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1 The hidden incumbent situation

Sensing for presence of incumbent transmissions (e.g. TV, DTV and FCC Part 74 devices such as wireless microphones) is the primary task of all IEEE 802.22 equipments.  The channels occupied by the incumbents must be vacated within 2 seconds (Channel Move Time) upon detection of the incumbents in order to minimize the interference to the incumbent users.

The CPEs and the BS do sensing periodically to discover the presence of incumbent transmissions.  If a CPE detected an incumbent transmission in-band, it might have problem reporting to the BS because of the CPE can lose synchronization with the BS since it is interfered by the incumbent transmission.  There is also a problem for a CPE who has just switched on.  The CPE will first scan the channels to look for an 802.22 BS broadcast.  But if the CPE is in the overlap region of an incumbent transmission and the BS broadcast, the CPE will not be able to decode the BS broadcast and thus decides that there is no 802.22 service in the region.  The two problems mentioned happen when a CPE is in the overlap region between the BS coverage and an incumbent coverage.  This is the hidden incumbent problem.  A simplified illustration of the problem is shown in Figure 1.


[image: image1]
Figure 1: A hidden incumbent receiver in between the BS and incumbent coverage
As long as a CPE is in the overlap region (let us call this CPE a “affected CPE”), it cannot receive transmission from the BS, thus any commands given by the BS for the CPE will not be received and performed by the CPE.  For example, the BS might call for a channel-switch but the affected CPEs will be oblivious of the command and either continues to transmit and interfere the incumbent users or stop operating to minimize interference to the incumbent users (which is undesirable for the CPE users).

The illustration describes the hidden problem in a simplistic way, but a more detail study of the problem will help us see when the problem can occur and how serious can it be.

As the name suggest, hidden incumbent problem occurs when the BS is oblivious to the presence of an incumbent user, particularly the incumbent receivers.  The situation can be analyzed by looking at the reachability contours around a transmission to a given receiver.  As long as the received signal is above the sensitivity of the receiver, the receiver can receive the signal.  Note that the reachability (distance measure) is a function of transmission power and receiver sensitivity (e.g. free space, two-ray or log-normal loss models, in our case we assume that the receiving antenna gain has been included).  In other words, as long as a receiver is inside the contour it can receive the transmission (the word “receive” can mean 100% error-free reception or above a certain error-rate reception).  Because 802.22 CPEs and incumbent receivers such as TV and wireless microphone receivers have different sensitivities, their reachability contours will be different, i.e. different radius in their coverage.  Even for a CPE or BS, they each have two receivers, one for reception of data and one for sensing, each with different sensitivity (the sensing receiver should be designed with higher sensitivity than that used for data reception so that incumbent can be detected earlier).  Figure 2 shows an illustration of reachability contours around a TV transmitter (note that the following illustrations are applicable for other incumbent systems, not only TV).


[image: image2]
Figure 2: Reachability contours around a TV transmitter
In this example, the BS/CPE sensing receiver is more sensitive, i.e. it can detect the presence of the transmission further away from the transmitter, than the BS/CPE and TV receivers.  Note that this is an illustration only: the relative sizes of the reachability contours, i.e. which one is bigger, need not be in this order (e.g. TV/wireless microphone receivers can be more sensitive than the BS/CPE receivers).  “BS/CPE Rx” refers to receivers used for data reception.  That is, if a BS or CPE is within the “BS/CPE Rx” contour with respect to the TV transmitter, the BS or CPE data transmission will be interfered (the amount of interference is as determined by the definition of the contour).  Similarly we can draw reachability contours around a BS, as shown in Figure 3.


[image: image3]
Figure 3: Reachability contours around a BS transmitter
Note that the “CPE sensing” contour has been omitted in Figure 3 because the CPE will not do sensing for its associated BS.  Again we assume that “CPE Rx” has better sensitivity than “TV Rx”, i.e. lower received power threshold in order to be considered “signal received” for decoding or interference.

The situation that a BS is located too close to a TV transmitter cannot happen because the BS can sense the presence of the TV transmission, i.e. the BS cannot be inside the “BS sensing” contour around the TV transmitter.  The closest the BS can be placed relative to the TV transmitter is just outside this contour without detecting the TV transmission.  This is shown in Figure 4.


[image: image4]
Figure 4: The closest a BS can be placed without detecting the TV transmission is just outside the "BS sensing" contour
In this example, the TV receivers (inside the “TV Rx” contour around the TV transmitter) are not interfered by the BS because they are not inside the “TV Rx” contour around the BS.  In other words, the two “TV Rx” contours do not overlap.  However, the “CPE Rx” contours overlap each other in this example (the “dotted” region).  This means that CPEs inside the overlap region will be interfered by the TV transmission and can be de-synchronized with the BS and thus not be able to receive from the BS.  Nevertheless, the incumbent receivers are not interfered.

Note that we have not considered CPE as a transmitter.  If there is one CPE inside the overlap region of “CPE Rx” contour around the BS and “CPE Sensing” contour around the TV transmitter, but outside the “CPE Rx” contour around the TV transmitter, this CPE will be able to detect the TV transmission and report the presence of the incumbent to the BS (the “slope-shaded” region).  This is the normal incumbent detection and reporting case (let us refer this region as the normal detection region).  The transmission to carry the report will interfere TV receivers in the “TV Rx” contour around the TV transmitter, but the time duration of the transmission of the report is short and within the requirement.  It is necessary for the BS to change the operating frequency even if the BS transmission does not interference to the TV receivers because transmissions from CPEs within this overlap region can cause interference to the TV receivers.

Note that most likely the CPEs will be equipped with directional antennas.  In this case the contours around the CPEs will not be circular but takes the shape of the directional antenna gain pattern.

Let us look at the case when the two “TV Rx” contours overlap.  This can happen if the BS sensing sensitivity is not good enough, shrinking the “BS sensing” contour around the TV transmitter, thereby making it possible to locate the BS closer to the TV transmitter, as shown in Figure 5.


[image: image5]
Figure 5: TV receivers in the overlap region between the two “TV Rx” contours will be interfered by the BS.  CPEs inside the overlap region between the two “BS Rx” contours will be interfered by the TV transmission
Note that in this case the normal detection region (the “slope-shaded” region) is smaller.  There might not be any CPEs inside this region, thereby making normal incumbent detection not possible.  There can be CPEs inside TV coverage, i.e. within the “CPE Rx” contour around the TV transmitter (the “dotted” region), but they are interfered by the TV transmission.  They might be de-synchronized with the BS, making them unable to send the detection report.  They will have to switch off.  There are TV receivers in the overlap region between the two “TV Rx” contours (the “horizontal line shaded” region), which means continuous interference to the TV receivers from the BS and the BS is oblivious to the interference to the incumbent users.  This is the hidden incumbent problem that we are addressing.

If there is no CPE in the overlap region between “CPE Rx” contour around the BS and “CPE sensing” contour around the TV transmitter, the BS will not know the presence of TV transmission and continues to interfere the TV receivers in the region between the two “TV Rx” contours.  This was referred to as the “hidden BS” problem.  The current proposed solution is to have a database detailing the location of TV transmitters and coverage.  All new BS installations are to check this database before proceeding with the installation.

2 EOBS (Explicit Out-Band Signaling)
The EOBS is described in the IEEE 802.22 MAC specification version 0.1 presented in the May 2006 meeting.  Essentially the BS is required to broadcast control messages in other unused channels, called candidate channels, periodically so that an affected CPE can gain synchronization to the BS by locking onto one of these candidate channels.  The affected CPE can then send the hidden incumbent report.
The EOBS section also covers these details:

· Searching and synchronizing to an out-band channel upon hidden incumbent detection

· Method of acquiring uplink resource for sending report, e.g. pre-assigned US resource during network entry, or by contention

· Report format
3 OD-EOBS (On-Demand Explicit Out-Band Signaling)
The occurrence of the hidden incumbent situation is expected to be small: once a hidden incumbent is detected the BS would order the change of operating channel.  After channel change the hidden incumbent interference will be mitigated.  If the incumbent is TV, the occurrence of new TV transmission is in order of months or even years.  If the incumbent is wireless microphone, the occurrence can be more frequent, but after channel change upon first detection of the wireless microphone, the interference will be mitigated.  The next occurrence may be some time away.  As such there might be no need for the BS to send the out-band broadcasts periodically, waiting for the hidden incumbent situation to occur.
We thus devise a way for EOBS out-band broadcast to be activated only when needed.  The OD-EOBS essentially adds some functions around the base EOBS scheme in both BS and CPEs so that the affected CPEs can signal to the BS to activate EOBS.
The signal to BS has to be sent un-synchronized to the BS clock because the affected CPE is not synchronized to the BS at this moment.  We propose to use a special tone designed for easy recognition during sensing at the BS.  As it is just a tone without encoded message, collision of these signals does not pose a problem.  If there are available unused channels, as identified by the BS before the hidden incumbent situation occurred, an affected CPE chooses one of these unused channels to transmit the special tone.  The BS then picks up this tone during its out-of-band sensing.  Upon recognizing this special tone, the BS activates EOBS broadcast and EOBS signaling follows from here.
The EOBS broadcast is switched off after the BS makes the decision in response to the hidden incumbent report.  If the affected CPE does not see any EOBS broadcast after a timeout, the CPE shall stop transmitting the tone and switch itself off.

In the situation that there is no unused channel, the affected CPE shall send the tone in-band.  The duration of transmission of the tone shall be longer than the channel detection interval so that at least one in-band sensing is performed during this period.  Although the transmission of tone in-band will cause interference to on-going data transmissions in the WRAN, the protection of incumbent is more crucial.  The BS then picks up the tone during in-band sensing.  Different from the case where unused channels are available, EOBS is not activated since there is no candidate channel.  The BS has to make decision without detail hidden incumbent report.
The flowcharts describing the operations at the BS and CPEs are shown in Figure 6 and Figure 7.
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The message sequence charts for the cases where unused channels are available and not available are shown in Figure 8 and Figure 9.

[image: image6]
Figure 8: OD-EOBS operation when unused channels are available


[image: image7]
Figure 9: OD-EOBS operation when unused channel is unavailable
4 Signaling overhead calculation

If the occurrence of hidden incumbent situation is not frequent, it is clear that the OD-EOBS can save signaling overheads since it does not require periodic transmission of broadcasts in the candidate channels.  The following calculation illustrates the amount of signaling overhead saving OD-EOBS can get over base EOBS.
Number of candidate channels = x
Mean arrival rate of a hidden incumbent = a
Broadcast message time length = c
Inter-EOBS broadcast time = s
Average tone duration before EOBS is turned on = b
Average total signaling time from arrival of an hidden incumbent to transmission of report for EOBS and OD-EOBS = tEOBS, tOD-EOBS
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If we assume the following values: x = 3, c = 10ms, s = 1s, a = 1/day, b = 1s, the signaling overhead saving is 99.96%.  The cross-over hidden incumbent arrival rate acrossover can be calculated by equating equations (1) and (2).  With the same set of parameter, acrossover = 1.75/min.  That is, if hidden incumbent situation occurs less frequent than acrossover, OD-EOBS has signaling overhead savings over EOBS.
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Abstract


We propose an extension to the EOBS (Explicit Out-Band Signaling) scheme so that the out-band signaling is turned on only upon occurrence of the hidden incumbent situation.
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Figure � SEQ Figure \* ARABIC �6�: OD-EOBS operation at CPE
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Figure � SEQ Figure \* ARABIC �7�: OD-EOBS operation at BS
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