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1. Introduction

Study of non-contiguous intra-band carrier aggregation has commenced under the carrier aggregation enhancements work item, with CA_25 identified as an example FDD band.  Candidate reference architectures for Rx and Tx have been proposed for study.  For the Rx side, the dual receiver architecture has been agreed as the working assumption to derive the specifications [2].  With respect to this agreement, the specification should where practical also enable other implementation architectures.  One of the issues to be studied is the impact on reference sensitivity in the non-contiguous intra-band CA scenarios.  For this NC intra-band case, the uplink component carrier may be spaced much more closely to a downlink component carrier.  This contribution discusses the impact on receiver sensitivity in such a scenario.
2. Discussion

The reference sensitivity requirement for non-contiguous intraband CA has not yet been defined.  However, in general for CA, reference sensitivity has been defined per component carrier with both DL carriers active and with a single uplink active (inter-band CA) or with up to two uplinks active, but with a contiguous allocation across the two component carriers (intra-band CA).  Following the same approach, it seems reasonable to define reference sensitivity for NC intra-band CA with either single uplink CC active and both downlink CC’s active, but measured independently.  
However, there are a number of considerations to be paid when evaluating the specification for reference sensitivity.  It has been illustrated in [1] that the separation between the uplink of one component carrier to the downlink of the other component carrier can be as small as the duplex gap.  In some cases, this can be very small; for example, for the case of CA_25, the duplex gap is a mere 15 MHz, compared to the maximum supported channel bandwidth of 20 MHz.  Figure 1 shows this case with a 20 MHz PCC and 10 MHz SCC as an example. Moreover, as pointed out in [1], the narrow separation can lead to degraded reference sensitivity due to Tx noise and it is further proposed that the uplink allocation can be reduced to minimize the impact of Tx noise.  However, upon further investigation, we also suggest that there are other impairments which may degrade reference sensitivity due to the narrow separation between uplink and downlink.  In particular, we note that the uplink can appear as an in-band blocker to the downlink leading to increased inband noise due to IM2.  Also, we note that inband interference terms may also be generated due to IQ image and CIM3 from the uplink.  An example of these effects is provided in Figure 2.
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Figure 1.  NC intra-band CA with PCC UL allocation restriction to protect SCC DL.
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Figure 2.  Impairments to receiver including Tx noise, Tx intermodulation products, and Rx blocking or IM2.
The assumed radio architecture is a dual-receiver [2].  The transmitter architecture -- single transmitter or dual transmitter -- has not yet been agreed.  The dual receiver reference architecture assumption from [2] and reproduced below for convenience shows that the isolation between the PCC UL and the SCC DL is achieved through the duplexer on the main receiver and the duplexer and antenna isolation on the diversity receive.  These isolation mechanisms are the same as for a single carrier radio used for Rel-8 and have been assumed to be 45 dB and 10 dB, respectively.
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Figure 3.  Reference radio architecture for Rx, reproduced from [2].
2.1. Transmitter noise

As described in [1], the spectral regrowth from the transmitter generates noise that falls inband into the receiver attenuated by duplexer isolation.  Fortunately, this is a phenomenon that is well understood even in single carrier reference sensitivity and accommodated for in the specifications by a reduced uplink allocation for the reference sensitivity test. The principle is that wideband allocations have the largest spread in transmitter noise; therefore, reference sensitivity is defined for an allocation at the edge of the channel closest to the downlink with the necessary restriction in number of RB’s to minimize the Tx noise in the Rx band.  The implication is that an allocation which is smaller and/or located at a larger offset from the Rx band should perform at least as well as reference sensitivity.  As we will see when other effects besides transmitter noise from spectral regrowth are considered, this may not hold true.  However, for the impairment due to transmitter noise, we have in [1], an uplink allocation in accordance with the relationship of 0.75 RB’s per 1 MHz of channel-edge-to-channel-edge separation is proposed.  In [3], a normalized spacing of 7.8 has been proposed to be consistent with single channel reference sensitivity definitions.  Both formulations yield the same result for the CA_25 case with the minimum separation between uplink and downlink of 15 MHz.
Table 1.  Uplink allocation for CA_25 with minimum Tx-Rx spacing.

	Channel BW PCC (MHz)
	UL allocation PCC (RB’s)

	1.4
	6

	3
	10

	5
	10

	10
	10

	15
	10

	20
	10


2.2. Transmitter IQ image and CounterIM
While the impact of transmitter noise due to spectral regrowth can be contained by narrowing the uplink allocation as described in the previous section, there are other impairments due to uplink image and intermodulation terms which can also degrade reference sensitivity, particularly for narrow allocations.  These become more prevalent when the Tx-Rx separation is narrow such as the case for NC intra-band CA.  
Consider the following examples for CA_25 with the PCC uplink at the highest portion of the band and the SCC downlink at the lowest portion of the band.  In one example case, a narrowband uplink allocation in accordance with the uplink restriction due to transmitter noise is transmitted at the upper edge of the channel (as shown in Figure 2) . Due to 3rd order intermodulation between this transmission and its IQ image, the spurious term can fall into the SCC downlink thereby degrading its reference sensitivity performance.  In a second example case, a narrowband uplink allocation is placed at the lower edge of the channel.  This condition is not explicitly part of the reference sensitivity definition since reference sensitivity defines the uplink RB’s to be located at the edge of the band closest to the downlink; however, the implicit expectation is that for allocations located further away, receiver performance should be at least as good if not better than for allocations which are in the “worst case” location.  In fact, however, this may not be true because for this allocation, a CIM3 term lands in the SCC downlink that will degrade reference sensitivity.  Other example cases may also exist and it is clear that these effects can degrade reference sensitivity even when the uplink allocation has been reduced to minimize transmitter noise.
2.3. Receiver IM2

Due to the close frequency separation between Tx and Rx, the limited IP2 performance of the receiver can cause inband noise in the presence of a strong Tx signal.  This can be illustrated for the case of CA_25 (as shown in Figure 2) by observing that the separation between the uplink in the highest frequency channel to the downlink in the lowest frequency channel corresponds to a similar case as “range 1” in the out-of-band blocking requirement.  For this requirement, the receiver is required to tolerate a blocking signal at a level of -44 dBm with a reference sensitivity degradation from 6 to 9 dB depending on the channel bandwidth of the downlink.  The uplink signal can be transmitted at a level of 23 dBm at the antenna port and even considering the filter and antenna isolation if available, the power level of this blocker seen at the receiver is well above the specified performance for out-of-band blocking.  Thus, we can expect significant degradation in the receiver beyond even the 6 to 9 dB allowed for blocking.
2.4. Specification options

There is a need to agree on a consistent method to define reference sensitivity for NC intra-band CA.  Several options exist noting that reference sensitivity has already been tested in single carrier operation.  Therefore, we only seek to define a test that provides meaningful additional insight into UE performance when operating in a NC intra-band CA configuration.
1. Define the reference sensitivity with a single uplink.  The uplink should be located furthest away from the downlink to avoid the impairments described in this contribution.  

2. Define the reference sensitivity with a single uplink.  The uplink should be located in a middle position to provide sufficient separation from the downlink so that the effect of transmitter intermodulation products and receiver IM2 is minimized.  The uplink allocation may also be reduced to minimize the impact of Tx spectral regrowth.  Alternatively, the uplink output power can be reduced to achieve the same affect.
3. Define the reference sensitivity with a single uplink.  The uplink should be placed at the edge of the band closes to the downlink in the worst case location; i.e., minimum separation between Tx and Rx.  The impact of spectral regrowth is be mitigated by reducing the uplink allocation.  However, the impact of transmitter intermodulation products, including those for single RB allocations, and the impact of receiver IM2 in accordance with out-of-band blocking specified performance must be explicitly included in the deriviation of the reference sensitivity specification.
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Figure 4.  Option 1, maximum Tx-Rx separation.
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Figure 5.  Option 2, moderate Tx-Rx separation.
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Figure 6.  Option 3, minimum Tx-Rx separation.

The first option is the simplest to implement in the specification and to define a test case against.  However, it also provides little additional information beyond the single carrier reference sensitivity test.  Given, however, that the reference sensitivity test is intended to be an indicator of receiver noise figure, not necessarily a test of transmitter intermodulation or receiver linearity which are captured in other test requirements, this simplified option may be reasonable.  In fact, a somewhat similar sentiment was taken in defining the reference sensitivity for contiguous intra-band CA where the downlink SCC was placed away from the uplink so that the Tx-Rx separation would be largest from PCC uplink to downlink.
The second option represents an extension of the principle that the factors not directly related to noise factor be minimized in the reference sensitivity test.  In single carrier reference sensitivity, the uplink allocation is reduced if necessary to minimize the impact of transmitter noise.  The same idea is proposed here as well, but also extended to minimize the influence of Tx intermodulation products and Rx 2nd order intermodulation, since those aspects are tested in other specifications.  However, in this case, the means to minimize the influence of those factors is either by creating a larger offset between Tx and Rx so that the intermodulation products do not fall into the Rx band, or by reducing the uplink power so that the level of the intermodulation products is minimized below the noise floor to be tested.
The third option is to create the worst case configuration and define reference sensitivity taking into account all of the impairments, except wideband transmitter noise.  This option may be the most challenging to define in the specification and may lead to a highly degraded reference sensitivity specification in some cases, for example CA_25, where there is small separation between Tx and Rx and where there are wide channel bandwidths available.  This option resembles a maximum sensitivity degradation (MSD) test, except that it does not include a full uplink allocation.
2.5. Recommendation

Our recommendation is either option 1 or option 2.  Option 3 includes factors related to Tx and Rx linearity that are not fundamentally part of the intention of the reference sensitivity specification since these other factors are tested in other requirements; i.e., SEM and blocking.  Therefore, option 3 may result in a large sensitivity degradation that will obscure the ability to observe what was actually intended.  Furthermore, the reference sensitivity value may only be indicative of a small number of channelizations with both PCC and SCC at the worst case locations and may not be as useful overall for network and link budget planning.
Between option 1 and option 2, both seek to minimize the influence of parameters that are not intended to be directly measured in reference sensitivity.  Option 2 is considerably more complicated both to specify in 36.101 and 36.521 since the frequency offset, uplink allocation, and uplink power level must be agreed and defined.  Due to the extra complexity and since option 2 offers little additional insight compared to option 1, we have a preference towards option 1.  However, we seek the opinion and discussion with other interested companies.
3. Conclusion
In this contribution we have presented issues pertaining to the reference sensitivity specification for non-contiguous intra-band carrier aggregation.  Since the separation between an uplink component carrier and a downlink component carrier can be as small as the duplex gap, the interference can be significant.  Interference mechanisms include not only Tx spectral regrowth, but also modulator and transmitter intermodulation products and receiver non-linearities. Three alternatives have been listed for how reference sensitivity can be defined and brought for consideration, discussion, and agreement.
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