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1. Introduction
Band 41 REFSENS was discussed in [1]

 REF _Ref315271864 \r \h 
[2], and the specification adopted in TS 36.101 was based on the assumption of using a split, overlapping filter architecture to achieve optimal performance. The reference architecture studied used an overlap of 20MHz, with a narrow lower sub-band filter (74MHz) and a wide upper sub-band filter (140MHz). The simulation results in [2] concluded that in the worst case 3dB insertion loss (IL) could be achieved, and considering the extra 0.5dB to account for the switch loss, a total IL of 3.5dB could be accommodated by a 1dB relaxation of requirements relative to the most stringent requirements for bands like Band 1, 4, 38, etc.
This architecture is not suitable for supporting CA without restrictions on aggregation in the overlap region. Extending the overlap to 40MHz would provide a short-term solution; however this would not support higher orders of CC aggregation and may require reconsideration of filter IL, due to increasing the pass band width of one or both of the filters.

In this contribution we revisit the implications of using a single filter for Band 41, and propose that the Band 41 specifications be modified to accommodate such an FBAR filter. This will have the benefit of simplifying UEs and reducing cost due to one less filter and not needing a post filter switch. In addition it will enable the front-end architecture used in Rel-8/9 UEs to also be used in UEs supporting CA. As will be shown, the downside is that a compromise has to be made to account for the increased band edge insertion loss to ensure an appropriate trade-off is made between protection from ISM blockers and band edge performance. 

2. Summary of filter requirements
The front-end filter generally serves two purposes; to prevent receive performance degradation due to out-of-band blockers and to help meet emissions requirements. 3GPP does not impose any specific requirements relating to maximum performance degradation that can be tolerated due to an ISM transmitter, the only requirements are those specified for general blockers in Section 7.6 of TS 36.101. In addition, there is no special requirement to protect an ISM receiver from excessive out-of-band emissions.
In reality, the Band 41 filter must provide sufficient out-of-band rejection to protect the Band 41 receiver from transmissions in the ISM band, particularly in the case the device is itself operating simultaneously in both bands. [1]
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[2] previously addressed the ISM related requirement in detail and a reprise is presented here. 
For WiFi, a device in the USA in the worst case operates on channel 11 at maximum transmit power of 15dBm. Assuming a 15dB coupling loss due to using separate antennas (achievable with commercially available antenna solutions) yields 0dBm at the input to the filter for a signal that is 23MHz from the edge of Band 41. 

The closest 3GPP blocking requirement to this scenario is in TS 36.101, Section 7.6.1 which has a 5MHz blocker with a 10MHz guard band to the band edge. In this case, a signal of -44dBm must be tolerated and cause no more than 5% throughput degradation when the wanted signal is at 9dB from sensitivity for a 20MHz channel, i.e. -85dBm for Band 41, at the edge of the band.

Using the -44dBm blocker requirement would result in a filter requirement of 44dB. However in reality the ISM blocker is actually 23MHz, not 10MHz, from the band edge. This additional 13MHz will likely enable the digital filtering inside the RFIC to provide further suppression of the blocker. In addition, cell edge link budgets typically indicate that the worst case wanted signal would be more likely in the range of -90dBm. 
It is also worth noting that in reality, it may be acceptable to tolerate more than 5% throughput degradation. This is because in a real device the probability of ISM transmit and LTE band 41 receive collision will not be 100%, given they are both TDD systems and running unsynchronized. Also a vendor may choose instead to trade-off actual WiFi transmit power on the higher channels, allowed impact to Band 41, and RFIC blocker performance to something other than what RAN4 may decide to set, and this would be perfectly acceptable.

In conclusion it is difficult to use the 3GPP requirement to derive an accurate requirement for a “real-world” case. We can probably assume that 44dB would be more than enough, and a value of the order of 40dB is considered very acceptable in light of the above realities. 
The other situation to consider is the WiFi AP. In this case the EIRP can be up to 30dBm, however if we assume 1m free-space pathloss of 40dB, then the net difference compared to the in device case is -10dB. Therefore the in-device case is considered worse.

For the Bluetooth case, transmit power of a Class 2 device is 4dBm and frequency hopping is used, so the requirement imposed by Bluetooth is much less onerous considering the above deliberations, even though it operates up to 2480MHz, providing only a 16MHz guard band.

The main key 3GPP requirement driving filter requirements is the level of rejection required to pass the out-of-band blocker tests. In this case a minimum target of 20dB is set for Range 3. This ensures that the Range 3 blocker is presented to the RFIC at least at -35dBm. The same requirement is assumed for Range 2, even though it could probably be less. Range 2 essentially falls into the ISM band at the lower edge of Band 41 where the target is already 40dB; at the upper edge it is not that onerous to meet given typical FBAR roll-off, as will be shown in Section 3.
3. Simulation results

Simulation of a Band 41 FBAR filter was conducted by a leading FBAR filter vendor. Wideband performance is shown in Figure 3-1 which shows that generally >20dB of rejection can be provided across the out-of-band blocker range specified in TS 36.101, Section 7.6.2. 
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Figure 3-1. Band 41 filter performance: wideband
Figure 3-2 shows the rejection provided in the ISM band range, including how the rejection varies across the extremes of device operating temperature and manufacturing variations. The same margin assumptions as stated in [1] were used, namely temperature coefficient of -30ppm/°C and manufacturing tolerance of +/-0.1% of frequency. In line with TS 36.101, Appendix E.2.1, the lowest temperature considered was -10°C in conjunction with a high temperature of 85°C to allow for the maximum environmental requirement of 55°C plus 30°C temperature rise in the device under such circumstances. The net result is a temperature range of 95°C that combined with the manufacturing tolerances gives a total frequency margin of 12.1MHz from one extreme to the other.
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Figure 3-2. Band 41 filter performance: ISM band range
Figure 3-2 shows that generally 40dB of rejection can be provided across the ISM band under typical conditions. Under the extremes of the margins shown, the worst case rejection at 2473MHz is ~24dB. This is close to a similar compromise accepted for worst case rejection, as that noted in [2], when originally setting Band 41 specifications. It is worth noting that if a linear average of rejection is taken over channel 11 (i.e. 2451 to 2473MHz), then the worst case average rejection is 40dB. So while only 24dB is available at 2473MHz under absolute worst case conditions, because of the sharp roll-off, the real impact of a Channel 11 transmitter under these conditions, compared to typical, will be minimal. 
Figure 3-3 shows the lower band edge IL, which in the worst case is 4.5dB. It is worth noting that in reality the WiFi signal does not fully occupy the whole 22MHz channel; there is essentially a further ~1MHz guard band. Analysis of the simulation results indicate that if the results are recentered by -1MHz, then the average rejection over 2452 to 2472MHz is 39.8dB and the IL at 2496MHz to reduced to 4.25dB, under worst case assumptions. This shows that there is some margin available in the 4.5dB IL, if further refinement of the filter is taken.
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Figure 3-3. Band 41 filter performance: Lower band edge
Figure 3-4 shows the full pass band IL. It shows that beyond 2517MHz, under worst case conditions, the IL is always <2.5dB. This shows that while an FBAR filter cannot provide very low IL at the lower band edge, even with a pass band of 194MHz, the upper and mid pass band performance can be very good and provide the required wideband rejection and acceptable ISM rejection. 
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Figure 3-4. Band 41 filter performance: Full pass band

4. Proposed REFSENS modifications

The simulation results presented in Section 3 show that a single filter approach can be used for Band 41 and still provide acceptable rejection to ISM and out-of-band blockers; however the worst case IL was 4.5dB, although this could probably be reduced to 4.25dB with further refinement of the filter. 
Current Band 41 specifications allow for a 3.5dB IL, this means that an extra 0.75 to 1dB relaxation is needed to Band 41 specifications. In addition the current Band 41 specifications allow for more mid and upper band IL than is actually needed, this could lead to overly relaxed upper pass band edge designs and an unnecessary loss of performance. 
While it could be possible to specify different requirements for low, mid and upper band ranges, in an aim to keep the specification and test requirements simple, it is proposed to change the Band 41 REFSENS specifications to 
allow a 2dB relaxation relative to Band 38 across the whole band. In recognition that only one set of filter results are presented, adopting this simplified approach will also provide some further margin, in addition to the other factors already identified that provide some inherent margins. 
 It is expected that in reality, the relaxation will only be needed at the lower edge of the band.
5. Proposed minimum output power (MOP) modifications

A UE could share a Band 7, 38 and 41 PA, so it is worth considering the impact of changing the assumed reference architecture to be based on a single, rather than split filter approach.

As the revised Band 41 REFSENS specifications would allow up to a 4.5dB IL instead of 3.5dB, it would seem reasonable to revisit the MOP. As current band 41 specifications allow no MOP reduction, it is would seem that a 1dB relaxation in MOP would be needed at the lower band edge. Referring to Figure 3-3, by 2501MHz this 1dB can be considered made up for by reduced IL. 
As currently TS 36.101 MOP relaxation is 1.5dB in the first and last 4MHz of the band, it is proposed that while this does not exactly fit the requirements above, that for the sake of keeping requirement and test specification simple that the MOP reduction used for other bands also be applied to Band 41. It is expected that in reality, the relaxation will not be more than 1dB and will likely only need to be used in the lower band range.


6. Conclusion

It has been shown that a single filter can provide the required level of blocker protection for a Band 41 device, including acceptable protection to in-device ISM operation even under the extremes of operating conditions, as well as to general out-of-band blockers. Using a single filter, instead of the initially proposed split filter approach, has a number of benefits including enabling the same front end architecture to support CA, as well as lowering UE cost and simplifying design as two filters and a switch are replaced by just one filter.
However, in order to accommodate such a filter that exhibits greater lower band edge IL, some revision to the current specifications is required. As a single filter can outperform the current specification across most of the band, yet not at the lower band edge, it is proposed to make the previously identified changes to both the REFSENS and MOP requirements. The proposed changes are provided in [3][4].
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