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1. Introduction
In RAN4 2010 AH #2, a way-forward was agreed regarding UE categories for LTE-A [1]. It was agreed that transport channel parameters related to the maximum data rate should be defined as part of UE categories. Other physical layer parameters are still being discussed within RAN4, for example whether Rel 8/9 DL MIMO capability remains band-agnostic. Regarding carrier aggregation configuration related signalling, it was agreed that RAN4 would explicitly define the UE capability in terms of frequency band(s), supported bandwidth in each frequency band and number of CCs for “contiguous” carrier aggregation. However, the number of CCs for each contiguous CA bandwidth is still FFS.
In this contribution, we discuss remaining open issues on LTE-A UE category and capability. We also provide analysis on the impact of UE category/capability on UE form factor. Finally, we suggest a few way forward to address the open issues.
2. Discussion 
In Rel-8, the UE category definition captures DL physical layer parameters including the maximum data rate and the number of MIMO layer supported. More specifically, Cat 1 UEs support 1 MIMO layer, Cat 2, 3, 4 UEs support up to 2 MIMO layers, and Cat 5 UEs support up to 4 MIMO layers. For all categories, an UE supports the same number of layers regardless of the frequency band.
2.1 Band-specific DL-MIMO layer support

There has been some proposal on making the number of MIMO layers band-specific [2]. For example a Cat 3 Rel-10 UE may support 2 layers at one frequency but only support 1 layer DL MIMO at a lower frequency. In this case, one of the potential issues is Rel-8 BS behaviour in the presence of these new non-backward compatible UE is not well understood. We listed following options for discussion of possible way forward:
Alternative 1: In Rel-10 UE category definition, retain current Rel-8/9 DL MIMO layer support, but allow band-specific support for new Rel-10 DL/UL MIMO functionalities. In this case, the UE category is backward compatible to Rel-8 but expanded with additional categories/capabilities. Band-specific Rel-10 functionalities could be defined as additional UE capability similar to the addition of antenna port 7, 8 support in Rel-9. When a Rel-10 UE is served by a Rel-8 base station, the UE behaviour is fully Rel-8 compliant and the eNB only considers the Rel-8 compatible portion of UE capability and ignore all additional capabilities. This solution would have minimal impact on Rel-8 networks.
Alternative 2: Rel-10 UE category defines only transport channel parameters, while the number of layers supported is removed from UE category and becomes band-specific UE capability. For the example given above with a Cat 3 UE supporting only a single layer MIMO on a lower frequency, this new Rel-10 UE does not fit into any Rel-8 UE categories. Rel-8 eNB could run into configuration errors and end up not scheduling this non-compliant UE or running into persistent error conditions. This may degrade both UE performance and network operation. More details on expected Rel-8 eNB behaviour need to be understood before such non-backward compatible UEs are introduced into the network.
Alternative 3: Define Rel-10 UE which supports fewer MIMO layers at lower frequency as a lower category Rel-8 UE with matching number of layers. For example, consider a Cat 3 Rel-10 UE that only supports a single DL MIMO layer at lower frequency. In this case, this Rel-10 UE could be signalled as Cat 1 Rel-8 UE at lower frequency in Rel-8 network, such that a Rel-8 eNB will not schedule more than one DL layer for such UE. The impact of reduced UE performance in Rel-8 network should be carefully investigated. In addition, signalling support for band-specific UE category in Rel-8 need to be defined.
Alternative 4: Same Rel-10 UE category definition as Alternative 2, with redefinition of Rel-8 category such that DL MIMO layer support becomes band specific. With the proposed Rel-8 spec change in 36.306 [5], a Rel-8 eNB will be fully compatible with the new UE category. Since this would involve ANS.1 change for Rel-8, the impact of such change on Rel-8 commercial rollout and existing product requires careful study and evaluation.
Proposal 1: Rel-10 UE category should be introduced such that Rel-10 UE operation in Rel-8/9 networks is robust and efficient.
2.2 UE capability on carrier aggregation 

Carrier aggregation is one of the most important features of LTE-A. It is well understood that each combination of frequency band and channel bandwidth would require specific RF requirements. In order to reduce the RAN4 specification complexity and associated testing cost, it is desirable to reduce the total number of channel bandwidth combinations.
In the current way forward, the number of CCs for “contiguous” carrier aggregation is FFS. In heterogeneous network deployments with macro eNBs and CSG HeNBs, carrier aggregation could be used to ensure robust macro network operation. For example, in a 20 MHz network, one viable option is to deploy CSG cells on a 10 MHz carrier and to deploy two 10 MHz component carriers at the macro cells. One drawback of such solution is the reduced Rel-8 UE perceived throughput on both macro eNB and HeNB.
Propose 2: Narrow-down the possible candidate CC configuration as following:

· Number of CCs for “Contiguous” carrier aggregation

· The responsible WG should be RAN4.

·  “Contiguous” aggregated bandwidth <= 20 MHz

· Number of CCs is [1 or 2]
· 20 MHz < “Contiguous” aggregated bandwidth <= 40 MHz

· Number of CC is [2 or 3]
· 40 MHz < “Contiguous” aggregated bandwidth

· Number of CC is [3 or FFS]
2.3 MIMO, Rx diversity and form factor

During the discussion of MIMO capability and Rx diversity, some vendors have voice concerns on the impact on device form factor. It has been argued that a small form factor might imply that MIMO or Rx diversity gain is limited at low frequency. In the following sections, we discuss the applicability of the statement above in different scenarios and recommend a possible way forward.
2.3.1 Basics on antenna systems

MIMO and Rx diversity performance is related to primary and secondary antenna efficiency and correlation, which are in turn a function of carrier frequency and antenna size. Commercial antennas are often multi-band antennas with multiple resonance frequencies at the desired frequency band. In Figure 1, the antenna efficiency of three dual-band commercial antennas is shown.
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Figure 1 Antenna efficiency for multi-band anntennas
The size of an antenna is often dominated by the desired antenna efficiency of the lowest resonance frequency. In addition, antenna size is also a function of the antenna bandwidth. For example, a secondary Rx antenna with the same efficiency as the primary antenna could be notably smaller, because the primary antenna is required to provide high efficiency cross both the Tx and Rx frequency bands. Based on the discussion above, one could conclude that the volume of a dual-Rx multi-band antenna system is mostly limited by the primary antenna of the lowest supporting frequency. 
Multi-band antenna is an effective solution to support dual-Rx diversity or MIMO feature cross multiple bands. If form factor is a concern, antenna system volume could be reduced by reducing the size of the secondary antenna at the cost of lower frequency antenna efficiency a.k.a. larger primary / secondary antenna imbalance. Note that given the primary antenna is the driving factor of total antenna volume, additional volume reduction from optimizing secondary antenna is limited. 
Observation 1: Multi-band dual-Rx terminals are commercially available with small form factor and low antenna system cost. Design trade off of secondary antennary size and efficiency could be made.
2.3.2 Rx diversity / MIMO performance and antenna imbalance

The Rx diversity and MIMO performance is a function of the antenna imbalance and the deployment scenario. In DL thermal limited scenarios, e.g., isolated cell edge just above REFSENS, the signal to interference and noise ratio (SINR) at the primary and secondary antennas could be quite different due to gain imbalance. 
In many practical deployments, however, UL link budget often limits the cell size such that DL link is never thermal limited. This is in part due to more than 20 dB Tx power difference at the eNB and the UE. In DL interference limited scenarios, since both the desired signal and the interference are attenuated equally by the antenna, the SINR at the primary and secondary antenna are often quite similar despite the gain imbalance.
In [3], RAN1 evaluated the coupling loss and DL SNR of multiple IMT-Advanced scenarios and generated calibration results based on inputs of more than 10 companies. In Tables 1 and 2, we analyzed the dual-Rx diversity gain based on the statistics in [3], where the coupling loss and C/I data for Urban Micro and Suburban Macro scenarios are used. Note that the original simulations assumed 0 dBi UE antenna gain. In Table 1, we analyzed the impact of a -6 dB antenna imbalance for cell edge, median and center UEs in the UMi deployment with 500 meter site-to-site distance. Since this is a very interference limited deployment, the -6 dB gain imbalance is shown to result in <0.1 dB SINR loss on the secondary antenna.

Table 1 Effect of antenna imbalance in Urban Micro deployment 
	Parameters
	Unit
	Cell edge (5%)
	Median (50%)
	Center (95%)

	
	
	Primary Antenna
	Secondary Antenna
	Primary Antenna
	Secondary Antenna
	Primary Antenna
	Secondary Antenna

	Antenna gain
	dBi
	-1
	-7
	-1
	-7
	-1
	-7

	Coupling loss
	dB
	119
	125
	90
	96
	61
	67

	Tx signal power
	dBm
	43
	43
	43
	43
	43
	43

	Rx signal power
	dBm
	-76
	-82
	-47
	-53
	-18
	-24

	C/I
	dB
	-3
	-3
	5
	5
	15
	15

	Rx interference power
	dBm
	-73
	-79
	-52
	-58
	-33
	-39

	Nt over 10 MHz
	dBm
	-95
	-95
	-95
	-95
	-95
	-95

	Per Antenna SINR
	dB
	-3.03
	-3.11
	5.00
	5.00
	15.00
	15.00

	Secondary Antenna SINR loss
	dB
	-0.08
	0
	0


In Table 2, we demonstrate the impact of a -6 dB antenna imbalance for cell edge, median and center UEs in the SMa deployment with 1299 meter site-to-site distance. Although this deployment is UL link budget limited (the worst coupling loss in all IMT-Advanced scenarios), this deployment is still found to be DL interference limited. The -6 dB gain imbalance is shown to result in <0.6 dB SINR loss on the secondary antenna.

Table 2 Effect of antenna imbalance in Suburban Macro deployment 

	Parameters
	Unit
	Cell edge (5%)
	Median (50%)
	Center (95%)

	
	
	Primary Antenna
	Secondary Antenna
	Primary Antenna
	Secondary Antenna
	Primary Antenna
	Secondary Antenna

	Antenna gain
	dBi
	-1
	-7
	-1
	-7
	-1
	-7

	Coupling loss
	dB
	129
	135
	114
	120
	89
	95

	Tx signal power
	dBm
	43
	43
	43
	43
	43
	43

	Rx signal power
	dBm
	-86
	-92
	-71
	-77
	-46
	-52

	C/I
	dB
	-4
	-4
	5
	5
	15
	15

	Rx interference power
	dBm
	-82
	-88
	-76
	-82
	-61
	-67

	Nt over 10 MHz
	dBm
	-95
	-95
	-95
	-95
	-95
	-95

	Per Antenna SINR
	dB
	-4.21
	-4.79
	4.95
	4.79
	15.00
	14.99

	Secondary Antenna SINR Loss
	dB
	-0.58
	-0.16
	-0.01


In Figure 2, we summarize the impact of antenna gain imbalance (-6 and -10 dB) and deployment scenario on the secondary antenna SINR loss. It was shown that in most cases antenna gain imbalance leads to minimal SINR loss on the secondary antenna. A maximum SINR loss of -1.5 dB is observed for cell edge users in suburban macro deployments.
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Figure 2 Secondary antenna SINR loss for different deployment scenarios and antenna gain imbalance
Since the secondary antenna SINR loss due to antenna gain imbalance is found to be small in practical deployments, we expect Rx diversity and MIMO performance gain for most UEs even with large gain imbalance.

Observation 2: Significant Rx diversity and MIMO performance gain is expected for most UEs in practical deployments even if the secondary antenna has lower efficiency.
Note that following effects still require further studies:
· Antenna correlation as a function of the form factor

· Terminals with UL-Tx diversity or UL-MIMO capability may have different requirements on antenna imbalance.
2.3.3 OTA performance

Based on the observations 1 and 2 in previous sections, one could conclude that Dual-Rx diversity and multiple MIMO layer support for lower-frequency is likely to be commercially feasible and beneficial for most users. Hence, UE performance of both features should be supported in a band-agnostic manner. 

However, there do exist scenarios where DL becomes thermal limited while UL is still not broken. Such scenarios may occur with low power femto/pico/micro cells, high power UE (CPE), etc. In such scenarios, it is important to ensure that the antenna system performance at low DL signal strength is properly tested for network planning purpose at each frequency band. 

Current TRS requirements for UTRA are defined for low signal-strength around REFSENS [4]. These performance requirements are also band specific, where lower frequency performance requirement is relaxed to reflect the expected antenna efficiency loss. For dual-Rx diversity and MIMO OTA performance in LTE, the impact of antenna system at low received signal power is expected to be inline with the UTRA spec with single Rx. 
If operators or vendors would like to support smaller form factor with reduced secondary antenna efficiency at lower frequency, the OTA performance test could be defined accordingly. Current OTA spec for UTRA have required minimum performance values and recommended values, which could be used to further distinguish primary and roaming band UE requirements.
Proposal 3: Rel-10 UE connected tests for Rx-diversity and Rel-8/9 DL MIMO should be defined in a band-agnostic manner to ensure proper UE/network performance.

Proposal 4: OTA performance test could be defined in a band-specific manner such that UE form-factor limitation is reflected in the low-frequency band requirements.

3. Conclusion 

In this contribution, we provided detailed analysis on Rel-10 UE category and form factor considerations. We recommend the working group to kindly take following proposals and observations into account:
Proposal 1: Rel-10 UE category should be introduced such that Rel-10 UE operation in Rel-8/9 networks is robust and efficient.

Propose 2: Narrow-down the possible candidate CC configuration as following:

· Number of CCs for “Contiguous” carrier aggregation

· The responsible WG should be RAN4.

·  “Contiguous” aggregated bandwidth <= 20 MHz

· Number of CCs is [1 or 2]
· 20 MHz < “Contiguous” aggregated bandwidth <= 40 MHz

· Number of CC is [2 or 3]
· 40 MHz < “Contiguous” aggregated bandwidth

· Number of CC is [3 or FFS]
Observation 1: Multi-band dual-Rx terminals are commercially available with small form factor and low antenna system cost. Design traded off of secondary antennary size and efficiency could be made.
Observation 2: Significant Rx diversity and MIMO performance gain is expected for most UEs in practical deployments even if the secondary antenna has lower efficiency.
Proposal 3: Rel-10 UE connected tests for Rx-diversity and Rel-8/9 DL MIMO should be defined in a band-agnostic manner to ensure proper UE/network performance.

Proposal 4: OTA performance test could be defined in a band-specific manner such that UE form-factor limitation is reflected in the low-frequency band requirements.
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