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1. Introduction

At the RAN plenary meeting #51 in Kansas City, the workload in RAN4 and the ability to address the large number of proposed carrier aggregation band combinations was a topic of lively discussion.  Two requests were made of RAN4 to be completed by and presented to RAN plenary meeting #52 in June.  The first was that RAN4 establish a generic framework for the specifications by which specific band combinations could be easily accomodated.  The second request was that RAN4 provide an assessment of the number of band combinations it is capable of working on within a given time period; for example, three band combinations per quarter.  This contribution addresses the first request and describes a possible framework for specifying the interband carrier aggregation core requirements.  The second request can be addressed after a framework and methodology have been agreed upon.
2. Discussion

It is clear that RAN4 is challenged with the very large problem of being able to define specifications for interband carrier aggregation in the face of an ever-growing number of proposed band combinations.  Furthermore, it is necessary to complete the core requirements for carrier aggregation over the next two meetings in order to be able to meet the deadline for inclusion into the Rel-10 specifications.  As a result, it is necessary to decide on a framework and methodology to tackle the work.  The goals of such a framework are
1. List the assumptions,

2. Identify which requirements are to be updated in the specifications (this contribution focuses on TS 36.101 specifically),

3. Define the methodology by which the requirements can be derived in a consistent manner,

4. Be sufficiently generic so that new band combinations can be easily accomodated,

5. Maintain flexibility so that exceptions and corner cases can be accounted for when necessary.

2.1. Assumptions

We start with a list of proposed assumptions.  We feel that simplifying assumptions are necessary to bound the problem and in order to be able to complete the work in the required time frame.  The assumptions form a fundamental component to the framework.  Because one of the motivations is to be able to complete the core specifications by RAN #52 and to be able to provide a credible plan to address the large number of proposed band combinations shortly thereafter, it is necessary to limit the scope for which requirements will be defined.  It is of course advisable to revisit these assumptions in the future.  Indeed, a note can be added to the specification indicating that the requirements reflect what can be achieved with present state-of-the-art technology and can be reconsidered as the technology evolves.
Assumption #1.  Conducted requirements.

It is proposed that conducted requirements without regard to the antenna system be first addressed in RAN4.  The relationship between conducted and radiated requirements can be discussed at a later time.

Assumption #2.  Maximum of two band combinations.
It is proposed that the number of bands that can be combined be limited to two.  Three (and higher) band combinations are not allowed.

Assumption #3.  Prioritize single uplink carrier.
It is proposed that the requirements be prioritized for a single uplink carrier.  Two or more simultaneous uplink carriers represents an order-of-magnitude increase in the complexity and time required in order to define appropriate specifications.  The requirements should be defined for simultaneous downlink in both bands with uplink in either one of the two bands.
2.2. Affected requirements

In this section, we list the affected UE RF requirements from TS 36.101 given the assumptions listed above.  As indicated in [1], the most obvious affected requirements are the reference sensitivity and the Pcmax.  Most of the other core requirements set power levels of wanted signal relative to REFSENS or to Pcmax, so it is necessary to focus on these two core requirements for the framework.  ACS, blocking, and intermodulation requirements may also be affected.
2.3. Methodology

Proposals for a methodology to define the UE RF requirements for interband CA are provided below.
2.3.1. Reference sensitivity

Reference sensitivity is the key requirement to define for the receiver.  The challenge to defining this requirement is that reference sensitivity is influenced by a great number of factors and therefore, seeking an optimal reference sensitivity specification requires a large effort.  Furthermore, reference sensitivity can be highly band-dependent since each band has unique performance challenges (i.e., emissions, blockers, etc) and each band has unique implementation characteristics.  This challenge is only further exacerbated when carrier aggregation is taken into account.  The impact to reference sensitivity of the diplexer or other joining device in the RF front end has been discussed extensively.  It is widely recognized that the additional insertion loss in the front-end degrades the noise figure of the receiver and compromises reference sensitivity.  It is also widely recognized that a degradation in reference sensitivity, particularly when applied to Rel-8 single carrier operation, is undesireable from the network system perspective.  The approach, therefore, has been to find a balance between explicitly accounting for the insertion loss as a relaxation in the reference sensitivity requirement and absorbing the insertion loss into the implementation margin of the UE.  Putting this principle into practice has proven to be extremely challenging due to the inherent challenges to defining reference sensitivity as described above, as well as the desire by operators to optimize reference sensitivity for particular bands and band combinations and the desire by UE vendors to maintain margins for implementation to ensure adequate production yields.  
Some contributing factors adding to the complication in agreeing on reference sensitivity requirements for interband carrier aggregation are listed below

· Diplexer insertion losses and other performance parameters may vary among component vendors due to different design targets and optimization criteria

· The insertion loss of the diplexer may differ between its high-band and low-band ports

· The UE implementation margin differs from band to band, and even for the same band, can differ for each channel bandwidth

· The UE implementation margin differs from vendor to vendor
· For single uplink carrier aggregation, one of the Rx chains will not be subjected to transmitter noise and can therefore achieve better reference sensitivity

· The performance of the UE for a given band or band combination may be related to the overall architecture of the RF front end, the number of other bands or band combinations, other technologies, etc., that the UE must support in practice
Due to these reasons, it may not be possible and is certainly not practical to find a generic methodology that is capable of optimizing the reference sensitivity taking into account all of the contributing factors and possible solutions.  We therefore propose a more modest goal that we simplify the problem and instead of treating each band combination separately trying to find its optimal reference sensitivity value, we consider bundling band combinations into categories.  The reference sensitivity could then be defined according to the category.  By necessity, such a simplification will not be optimal for all band combinations in all cases, but that was likely an unrealistic goal, and perhaps an inappropriate goal for a standards setting body.  The specifications defined in 3GPP are for a minimum performance level to allow for a multitude of implementation options while maintaining interoperability, ecosystem benefits, and some minimum assured level of performance.  Indeed, the specifications should allow room for further optimization and its associated tradeoffs.
The most discussed bundling strategy has been a categorization of band combinations into high-high, high-low, and low-low.  In general, we agree with this approach.  We propose the following definitions

If max(FDL_low, FDL_high, FUL_low, FUL_high) < 1 GHz, then Low band

Else if  min(FDL_low, FDL_high, FUL_low, FUL_high) > 1.7 GHz, then High band

Else, Mid band.

Following this definition, we have the following

Table 1.  Bundling of bands as low, mid, or high.

	Low bands
	Mid bands
	High bands

	5, 6, 8, 12, 13, 14, 17, 18, 19, 20, [26]
	11, 21, 24
	1, 2, 3, 4, 7, 9, 10, [23], [25], 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43


We then define the reference sensitivity relaxation for band combinations as

Table 2.  Reference sensitivity relaxation as a function of band combination category

	Band combination category
	Refsens relaxation

	Low/Low
	TBD

	High/High
	TBD

	Low/High, High/Low
	TBD

	Low/Mid*, Mid/Low*
	TBD

	Mid/High*, High/Mid*
	TBD

	Mid/Mid
	TBD


The refsens relaxation applies to both constituent bands of the band combination, and applies both in LTE-A dual carrier operation as well as in Rel-8 single carrier operation.  

The mid-band combinations require further consideration.  For example, a combination between a low-band and a mid-band may not have sufficient separation between carriers to effectively diplex.  The insertion loss and relaxation is likely to be more similar to a mid-band and mid-band combination.  We therefore propose to impose an additional condition that a mid/high, high/mid, mid/low, or low/mid combination be separated by at least TBD MHz.  Otherwise, the combination will be regarded as mid/mid.
Exceptions to the refsens relaxation as defined above can be made if necessary.  For example, in the case that there is a transmitter harmonic from one band with falls into the downlink of the other band, an exception can be made to the general rule.  In the case of this exception, the reference sensitivity can be relaxed to account for the additional interference term as necessary.  Alternatively, the transmit power could be reduced.
2.3.2. Pcmax

Output power is the other key parameter that is impacted by the diplexer for interband carrier aggregation.  As proposed in [1], the relaxation to output power should be applied to the PCMAX_L definition.  
Original:  PCMAX_L = MIN { PEMAX – TC,  PPowerClass – MPR – A-MPR – TC}

Modified:   PCMAX_L = MIN { PEMAX – TC,  PPowerClass – MPR – A-MPR– TC – TIB}

In this way, MPR and A-MPR are preserved so that the transmit chain can have sufficient linearity to meet, for example ACLR, as well as spurious emission requirements.  In practice, it may not be necessary to allocate the entire A-MPR allowance since the overall transmit power including spurious emissions will be reduced by the insertion loss of the diplexer, but the calculation of the amount of A-MPR that could be returned is dependent upon the actual location of the spurious emission requirement and on the higher order non-linearities within the transmitter chain.  Such an optimization may be impractical to consider.  Analogous to the discussion above on reference sensitivity, there are concerns from both the UE vendor perspective as well as the network system perspective with regard to relaxing the output power.  Again, it is necessary to seek a balance between the two and to find a generic methodology for defining this relaxation rather than trying to optimize for each particular band combination.

We therefore propose the same approach of bundling the band combinations into generic categories as for reference sensitivity.  The categories are the same.
Table 3.  Relaxation of Pcmax as a function of band combination category

	Band combination category
	TIB

	Low/Low
	TBD

	High/High
	TBD

	Low/High, High/Low
	TBD

	Low/Mid*, Mid/Low*
	TBD

	Mid/High*, High/Mid*
	TBD

	Mid/Mid
	TBD


Similar to reference sensitivity, the output power relaxation is applied in both dual carrier operation as well as Rel-8 single carrier operation.
2.3.3. ACS and Blocking

The ACS and blocking tests are considered for the case of two downlink carriers in separate bands.  For the receiver tests, the requirement is that each component carrier is tested independently to achieve 95% maximum throughput when one uplink is active (according to assumption #3) and both downlinks are active.  An ambiguity arises, however, in the case of ACS and blocking requirements in this situation, as illustrated below
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Figure 1.  ACS and blocking levels may be ambiguous with two simultaneously active DL carriers.

Since both downlink carriers are active, the interfering signal may be in different locations and therefore fall under different requirements relative to each component carrier.  For example, the interferer might be ACS to one carrier, but out-of-band blocking to the other.  The issue is that the level of the interferer and of the wanted signal are dependent upon the particular requirement being tested.  In this example, for ACS case 1, the wanted signal is received at REFSENS_A+14dB with the interferer at REFSENS_A+45.5dB.  Of course, the REFSENS_A here refers to the reference sensitivity of Band A.  However, for Band B, the interferer is in the region covered by the out-of-band blocking requirement.  Therefore, the wanted signal power should be REFSENS_B+6 and the interferer at -15dBm.  These are conflicting requirements.
There are two options to address this problem.  The first is to set the power level of the wanted signal in accordance with the test under which the interferer applies; that is, if the interferer is in the ACS region for the band, the wanted signal power level for the carrier in that band should be set in accordance with the ACS requirement.  The interferer power can then be set to the minimum of the conflicting requirements.  In the example above, the interference power would be set to min(REFSENS_A+45.5, -15dBm).  Each downlink carrier would then be expected to be able to achieve 95% maximum throughput.

The second option is to limit the testing of ACS and blocking to the Rel-8 test with single carrier.  In principle, the requirements for carrier aggregation should be levied on top of requirements for single carrier operation.  That is, the device must meet all Rel-8 requirements before being tested for additional carrier aggregation requirements.  The reason for additional CA requirements is if there is an expectation that the performance may differ when both downlink carriers are active.  In this case, we need to consider whether there is an expected impact to ACS and blocking with two downlink carriers are active.  It may be the case that intermodulation products between the uplink in one band and the interfering signal affect the receiver in the second band.  In that case, it may be worthwhile to apply this test.  However, careful consideration should be taken to assess the value of this test since the blocking tests require a significant amount of test time.  
It is our recommendation at this time to include the ACS and blocking tests for carrier aggregation, but setting the interference power to the minimum as described above.  We also recommend that the relative need for these tests compared to other tests be carefully evaluated for possible removal in the interest of test time efficiency.

2.3.4. Intermodulation

For the intermodulation specification, the two downlink carriers are active, a single uplink is active, a CW interferer is present, and a modulated interferer is present.  The test places the two interferers in such a way that their intermodulation product falls within the downlink passband.  In the case of carrier aggregation, the wanted signal should be set to a power level consistent with its channel bandwidth.  The power level of the interferers are set to an absolute power level of -46 dBm in accordance with the specification.  The possible concern with applying this test in the carrier aggregation scenario is the possibility of cross modulation products from the uplink of one band falling into the downlink of the other band.  Those cases may be treated by exceptions.

2.3.5. Overlapping Band Combinations
Traditionally, the UE RF specifications defined in 36.101 have been either band independent, or defined individually for each band.  In practice, however, most devices support a number of different bands and it is anticipated that they will be required to support multiple band combinations.  In general, as the number of bands required to be supported increases within the device, the performance worsens for each band due to the requirement for additional or larger switches.  However, when considering band combinations, there is the possibility that a device that supports multiple band combinations will not only incur the penalty of a diplexer for each combination, but there is the possibility that the device requires cascaded diplexers or additional switches.  Unfortunately, this aspect of practical design is not well recognized within the specifications to date.
There are several ways to address this.  One way is to add an explicit relaxation in refsens and Pcmax for such cases.  A second way is to absorb any such loss in the implementation margin.  A third way is to implicitly include some additional margin in the relaxations proposed above.  This aspect of multiple and overlapping band combinations merits further consideration.

3. Conclusion

In this contribution, we have presented a discussion of considerations for defining a framework for the interband carrier aggregation UE requirements.  The fundamental assumptions we are making in constructing this framework are that the requirements are conducted, only two band combinations are considered, and only a single uplink carrier is active at any time.  The specifications on reference sensitivity and Pcmax are the two most critical ones to agree upon.  Given that the key motivation for defining a generic framework is to be able to efficiently handle multiple band combinations, it is proposed to bundle band combinations into defined categories where the relaxation to the specifications is defined for each category.  Of course, exceptions to the generic framework may be necessary in some cases; for example, an exception may be necessary for cases where harmonics of the uplink in one band interfere with the downlink in the other band.  It is further proposed to define the categories based on whether the constituent bands are low, mid, or high bands in frequency.  Lastly, considerations are provided for ACS, blocking, and intermodulation specifications.
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