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The Comment

The sensing methods for DVB-T don’t work well enough without smart threshold setting.
Add few lines of text mentioning threshold setting method.
Proposed Resolution:
This document adds new text to IEEE 802.22-11-15r1 for smart threshold setting for DVB-T sensing. The newly added text is shown in red, at the end of the document.
1.  DVB-T Signal Specification
 The DVB-T standard was developed by European Telecommunications Standards Union (ETSI) for the terrestrial broadcasting of digital TV. It is currently widely adopted by more than 30 countries. The DVB-T uses orthogonal frequency division multiplexing (OFDM) modulation and is organized in frames. One DVB-T signal super frame consists of 4 consecutive frames, each frame consisting of 68 OFDM symbols.
In DVB-T signals, pilots consist of around 10% of the total used subcarriers. Pilots are transmitted at a higher power by about 2.5dB compared to the data subcarriers. These boosted pilots include continual pilots (CP) and scattered pilots (SP). The CPs are placed at fixed sub-carrier locations and their locations do not vary from symbol to symbol, while the SPs are distributed at the positions if k-3×(l mod 4) (the operation ‘mod’ calculates the modulus after division) is divisible by 12, where k is the subcarrier location and l is the symbol number. In consequence, as shown in Fig.1, the pattern of boosted pilots (CPs and SPs) repeats every four OFDM symbols.
The features of boosted pilot sub-carriers as shown in the Fig.1 are exploited to achieve reliable detection of DVB-T signals. We generate a reference sequence by conducting inverse Fourier transform (IFFT) of a vector that is only composed of such pilot sub-carriers, defined as sp(t). 
Let us define the sequence achieved by sampling the sp(t) over 4T  (T: one OFDM symbol duration)  as
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where 1/Tsp is the sampling rate, and NCPPP is the sequence length of one cycle period of pilot pattern.
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Fig.1 Locations of scattered boosted sub-carriers in DVB-T OFDM symbols. The horizontal axis represents the sub-carrier number (frequency) and the vertical axis represents the symbol number (time).
2.  Improved cross correlation method

2.1 Description of the method

The system block diagram is as shown in Fig.2. Sensing is achieved through following the steps as shown below:
1) The received DVB-T signal that also contains noise is passed through RF front end and LNA;
2) The above signal is sampled and converted to digital sequence by ADC;
3) The above sequence is stored in a buffer; 
4) Averaging of the samples is done over a time span equal to multiple of NCPPP 
As described in Fig.1 and (1), the pilot pattern of DVB-T sequence repeats with a periodicity of NCPPP; we then average the received DVB-T sequence based on NCPPP, as
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5) Frequency offset estimation and correction is performed. This is an optional step and the block is shown using dotted lines
6) Time offset estimation and correction are done;
The purpose of conducting time offset correction is to find the same starting point of the DVB-T sequence and the pilot sequence that is used as a reference in a latter step. Assuming the estimation result shows that the synchronization point locates between the M1-th sample and the M2-th sample (M2≥M1) of the NCPPP samples, i.e. locates inside the window of [M1, M2], then the window size represents the time synchronization level and it is expressed using a metric, Γ,  as:
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7) According to the synchronization level, either correlation or sliding correlation over a specific window is applied: 
when the time synchronization level Γ=1 ,i.e. M1=M2, correlation is applied, as:
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otherwise (Γ<1), sliding correlation is applied over the window of  [M1, M2], as:
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where x is the DVB-T sequence and sp(n) is the pilot sequence obtained in (1).
The computation in (5) is called the selective sliding correlation here since the sliding window of [M1, M2] is selectively decided according to synchronization level achieved in (2).
8) Compare the correlation output (if Γ=1) or the maximum of the M2-M1+1 correlation outputs (if Γ<1) with pre-decided threshold and judge presence/absence of TV signal: if the output is above the threshold, the presence of DVB-T signal is judged.
2.2 Simulation results

Clean DVB-T signals (SNR>30dB) generated by DVB-T signal generator (SG) are used as source data in the computer simulation. The DVB-T is the 2K mode with TCP=T/32 (TCP is the cyclic prefix duration).
Fig.3 shows the Probability of Detection (PD) vs. SNR by fixing False Alarm Probability (PFA) to 0.01and Fig.4 shows the receiver operating characteristic (ROC) curves. Sensing performance of the improved cross correlation detection is directly proportional to the time synchronization level, Γ; it can also be improved by averaging the received DVB-T sequence over the duration of NCPPP. To achieve the sensing performance of PD≥0.9 and PFA=0.01 at SNR=-20dB in AWGN, the improved cross correlation at both Γ=0.975 and Γ=1.0 requires the same sensing time of 4 OFDM symbol duration, which is around 1.2 ms.
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Fig.2 Simplified block diagram of the improved cross correlation method. The pilot sequence is the clean sp(n) generated in (1).
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Fig.3 Probability of Detection (PD) vs. SNR in AWGN: PFA=0.01. The Γ is the time synchronization level defined in (3), L is the conducted number of average operation defined in (2).  
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Fig.4 ROC curve in AWGN: the improved cross correlation: Γ=0.975, SNR=-20dB. 
3.  Combined feature and energy detection
3.1 Description of the method
 As shown in Fig.5, the combined feature and energy detection method consists of following steps:
1) The received DVB-T signal that also contains noise is passed through RF front end and LNA;
2) The above signal is sampled and converted to digital sequence by an ADC;
3) Frequency offset correction is performed. This is an optional step the block is shown using dotted lines;
4) The sequences with length of NCPPP are firstly multiplied with the pilot sequence generated in (1) and then their absolute products are integrated, as:
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5) Conduct computation of (6) for κ (κ≥1) times while shifting the sequence timing by a random interval, τ, and calculates the average value, as:
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subjects to
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6) Compare the output in (7) with pre-decided threshold and judge presence/absence of DVB-T signal: if the output is above the threshold, the presence of DVB-T signal is judged.

3.2 Simulation Results

Clean DVB-T signals (SNR>30dB) generated by DVB-T SG are used as source data in the computer simulation. The DVB-T is the 8K mode with TCP=T/8.
Fig.6 shows PD vs. SNR by fixing PFA to 0. 1. The sensing performance is significantly improved by increasing operation times, κ, defined in (7).  This feature is attractive since as shown in (8), the increase of κ may not increase the sensing time considerably. Therefore, to achieve the sensing performance of PD≥0.9 and PFA=0.1 at SNR=-20dB in AWGN, the sensing technique requires sensing time of 8 OFDM symbol duration (κ≥8), which is equivalent of around 8 ms.
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Fig.5 Simplified block diagram of the combined feature and energy detection.
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Fig.6 PD vs.SNR in AWGN: PFA=0.1. The κ is the operation times defined in (7). 
3.3 Test results of hardware sensing prototype
Sensing performance of the combined feature and energy detection is also verified by hardware tests. In the hardware tests, the 8K mode DVB-T signals (TCP=T/8) generated by SG are tuned to -120dBm/8MHz using attenuators and then input into the hardware sensing prototype through a cable. 
We conducted 5,000 runs of tests for each PFA shown in Fig.7. Although the results are degraded in comparison with simulation results shown in Fig.6, they have verified that using the combined feature and energy detection we can achieve PD≥0.9 and PFA=0.1 in the very low SNR regime. Please note that the κ=32 operations are conducted for DVB-T sequence of 8 OFDM symbol duration as shown in (7)-(8). 
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Fig.7 Hardware test results: ROC curve: DVB-T input level=-120dBm/8MHz, κ=32.
4. Smart Threshold Setting
4.1 Dynamic Threshold Selection (DTS)
Dynamic threshold selection (DTS) can be applied to extend sensing capability to lower SNR regime by partially overcoming the limitation due to environment and system noise variance. The DTS is realized through following two steps:

1) Develop a threshold table. Measure the system noise variance and threshold statistics for extended period of time. Divide the captured whole noise variance range into a number of narrower and non-overlapping ranges and for each range, divide the threshold statistics in similar groups and for each range/group, define a threshold corresponding to a target detection level. Especially, using relaxed target detection level would be useful for sensing in the presence of interference.

2) Measure system noise variance immediate prior to the sensing and select appropriate threshold by mapping the noise variance to the threshold table. For example, it can be done by using a programmable switched isolator behind the antenna with impedance that matches the inside RF part. Switching off of the isolators isolates the RF part and the noise variance can be measured.

4.2 Real-time Threshold Setting

If the system is equipped with a switched isolator as mentioned in the previous sub-clause, the necessity of a threshold table can be relaxed. In such a case, the isolator can be switched off and threshold can be set on real-time basis immediate prior to the sensing. 
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