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1. Introduction

One remaining issue for the definition of RF requirements for Band 41 is the reference sensitivity requirement.  Reference sensitivity requirements have been proposed and were agreed in [1], but left in square brackets for confirmation.  In light of stringent filtering requirement for in-device ISM coexistence, a relaxed value for reference sensitivity was subsequently proposed in [2].  In this contribution, we provide further consideration for the tradeoff between reference sensitivity of LTE in Band 41 and in-device coexistence performance with ISM at 2.4 GHz.  A proposed value of reference sensitivity is provided in this contribution which balances the tradeoff between LTE radio performance and LTE/ISM coexistence performance.    

2. Discussion

2.1. ISM coexistence
It has been recognized that in-device coexistence between LTE and systems operating in the ISM band -- notably Bluetooth and WLAN -- is both a desirable feature in many UE terminal implementations, as well as a significant challenge; hence, the motivation for the coexistence Study Item in [1].  The challenge is present for UE’s which operate in LTE Bands 7, 40, and 41 due to their close proximity to the ISM band.  While the study item focuses on signaling, protocol, and other such procedures to facilitate coexistence, there does remain the possibility for an RF filtering approach which may be appropriate in some situations.  An RF filtering approach offers the advantage that additional signaling, overhead, and coordination is not needed between the two systems.  The disadvantage of an RF filtering approach is that the filters may not adequately suppress the interference from one system to the other for the following reasons

· Only finite attenuation is achievable in the stop band,

· A transition between the filter pass band and stop band is required where limited attenuation is available,

· Filter response shifts with manufacturing process tolerance and with temperature, and

· Passband ripple and insertion loss must be minimized.

In general, the requirement to achieve better rejection and a narrower transition band in the filter is a tradeoff to the passband ripple and insertion loss.  In [3], it was proposed to relax the reference sensitivity requirement for Band 41 by 2dB to account for the additional insertion loss associated with such a filter and the corresponding RF switches.  To the extent that this relaxation captures the additional insertion loss of the filter, it is a direct tradeoff to the amount of rejection one might expect the filter to provide in the ISM band since rejection in the transition and stopband is  inversely related to the passband insertion loss in many filter designs.  
Notwithstanding the uncertainty of actual filter performance, the difficulty in defining the insertion loss or subsequent relaxation in baseline reference sensitivity is the actual rejection requirement in the ISM band.  In [2] an analysis was presented to justify a particular filter rejection requirement relating it to a degradation in sensitivity; however, any such analysis is subject to the particular assumptions taken.  Furthermore, at the application layer, it is not the rejection of the filter that is important, but rather the performance or QoS of the service being offered, whether that be TCP throughput or voice quality MOS score, as an example.  The relationship between these higher level metrics to sensitivity levels and ultimately to a filter rejection requirement is imprecise, at best.  Nonetheless, it is the responsibility of RAN4 to derive appropriate RF specifications despite these uncertainties.  The approach is then to derive minimum performance requirements which can achieve the best performance while acknowledging implementation limitations and feasibility.  The “best performance” in this case of uncertain requirements for ISM coexistence could then be to enable a tradeoff between the LTE reference sensitivity level and the amount of rejection that a filter might be able to achieve in the ISM band.

2.2. Baseline reference sensitivity relaxation
The reference sensitivity as proposed in [2] corresponds to that which can be achieved in the best of circumstances when there are no RF requirements which may impose additional insertion losses in the front-end.  This baseline reference sensitivity of -97 dBm for a 10MHz channel is achievable in easy bands where there are no additional challenges, such as Bands 1, 4, and a few others.  However, as indicated above, Band 41 does have the additional challenge of interference to and from ISM.  In [3], it was proposed that a 2dB relaxation to baseline reference sensitivity could be imposed on Band 41 due to its similarity to Band 7.  However, it was also noted that the two bands are clearly not equivalent and setting their reference sensitivities equal, while being a useful guideline, may not be the appropriate tradeoff between LTE performance and ISM coexistence.  Another approach would be to establish the reference sensitivity specification of Band 41 at a particular value allowing for some margin for filter insertion loss.  The rejection of the filter in the ISM band would not be specified by RAN4 in any case, but an expectation would certainly come about in the process of choosing the reference sensitivity value since the two are traded off against each other.  Furthermore, it can be anticipated that over time as filter technology improves, the rejection can become better.  We investigate this second approach as described below.
2.3. Filter response
A simulated filter frequency response for a low band filter is shown below in Figure 2.3-1.  We have adopted the architecture as proposed in [2] whereby two overlapping filters are used to cover the entire Band 41.  Current state-of-the-art filtering technology does not support the use of a single filter with 200 MHz of passband to achieve good stopband attenuation in the ISM band while maintaining low insertion loss.  Thus, the dual filter approach utilizes a low band filter covering 2496 MHz to 2570 MHz, for example, to provide rejection of ISM band with modest insertion loss, and a second high band filter covering 2550 MHz to 2690 MHz.  While this dual filter approach provides a more favorable tradeoff between insertion loss and stopband rejection, it does suffer from increased complexity and requires the insertion of RF switches which themselves add to the overall front-end insertion loss.  More details can be found in [2] and [3].  The design target for this particular filter was 50dB of attenuation across the ISM band extending to 2480 MHz with less than 2.5dB insertion loss in the passband from 2496 to 2570 MHz.  The design was not able to meet the target, per se, but as described below, with slight modification might be able to achieve a compromised solution.
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Figure 2.3-1.  Frequency response of an example Band 41 low band filter.  The middle solid curve represents nominal performance of the filter whereas the outermost solid curves represent worst case process and temperature performance.  The dashed line represents a re-centering of the downward filter by 1 MHz.
The filter response as shown in Figure 2.3-1 includes the effects of manufacturing tolerance and temperature drift consistent with the assumptions in [2].  Since the performance specifications defined in TS36.101 are minimum requirements, they must be met under all such conditions.  We can see in these curves that the expected attenuation over the ISM band is generally greater than 50dB for the majority of the band, but can be as small as 5dB in the worst case at 2480 MHz.  
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Figure 2.3-2.  Frequency response zoomed in to corner frequency.  The middle solid curve represents nominal performance of the filter whereas the outermost solid curves represent worst case process and temperature performance.  The dashed line represents a re-centering of the downward filter by 1 MHz.
Similarly, the insertion loss in the passband can be as high as 3.5dB at 2496 MHz as shown in Figure 2.3-2.  Using these parameters as a guideline, the performance of this filter would seem insufficient for Band 41 and ISM coexistence.  
However, if one is willing to consider relaxed filtering requirements and a slight re-centering of the filter center frequency, then a compromise may be found.  For example, the dashed curve in Figure 2.3-2 represents a re-centering of the filter center frequency, again taking process and temperature variation into account.  With this slight re-centering, it can be seen that the insertion loss can be reduced to approximately 3dB at 2496 MHz.  Furthermore, as shown in Figure 2.3-3, the same filter design with slight re-centering is able to achieve approximately 28dB attenuation at 2473 MHz with all tolerances included.  The significance of this particular example is now illustrated.  If the insertion loss of the filter is maintained to be a maximum of 3dB, then in this case considering the switching and other losses in the RF front-end, it is anticipated that the baseline reference sensitivity degraded by 1 dB can be met.  The minimum attenuation specified at 2473 MHz corresponds to the edge of WLAN 802.11 b/g/n channel 11, which is used prevalently in North America, where Band 41 is expected to be deployed.  Thus, the example illustrated here is clearly a compromise in ISM coexistence compared to the goal set in [2] and therefore may result in system performance degradation when both LTE and ISM systems are operating simultaneously and in worst case conditions.  But, the compromise represents better LTE performance when ISM is not operating simultaneously than that proposed in [3].  Furthermore, in practice under nominal conditions, it can be expected that filter performance can provide in excess of 45dB attenuation as shown in Figure 2.3-1; therefore, coexistence in the typical case should be better than the worst case curves shown here.
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Figure 2.3-3.  Frequency response zoomed in to transition band. The rightmost solid curve represents nominal performance of the filter whereas the leftmost solid curves represent a worst case process and temperature performance.  The dashed line represents a re-centering of the downward filter by 1 MHz.
The filter simulations presented here are only a single example.  It is certainly possible that other filter configurations may yield different results, however, this example was felt to be representative of what might be practically achievable using current state-of-the-art technology.  Given that the specifications are for minimum performance, it is recommended that a relaxation of 1dB compared to baseline reference sensitivity be provided as a tradeoff between standalone LTE performance and ISM rejection.  The additional insertion loss afforded by the relaxation will provide flexibility in the filter design to provide rejection in the ISM band while constraining cost and size.  While simulations indicate that with this relaxation, a compromise must be accepted in ISM rejection under worst case conditions, it is envisioned that as filter technology evolves, the rejection in the ISM band can become greater enabling better coexistence.  It may also be possible that a single filter design may be appropriate in some terminal designs where the utmost in ISM rejection is not needed.  The additional insertion loss margin included here allows flexibility for such a situation as well.
3. Conclusion

This contribution has provided another perspective to the reference sensitivity specification for Band 41.  In this contribution, we have presented a possible tradeoff between ISM coexistence performance in worst case operating conditions by RF filtering, and LTE reference sensitivity radio performance.  It is noted that one of the challenges in properly establishing the appropriate reference sensitivity specification for this band is the lack of concrete requirements for ISM coexistence and the uncertainty in mapping those requirements to filter performance.  Therefore, it has been recommended that a compromise proposal is to set the Band 41 reference sensitivity to be 1dB degraded relative to baseline reference sensitivity; that is, 1dB degraded compared to Band 1, but 1dB lower compared to Band 7.  Setting the reference sensitivity in this manner allows an additional margin in the front-end insertion loss to enable flexibility in the filter design.  One filter simulation indicates that it may be possible in the worst case condition to achieve a minimum 28dB attenuation in the ISM band at 2473 MHz with this flexibility, while providing in excess of 45dB attenuation in typical operating scenarios.  This falls short of the design goal for ISM coexistence proposed in [2] under worst case conditions, but represents a tradeoff that should enable future improvements in filter technology to close the gap to this goal.
Given that a stringent filter is only required if an RF filtering solution is sought for ISM coexistence, for those UE terminal implementations which do not require ISM coexistence or which rely on methods based on [1], the reference sensitivity relaxation need not apply. It is therefore proposed that this relaxation is not applied directly to the values in the reference sensitivity table. Instead an appropriately worded note should be attached to the appropriate table indicating that an exception should be allowed in the case that a device is required to support simultaneous transmit and receive operation of ISM and LTE Band 41 radios, where RF filtering is being used as the approach to enable coexistence.
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