 

64QAM 

256QAM 

WRAN Channel profile C


Figure 2-9. Simulation result for code rate of 1/2 over multipath fading channel
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Figure 2-10. Simulation result for code rate of 2/3 over multipath fading channel
2.12 Ranging 
In OFDMA system, there are three types of ranging: initial ranging, periodic ranging, and bandwidth request. 

Initial ranging is used by any CPEs that want synchronization to the system channel for the first time. Periodic ranging processes are supported to synchronize the SS’s with the BS periodically during the normal operation. Bandwidth request mechanism is supported so that SS’s can request UL allocations for transmission of data to the BS.
2.13 Proposed Spectrum Sensing Technique
2.13.1 Overview of proposed spectrum sensing technology

This work suggests the spectrum sensing technique consisted of dual sensing stages – the coarse and the fine spectrum sensing as shown Figure 2-1. These two sensing stages collaborate with each other to enhance the accuracy of the spectrum detection performance. The coarse spectrum sensing technique adopted the wavelet transform to provide the multi-resolution sensing feature – Multi-Resolution Spectrum Sensing (MRSS). This feature realizes the flexible detecting resolution without any hardware burden increase. Meanwhile, the fine spectrum sensing exploits the periodic feature of the input signals unique for each modulation format or frame structure. This fine sensing technique uses the beneficial properties of the autocorrelation function – Analog Auto-Correlation (AAC). This fine sensing technique identifies the signal type and provides this information to MAC for the mitigation of interference effects. The suggested sensing techniques detect a variety of sophisticated signal formats adopted in the current and emerging wireless standards – the IS-95, WCDMA, EDGE, GSM, Wi-Fi, Wi-MAX, Zigbee, Bluetooth, digital TV (ATSC, DVB), and so on. Moreover, the analog implementation of these spectrum sensing techniques offers several advantages such as the fast detection for wideband frequency range, the low power consumption and the low hardware complexity. The following sections describe their principles of operation and performances in detail.

2.13.2 Coarse Spectrum Sensing – MRSS

The Fourier transform derives the spectral representation of the given time domain signal. The sinusoidal waveform is adopted as the basis function of the Fourier transform. The correlation between the given signal and this sinusoidal basis function stands for the spectral component of the corresponding signal for each carrier frequency. Meanwhile, the wavelet transform has various choices of the basis functions. Certain types of the wavelet basis functions may have the bandwidth, the carrier frequency and period as the freedom of design. The wavelet transform coefficient is the correlation of the given signal with the specific wavelet basis waveform. Therefore, by adjusting the wavelet pulse width and the carrier frequency, the spectral contents for the given signal can be represented with the scalable resolution or multi-resolution. Moreover, wavelet transform is able to analyze the spectral contents of the time-variant signals by changing these pulse width and frequency after maintaining them within certain interval. 

Fig. 2-11 shows the conceptual picture to describe the trade-off between the time and the frequency resolution. The uncertainty inequality is applied to the selection of the wavelet waveform pulse width Wt and frequency width Wf, where 
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(Eq. 1)
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(Eq. 2)

The product of Wt and Wf has to be greater than equal 0.5, i.e. WtWf ≥ 0.5. The equality only holds when the window pulse is the Gaussian pulse. 
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Figure 2-11. The conceptual picture to describe the trade-off between Wt and Wf.
The analog MRSS is suggested as the coarse spectrum sensing technique. The wavelet transform is applied to the input signal and the resulting coefficient values stand for the representation of the input signal’s spectral contents with the given detection resolution. Figure 2-12 shows the functional block diagram of the suggested MRSS technique. The building blocks consist of the analog wavelet waveform generator, the analog multiplier and the analog integrator for computing the correlation, and the low speed analog-to-digital signal converter (ADC) to digitize the calculated analog correlation values.
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Figure 2-12. Functional block diagram of the suggested MRSS technique.

The wavelet pulse is generated and modulated with I-, Q-sinusoidal carrier with the given frequency. The correlations are calculated with the wavelet waveform with the given spectral width, i.e. the spectrum sensing resolution. By sweeping the local oscillator (LO) frequency with the certain interval, the signal power and the frequency values are detected over the spectrum range of interest. The resulting correlation with the I-, Q- components of the wavelet waveforms are digitized and their magnitudes are recorded. If these magnitudes are greater than the certain threshold level, the sensing scheme determines the meaningful interferer reception.

Since the analysis is performed in the analog domain, the high-speed operation and low-power consumption can be achieved. By applying the narrow wavelet pulse and the large tuning step size of LO, this MRSS is able to examine the very wide spectrum span in the fast and sparse manner. On the contrary, very precise spectrum searching is realized with the wide wavelet pulse and the delicate adjusting LO frequency. By virtue of the scalable feature of the wavelet transform, multi-resolution is achieved without any additional digital hardware burdens. Moreover, unlike the heterodyne-based spectrum analysis techniques, this MRSS technique does not need any physical filters for image rejection due to the band pass filtering effect of the window signal. Figure 2-13 shows the simulation results of the suggested MRSS performance applied to the wireless microphone (FM) signal. 
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Figure 2-13. The spectrum of (a) the wireless microphone (FM) signal and (b) the corresponding signal spectrum detected with the MRSS technique.

2.13.3 Fine Spectrum Sensing – AAC
Most of the communication signals have the periodic features, i.e. sinusoid carriers, periodic pulse trains, cyclic prefix, and preambles, etc. These features are unique for each signal type or frame/packet structure. Meanwhile, the correlation process derives the amount of the similarity between two signals. In other words, the correlation between the same waveforms produces the largest value. The data modulated waveform has random feature, since the original data are random values. Therefore, the correlation between the periodic signal waveform and the data modulated signal waveform can be ignored. Using this benefit of the correlation characteristics, the periodic feature of the given signal can be the signature for the specific signal type. 

The Analog Auto-Correlation (AAC) is proposed as the fine spectrum sensing technique. Figure 2-14 is the functional block diagram of the suggested AAC technique. The building blocks are composed of the analog delay line, the analog multiplier, the analog integrator, the sliding window integrator, and low speed ADC to digitize the calculated analog correlation values.
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Figure 2-14 The functional block diagram of the suggested AAC technique.

The input RF signal is delayed by the certain delay value 
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is performed by multiplying these two signals and integrating the resulting product. These correlation values are summed by the sliding-window integrator. When the resulting integrator output is greater than the certain threshold, the AAC sensing scheme determines the specific signal type for the input signal.

This AAC technique processes all the signals in the analog domain. This feature enables the real-time operation and the low power consumption. By applying delay and correlation to the input signal, the blind detection is achieved with no need of any known reference signals. This blind detection drastically reduces the hardware burden and the power consumption for the reference signal recovery. Moreover, the AAC technique enhances the spectrum sensing performance with the collaboration with the MRSS technique. Once the MRSS detects the suspicious interferer signal reception, the AAC examines the unique feature for the signal and identifies its specific signal type.

In order to show the proof of the concept, a computer simulation was performed for the OFDM signal. This signal has the synchronization preambles at the beginning of the frame structure. For the simplicity, only one data OFDM symbol is followed by the preamble. Figure 2-15 (a) and (b) show the waveform and the spectrum of the input OFDM signal to be detected with the proposed AAC technique.
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Figure 2-15 OFDM signal; (a) the waveform and (b) the spectrum.

Figure 2-16 shows the waveform of the correlation between the original input signal 
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. The resulting correlation waveform has the consecutive positive values for the preambles. Then, the result of the sliding-window integration has the peaks for the preamble locations within the OFDM frame structure. Meanwhile, the correlation of the modulated data symbols has the random values and can be ignored after the sliding-window integration. By monitoring the periodic nature of the output signal, shown in Figure 2-17, type of the input signal can be determined. 
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Figure 2-16 The waveform of the correlation between the original input signal 
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Figure 2-17 The waveform of sliding-window integrator output for the IEEE802.11a – OFDM signals.

3. MAC 

This document introduces key feature of proposed MAC layer. The main is based on the IEEE 802.16d MAC specification. CR-enabled MAC features are added to this main MAC specification. 

For channel management, CR-specific channel sets that consist of active, candidate, occupied, disallowed and null sets are defined. Channel switching procedures and related MAC management messages are also specified. 

  For interference avoidance, proposed avoidance mechanism uses implicit signaling to support distributed (cooperative) sensing without any control channel.

  For Radio resource management, to maximize the average system throughput, we proposed channel matching and grouping schemes based on the condition of CPE’s channel.

3.1 MAC PDU format 

3.1.1 User data 

There are three different types of MAC PDUs which are one for user data from upper layer (e.g., IP datagram), MAC management PDU (see Section 3.1.2), and bandwidth request header PDU (see Section 3.1.2). Each PDU packet can be fragmented or multiple PDU packets are packed to form a MAC PDU in the MAC layer. Each MAC PDU is uniquely identified with the generic MAC header of 6 bytes, which include a connection ID. The generic MAC header is coded by its own error detection code, HCS (header check sequence). Meanwhile, each MAC PDU can be error-checked with optional CRC.
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Figure 3-1 MAC PDU format (User data case)

3.1.2 MAC control message 
There are many types of MAC management message PDU’s, each of which is identified by the management message type field. In general, MAC management message PDU’s are formed in the MAC layer. One special type of MAC management message PDU is the Bandwidth Rrequest (BR) header PDU, which is special in the sense that it does not include the management message payload, as opposed to all other MAC management message PDU. The BR header PDU carries the amount of bandwidth, in terms of the number of bytes that CPE intends to reserve in the uplink.
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Figure 3-2 MAC Management Message PDU
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Figure 3-3 Bandwidth Request Header PDU
3.1.3 Packing and Fragmentation 
A long IP packet can be fragmented into the multiple SDU’s of a smaller size, each of which is identified by individual fragmentation sub-header. On the other hand, multiple short SDU’s must be packed into one MAC PDU, in which each SDU is identified by packing subheader.
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 Figure 3-4 Fragmentaion and packing for user data
3.1.4 MAC PDU and PHY Mapping

Figure 3-5 illustrates how multiple MAC PDU’s are concatenated to form a MAC burst, which is mapped onto PHY burst. The size of MAC burst depends on the physical layer characteristics. 
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Figure 3-5 MAC PDU and PHY Mapping

3.2 Scheduling Service and QoS

The current system is supposed to support quality of services (QoS) for various types of applications, including the real-time and non-real-time services. In order to support QoS in the uplink, there must be some means of reserving the uplink bandwidth in a dynamic manner. There are three kinds of bandwidth request methods; piggy-back request, bandwidth stealing, and polling. Depending on how the uplink bandwidth is reserved, four different types of scheduling methods are defined: UGS, rtPS, nrtPS, and BE. Each scheduling methods are described in Table 3-1. 
·  UGS (Unsolicited Grant Service) for fixed data rate services (e.g., T1/E1, VOIP)

·   rtPS (Real-Time Polling Service) for real time variable data rate services (e.g., MPEG video)

·   nrtPS (Non-Real-Time Polling Service) for non real time variable data rate (e.g., FTP)

·   BE(Best Effort) service for Web browsing

Table 3-1 Scheduling methods
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3.2.1 Uplink Scheduling Types
At the time of service addition as a MAC connection, QoS parameters are specified for individual service flow which is defined a MAC transport service to provide unidirectional transport of packets. More specifically, DSA-REQ message that is transmitted in the course of dynamic service addition, includes those parameters. Other than QoS parameters specified in the current IEEE 802.16 specification, it may be useful to include some additional parameters to specify the CR-related performance requirement, e.g., channel move time.  DSA Message flow and format are described in Figure 3-6.
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Figure 3-6 Dynamic Service Addition message flow and format
3.3 Bandwidth Request and Allocation
Because the uplink burst profile can be changed dynamically, all requests for bandwidth shall be made in terms of the number of bytes needed to carry the MAC header and payload. The Bandwidth Request message can be transmitted during any uplink allocation, except during any initial ranging interval.

The IEEE 802.16-OFDMA PHY supports two mandatory contention-based Bandwidth Request meshanisms: The CPE shall either send the bandwidth request header or use the CDMA-based mechanism as specifed in the following Section.

3.3.1 Contention-based CDMA Bandwidth Request
The current IEEE 802.16 MAC system supports dynamic reservation-based multiple access. In other words, bandwidth must be requested by individual CPE in terms of the number of bytes to be reserved in the uplink. A ranging code, which is a segment of PN sequence, is randomly selected and transmitted in a randomly selected slot for bandwidth request. Unless the same code and same slot are selected by more than one CPE, the corresponding bandwidth request will be successfully transmitted without collision. The random access region in the uplink is specified by the parameters in CDMA_Allocation_IE.
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Figure 3-7 Contention-based CDMA Bandwidth Request Mechanism

Table 3-2 CDMA_Allocation_IE
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3.3.2 Polling based bandwidth request
The uplink bandwidth that is required for bandwidth request is allocated by polling process. The bandwidth is allocated by BS implicitly for individual CPE or a multicast group of CPE’s. Once polled, a corresponding CPE transmits the bandwidth request (BR) message in the given region and then, the allocation result is informed in MAP on the downlink. When a CPE is polle individually, no explicit message is transmitted to poll the CPE. The CPE is allocated bandwidth sufficient to respond with a BW Request. This type of BW request is called Unicast polling. However, if insufficient bandwidth is available to individually poll many inactive CPEs, some CPEs may be polled in multicast groups or a broadcast poll may be issued. This type of BW request is called Multicast polling. Both polling mechanisms are depicted in Figure 3-8.
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Figure 3-8 Unicast polling vs multicast/broadcast polling
3.4 MAC Support of PHY
Figure 3-9 is the typical OFDMA frame structure for TDD mode. Each frame lasts for 10ms (or optionally for 5ms). There are 10 frames in each superframe (or 20 frames, depending on the frame duration). The first frame of each superframe is used for sensing, e.g., quiet period. Frame control section includes the information field for channel grouping and matching required for cognitive radio operation.
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Figure 3-9 Frame structuere and its functions in TDD mode
3.5 Network Entry and Initialization

When CPE is turned on, initialization is performed to search for its own active set 1. While scanning a downlink channel out of all possible channels, preamble is used to establish the downlink synchronization, which subsequently allows for obtaining the DCD and DL-MAP. Furthermore, uplink parameters, e.g., UCD and UL-MAP, are obtained. Ranging process is performed to adjust timing, power, and offset frequency adjustments. In the course of ranging, basic CID & primary CID are allocated. After the ranging process is completed, IP connectivity is established. The corresponding uplink channel is specified in the UCD. Once active set 1 is established, all other channel sets, e.g., candidates and occupied sets, must be identified and updated via the current active set 1 for CR-enabled operation. Entire initialization procedure is shown in Figure 3-10.

.
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Figure 3-10 Network initialization procedure

3.6 CoS and QoS

Four different service classes are defined as shown in Table 3-3: UGS, rt-VBR, nrt-VBR, and BE. Each service class is characterized by a set of QoS parameters. For the uplink bandwidth allocation, the different uplink scheduling service is applicable to the different service class.
Table 3-3 Service calsses and their QoS parameters
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3.6.1 Service and QoS requirement
The QoS/CoS requirements can be met with appropriate bandwidth assignment in the scheduler of BS. However, these requirements are too stringent as compared with the performance requirements specified for DFS parameters. 

Table 3-4 QoS requirement
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3.7 Channel Management

For efficient channel management in the course of the cognitive radio operations, four different channel sets are defined: active set 1, active set 2, candidate set, occupied set, and null set. These sets are respectively maintained in BS and CPE while they are updated in every quiet period. Note that a set of channels that do not belong to either active set 1, active set 2, candidate set or occupied set is defined as a null set and it is maintained only the BS. Each channel set is defined as follows:

- Active set 1: a set of used channels for a certain CPE 

- Active set 2: a set of used channels for a certain BS
- Candidate set: a set of five clean channels available for a certain CPE or BS

- Occupied set: a set of occupied channels by incumbent user which a certain CPE finds 

- Disallowed Set: a set of channels whose access are not allowed by regulation

- Null set: a set of channels that are not classified as one of above five sets
Note that the allowed set is defined by union of candidate set and null set depending on channel’s SIR level. Also disallowed set is not considered in channel management senarios because it changes not frequently.

In order to maintain the channel sets, each BS maintains five channel sets (i.e., Active 1, Active 2, Occupied, Candidate, and Null). Also, each CPE maintains four channel sets (i.e., Active 1, Active 2, Candidate, and Occupied). These individual sets are updated in every interval of quiet period either at a fixed interval or aperiodic interval.

3.7.1 Transition diagram for channel set
Any channel belongs to one of possible channel sets in the BS. At the end of quiet period, it may transit to other set as shown by the state transition diagram. Depending on the activities of incumbent users and channel quality, 7 possible transitions can be observed as shown in Figure 3-11. The condition for each transition is described as follows:

[image: image52.wmf]Null Set

Active Set 

Occupied Set

Candidate Set

1

1

2

7

5

6

4

6

1

3


Figure 3-11 Channel state transition diagram

1. The channel becomes useless as incumbent service appears. 

2. Incumbent service releases the channel, but classified as a member of candidate set as quality goes above a given threshold.

3. Incumbent service releases the channel, but classified as a member of null set as quality goes below a given threshold.

4. The channel is classified as a member of candidate set as quality goes above a given threshold.
5. The channel becomes active as quality goes above a given threshold.
6. The channel is classified as a member of null set as quality goes below a given threshold.
7. The channel is released due to the finish of its usage.
3.7.2 Modification of DCD message

BS must always keep track of the channel sets all CPE’s, which is broadcast to all CPE’s via DCD [Downlink Channel Descriptor] in a periodic manner. DCD is one of MAC management messages that record the physical layer features used in the system, including the channel information. As the channel ID of the candidate set must be specified for individual CPE, DCD includes such specification in its information field. In a typical operation, DCD is transmitted at a period of a few seconds. 

Table 3-5 Modification in DCD
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3.7.3 Downlink frame prefix

The active set 1 must be notified to all CPE’s in the cell. As it must be updated as frequently as possible, the active set 1 information is broadcast in the separate channel, rather than specified in the DCD. 
In the proposed system, DL_Frame prefix can be used for updating the active set 1 for each CPE. Just for ease of radio resource management as discussed in Section 10, active set 1 for each CPE is managed by a channel group.
 A group is defined as a set of CPE’s which share the same channel and it is uniquely identified by a group ID. In other words, each group is associated with the uplink and downlink channels. Every time a group membership is changed, it is indicated by group change indication bit in the DL_Frame prefix. Furthermore, membership of each group is individually updated in the DL_Frame prefix as a CPE leaves or joins the group. 
Note that all CPE’s in the cell must always hear the DL_Frame prefix to keep track of their active set 1 information. Multiple groups can be formed by a channel grouping procedure in the radio resource management function.
Table 3-6 DL_Frame Prefix
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3.8 Channel Switching

Herein, “channel switching” refers to the operation of selecting a new channel in the event of appearance of incumbent user (IU). There are two types of channel switching: wide-area switching and local-area switching. Wide-area switching is executed when appearance of IU is detected by both all CPE’s and BS and thus, all of them must move to the new clean channel. Meanwhile, local-area switching is executed when appearance of IU is detected by some of CPE’s (i.e., detected locally). Note that local-area switching is supported only in the multi-FA system while wide-area switching is supported by both single FA- and multi-FA systems.

All CPE’s report their interference conditions detected during the quiet period to BS via Scan Response message. In the event that appearance of IU is detected by CPE, then Scan Response message must not be transmitted, simply because it merely interferes with the IU. The BS can find that the corresponding CPE experiences the interference with IU, only by not receiving the Scan Response message within a time-out interval. For example, appearance of IU can be implicitly known to BS in case that the Scan Response message is not received for the given number of times. This is the implicit interference detection process employed in the proposed protocol. For the interference in the downlink, however, the implicit detection method is not complete unless it is determined whether either uplink or downlink is subject to interference. In this case, some periodic signaling in the uplink, e.g., periodic ranging process or CQI report, must be monitored to ensure that the uplink is alive while the downlink is interfered.

Table 3-7 Wide and local area switching
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3.8.1 Wide-area Switching Scenario

First of all, two different types of interference scenarios for downlink are illustrated in Figure 3-12. The wide-area switching (case 1) scenario refers to the situation in which IU is interfered by the downlink of CR-BS. In this case, CR-BS must be cleared up and moved the current channel to the new one. Meanwhile, the wide-area switching (case 2) refers to the situation in which part 74 device appears and thus, CR-BS must move to the new channel. Here, “wide-area switching” means that all CPE’s as well as CR-BS must change their channel in the downlink. Note that it is differentiated a concept of “local-area switching,” that is explained later Section.

[image: image56.wmf]§

Wide

-

area Switching: case 1

Off

à

On

Fx

Fx

,

Fy

,..

Fx

,

Fy

,..

§

Wide

-

area Switching: case 2

TV 

receiver

TV Channel 

CPE 

1

CR

-

BS

-

CPE 

2

TV 

receiver

TV 

receiver

CPE 

3

CPE 

4

TV 

receiver

CPE 

1

-

MC

CPE 

2

CPE 

3

CPE 

4

CPE 

5

CR

-

BS


Figure 3-12 Wide-area Switching : When IU appears in downlink channel

Table 3-8 Message Sequence Chart: when IU appears in downlink channel
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This MSC details the implicit interference detection procedure when IU appears in the downlink channel. Due to the interference in the downlink, MAP cannot be decoded by CPE, which implies that the downlink might be subject to interference. Note that quiet period is periodically appears at the interval of superframe. After scanning the channels during quiet period, the scan results must be reported to BS by each CPE via Scan response messages. In case that MAP cannot be decoded, CPE does not transmit the Scan response message to indicate that downlink might be subject to interference. 
When BS does not receive the Scan response message within the timeout interval, BS allocates scan interval via Scan request IE in the DL-MAP to ensure that the downlink is subject to interference. In case that CPE does not respond to the Scan request, then appearance of IU in the downlink can be ensured. To enhance the detection reliability, the same process can be repeated for many times. 
The event that Scan response message is not received in BS does not always imply that downlink is subject to interference, since the same event can occur even when uplink is subject to interference. To make sure that the downlink is a problem, the status of uplink must be steadily checked. In this proposal, some periodic uplink signaling, e.g., ranging code for periodic ranging and/or CQI report in the uplink, can be monitored as specified with the message sequence chart. 
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Figure 3-13 Wide-area switching: When IU appears in UL channel

In the event that IU appears in the uplink, uplink signal of some CPE’s may cause interference to the IU. In general, it may not be straightforward for each CPE to identify the location of IU. Therefore, BS and CPE’s must stop using the corresponding channel in the uplink to protect them, all CPE’s as well as BS must move the channel to the new channel. 
Table 3-9 Details of the implicit interference detection procedure when IU appears in the uplink channel.
Table 3-9 Message Sequence Chart: when IU appears in uplink channel
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(Repeat the same process of transmitting Scan 

request)

In response to Scan request, Scan response message 

is transmitted, but cannot be successful due to 

interference in uplink.

Scan 

response

(timeout)

If BS does not receive the Scan response 

message within the timeout interval again, BS 

find that IU has appeared in the uplink.

CPE moves to the new channel which is indicated in 

the Change request 

Change 

request

Transmit a Change request to CPE 

Ranging 

response

1. Transmit DCD,UCD, and MAP in the current 

DL channel with frame and set information 

updated.

2. Perform a ranging process before initiating 

normal communication in the new channel.

1. Establish downlink synchronization and obtain 

uplink parameters.

2. Perform a ranging process before initiating 

normal communication in the new channel.

Ranging 

code

DCD, UCD, 

MAP

CPE operation

CPE

BS

BS operation


3.8.2 Local-area Switching Scenario

The local-area switching scenario is applicable only to the case that IU appears in the uplink. The area in which IU is interfered by the CPE’s is referred to as “interference zone.” Suppose that location of BS is identifiable with some means of positioning. Then, location of IU can be estimated from the locations of CPE’s which do not report the Scan response message. The interference zone can be found by estimation of IU locations. In this particular scenario, only the CPE’s within the interference zone are subject to channel switching
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Figure 3-14 Partial switching: When IU appears in uplink channel

Table 3-10 Message Sequence Chart: When IU appears in uplink channel
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(Repeat the same process of transmitting Scan 

request)
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(timeout)

If BS does not receive the Scan response 

message within the timeout interval again, BS 
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’
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within the interference zone.  

CPE moves to the new band which is indicated in the 

Change request 

Change 

request

1. Transmit a Change request to 

CPE

’

s

in the 

interference zone.

2. Transmit DCD,UCD, and MAP in the current 

DL band with frame and set information 

updated

Ranging 

response

Perform a ranging process before initiating 

normal communication in the new channel.

Perform a ranging process before initiating normal 

communication in the new channel.

Ranging 

code

DCD,UCD,

MAP

CPE operation

CPE

BS

BS operation

In every quiet period interval, Scan response 

message is transmitted, but cannot be successful due 

to interference in uplink.

Scan 

response

(timeout)

1. BS does not receive the Scan response 

message for some 

CPE

’

s

within the timeout 

interval.

2. Estimates the interference zone based on 

the corresponding 

CPE

’

s

location 

information.

Scan 

request

BS allocates scan interval via the Scan request 

IE in MAP to ensure the appearance of  PU.

In response to Scan request, Scan response message 

is transmitted, but cannot be successful due to 

interference in uplink.

Scan 

response

(timeout)

1. BS does not receive the Scan response 

message for some 

CPE

’

s

within the timeout 

interval.

2. Estimates the interference zone based on 

the corresponding 

CPE

’

s

location 

information.

(Repeat the same process of transmitting Scan 

response messages)

(Repeat the same process of transmitting Scan 

request)

In response to Scan request, Scan response message 

is transmitted, but cannot be successful due to 

interference in uplink.

Scan 

response

(timeout)

If BS does not receive the Scan response 

message within the timeout interval again, BS 

identifies 

CPE

’

s

within the interference zone.  

CPE moves to the new band which is indicated in the 

Change request 

Change 

request

1. Transmit a Change request to 

CPE

’

s

in the 

interference zone.

2. Transmit DCD,UCD, and MAP in the current 

DL band with frame and set information 

updated

Ranging 

response

Perform a ranging process before initiating 

normal communication in the new channel.

Perform a ranging process before initiating normal 

communication in the new channel.

Ranging 

code

DCD,UCD,

MAP

CPE operation

CPE

BS

BS operation


Table 3-10 details the implicit interference detection procedure for partial switching when part 74 device appears in the uplink channel. The only difference from the previous case is that local-area switching is performed after interference zone is estimated

3.8.3 Channel Switching (DFS) Parameters
Detection time in the proposed system is defined as the integer multiple of quiet period interval (100ms). Note that detection time can be much less than the value specified in the requirement document (2 seconds). Channel move time in the proposed system is defined as the integer multiple of UCD and DCD intervals. Note that it can be designed so as to meet the value specified in the requirement document (2 seconds). 

Table 3-11 Channel switching requirements
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· Required switching time for proposal 

· Detection time: Sensing frame period (100 (ms)) x N  << 2 sec

· Channel move time : UCD,DCD period in multi FA case << 2 sec
· Rendezvous time in single FA case  ≤ 2 sec   
3.8.4 MAC Messages for Channel Switching
CR-Scan request_IE is a new type of MAP_IE, which is used to designate the quiet period as necessary (i.e., dynamic quiet period), other than the quiet period given in the fixed interval (i.e., fixed quiet period).

CR-Scan response message is a new MAC management message which reports the channel measurement results in the fixed and dynamic quiet periods.
Table 3-12 CR-Scan request_IE in UL-MAP
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Table 3-13 CR-Scan response Message
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3.9 Radio Resource Management 
Radio resource management (RRM) function must ensure to maximize the bandwidth utilization. The proposed system provides some means of channel switching when a CPE find a channel with better quality, which can maximize the average system throughput. In other word, it is important to determine the channel that warrants a quality, as the system throughput is directly determined by the channel quality. Toward that end, we need to address the procedures of selecting the active set 1 for individual CPE in the downlink and uplink (“Channel matching” procedure) and selecting a group of CPE’s assigned to the same channel (“Channel grouping” procedure). Channel matching and channel grouping procedures must be performed so as to maximize the system utilization (average throughput) while minimizing the system cost with the constraints on guard band for FDD operation, co-channel interference, cross-talk in transceiver, etc.
3.9.1 Channel Grouping and Matching

The channel grouping is defined as a procedure of selecting a group of CPE’s that are sharing the same channels. It is valid only for multi-channel system. Local-area switching is performed by channel grouping. It is different from the channel switching in the course of channel management, which is performed only when a channel quality goes below incumbent detection threshold with appearance of incumbent users. In case that the channel quality degrades while still operating above incumbent detection threshold, channel grouping is performed so as to switch the channel for some CPE’s, which intends to maximize the overall average system throughput. In other words, some dynamic means of switching the channel per CPE is required for channel grouping.  

The channel conditions for all channels in the active, candidate, and occupied sets, that are monitored during the quiet period, are reported to BS. In case that a channel with better quality is found in active set 2 than one in the current active set 1, some of CPE’s or all CPE’s in the same group move to the new channel band as long as BS can support it. Then BS transmits “leave” and “join” command via DL_Frame_Prefix in both channels. The above MSC specifies the corresponding procedure for channel switching in the course of channel grouping. Figure 3-16 illustrates how a channel is matched and grouped for CPE’s.

Table 3-14 details the implicit channel grouping procedure.
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Figure 3-16 Channel matching and grouping

Table 3-14 Channel grouping procedure
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Abbreviations

AAS

Analog Auto-Correlation
BE

Best Effort

BR

Bandwidth Request

BS

Base Station

CC

Convolutional Code

CID

Connection IDentifier

CoS

Class of Service

CPE

Consumer Premise Equipment
CQI

Channel Quality Indicator

CR

Cognitive Radio

CRC

Cyclic Redundancy Check

CTC

Convolutional Turbo Code

DCD

Downlink Channel Descriptor

DFS

Dynamic Frequency Selection

DL

Downlink

DSA

Dynamic Service Addition

EC

Encryption Control

FA

Frequency Allocation

FCH

Frame Control Header

FDD

Frequency Division Duplexing

HT

Header Type

IE

Information Element

IU

Incumbent User

LDPC

Low Density Perity Check

MAC

Medium Access Control

MRSS

Multi-Resolution Spectrum Sensing
nrtPS

non real time Polling Service

OFDMA
Orthogonal Frequency Division Multiple Access

PDU

Protocol Data Unit

PHSI

Packet Header Suppression Indicator

PHY

PHYsical layer

PU

Primary User

QoS

Quality of Service

RRM

Radio Resource Management

RTG

Receive/Transmit Transition Gap

rtPS

real time Polling Service

SDU

Service Data Unit

TDD

Time Division Duplexing

TTG

Transmit/Receive Transition Gap

UCD

Uplink Channel Descriptor

UGS

Unsolicited Grant Service

UL

Uplink

WRAN

Wireless Regional Area Network
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This contribution presents PHY and MAC specifications for CR-enabled WRAN system. PHY is based on OFDMA and several features for incumbent service detection and channel move are proposed. It suggests that the existing MAC standard, especially IEEE 802.16 specification, be adopted as a baseline. Some CR-enabled features, including spectrum management, are introduced. Furthermore, CR-specific MAC management messages or information elements are proposed.
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