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1. Introduction
At the RAN1#74bis meeting, the following observations were described in the Chairman’s note [1].
	Observations:

· Following issues need to be clarified in TDD-FDD CA

· How many CCs are supported?

· How to support or whether or not to support Tx/RX separation?

· Whether or not to support half-duplex?

· Which minimum UE capability should be assumed?

· Whether or not cross-carrier scheduling is supported?

· Whether or not to support PUCCH on PCell or SCell?

· How to support HARQ/scheduling?

· DL self-carrier scheduling

· UL self-carrier scheduling

· DL cross-carrier scheduling (if supported)

· UL cross-carrier scheduling (if supported)



Among the above points, the underlined parts were not firmly established at the last meeting. In this contribution, we focus on whether or not to support the PUCCH on PCell or SCell, and propose to support the PUCCH transmission on multiple UL serving cells for UL-CA capable UEs. Other remaining issues are discussed in our companion paper [2].
2. Problem Statement
2.1. Non-co-located CA Scenario (CA Scenario 4)
Figure 1 illustrates non-co-located CA operation (CA scenario 4) with macro and small cells. Macro cell is operated by carrier frequency 1 (F1), while small cells are operated by carrier frequency 2 (F2). UEs located close to a small cell are configured with CA using the macro cell (F1) and the small cell (F2). 

For TDD-FDD non-co-located CA, it is likely from our perspective that the macro cell (and therefore PCell) is operated as FDD, while small cells (and therefore SCells) are operated as TDD. This is because FDD is advantageous for coverage, while TDD is better suited to a higher-frequency band. However, non-co-located TDD-FDD CA deployment is not limited to this combination.  TDD could be used in the macro cell (PCell) while FDD could be used in the small cells (SCells).
In co-located CA operations, CA gain greatly depends on the number of UEs and/or the amount of traffic within the macro cell area [3]. The gain is actually achieved only if the amount of DL traffic in the macro cell area is low so that multiple CCs can serve a UE simultaneously. However, this is not the case for non-co-located CA operations. Since a cell-splitting gain is achievable in the small cell layer, CA is effective even if the amount of DL traffic in the macro cell area is high. Each small cell is used for a relatively smaller number of UEs in a hotspot area to improve local area/UE throughput. Multiple small cells operating under the same carrier, i.e., F2, can be deployed in the macro cell area. It is highly desirable for the capacity to increase as the number of deployed small cells increases.
In non-co-located CA operations, mobility robustness is offered with a simultaneous increase in capacity by keeping the macro cell as the PCell [4]. In this way, each small cell behaves as a booster cell to offer higher UL/DL throughput for UEs in a hotspot area without strict small cell deployment planning/optimization effort, while a macro cell behaves as an anchor cell so that important signals, e.g., RRC signaling, are transmitted to/from those UEs.
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Figure 1.  Non-co-located CA operation (CA scenario 4).
Observation 1:

· Non-co-located CA deployment is a promising way to achieve local area/UE throughput enhancement and mobility robustness simultaneously.
· Macro cell offers mobility robustness by acting as the PCell.
· Small cells within the macro cell offer local area/UE throughput enhancement by acting as SCells.
· Strict cell planning/optimization of small cells may not be necessary since important signals, e.g., RRC signaling, are transmitted to/from macro cell and mobility is managed by the macro cell
· Macro cell and small cell can be aggregated in the DL similar to co-located CA if the amount of DL traffic is not high.
2.2. PUCCH capacity issue on macro cell layer
In Rel. 10 CA, the PUCCH can be transmitted on only the PCell [5]. This principle does not fit well with non-co-located CA operations. As described in Section 2.1, from the DL point of view, it is preferable to transmit DL data, e.g., best effort, mainly from a small cell. However, since the PUCCH is transmitted on only the PCell, UCI corresponding to all the DL signals from the macro and all the small cells are transmitted to the macro cell. This implies that as the amount of DL traffic increases and the number of small cells increases, the PUCCH overhead would become more problematic.
In the following, we show a PUCCH overhead analysis assuming that 1, 2, 4, 8, or 16 small cells are used for non-co-located CA. In the calculation, we do not assume A/N bundling, i.e., the PCell is assumed to be FDD. All UEs are configured with CA for simplicity.
Tables I-III describe the PUCCH overhead ratio as a function of the number of small cells deployed in a macro cell. In Table I, 1 CC is assumed per small cell, and UEs are assumed to be configured with 2 CC DL CA and PUCCH format 1b with channel selection. In Table II, 2 CCs are assumed per small cell, and UEs are assumed to be configured with 2 CC (macro and one of two small cell CCs) DL CA with PUCCH format 1b with channel selection where the number of scheduled UEs is doubled compared to the case in Table I. In Table III, 2 CCs are assumed per small cell, and UEs are assumed to be configured with 3 CC DL CA with PUCCH format 3. Detailed assumptions are given in the Annex.
Table I. PUCCH Overhead with 1 CC per macro cell and 1 CC per Small Cell, and UEs Are Configured with 2 CC DL CA and PUCCH Format 1b with Channel Selection
	No. of Small Cells
	No. of RBs for PUCCH
	PUCCH Overhead
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	A/N
	CQI
	SR
	
	

	0 (Non-CA)
	2.3
	4
	1.3
	15.2%
	

	1
	3.2
	8
	1.3
	25.0%
	

	2
	4.1
	8
	1.3
	26.8%
	

	4
	5.9
	8
	1.3
	30.3%
	

	8
	9.4
	8
	1.3
	37.5%
	

	16
	16.5
	8
	1.3
	51.7%
	


Table II. PUCCH Overhead with 1 CC per macro cell and 2 CCs per Small Cell, and UEs Are Configured with 2 CC DL CA and PUCCH Format 1b with Channel Selection
	No. of Small Cells
	No. of RBs for PUCCH
	PUCCH Overhead
	[image: image3.emf]Macro

Freq.

Freq.

Small

CC 1

CC 2

CC 1

CC 2

All UEs are configured with 2 DL-CA

Each small cell has 2 CCs



	
	A/N
	CQI
	SR
	
	

	0 (Non-CA)
	2.3
	4
	1.3
	15.2%
	

	1 (2 CCs)
	4.1
	12
	1.3
	34.8%
	

	2 (2 CCs)
	5.9
	12
	1.3
	38.3%
	

	4 (2 CCs)
	9.4
	12
	1.3
	45.4%
	

	8 (2 CCs)
	16.5
	12
	1.3
	59.7%
	

	16 (2 CCs)
	30.7
	12
	1.3
	88.2%
	


Table III. PUCCH Overhead with 1 CC per macro cell and 2 CCs per Small Cell, and UEs Are Configured with 3 CC DL CA and PUCCH Format 3

	No. of Small Cells
	No. of RBs for PUCCH
	PUCCH Overhead
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	A/N
	CQI
	SR
	
	

	0 (Non-CA)
	2.3
	4
	1.3
	15.2%
	

	1 (2 CCs)
	3.9
	12
	1.3
	34.5%
	

	2 (2 CCs)
	5.5
	12
	1.3
	37.7%
	

	4 (2 CCs)
	8.7
	12
	1.3
	44.0%
	

	8 (2 CCs)
	15.1
	12
	1.3
	56.9%
	

	16 (2 CCs)
	27.9
	12
	1.3
	82.5%
	


The above results show the following.
· As the number of small cells increases, the A/N resource overhead for the macro cell increases. This is because UEs served by different small cells share the same macro cell as PCell. Since a cell-splitting gain is not achievable on the PUCCH in the macro cell unlike in the DL case, an increase in the PUCCH overhead due to the increase in the number of small cells cannot be avoided.
· As the number of CCs in the network increases, the CQI resource overhead for the macro cell increases. This is because orthogonal CQI resources are required per CC and per non-DRX UE. When CA is carried out, the increase in the PUCCH overhead due to periodic CQI is large.
· The SR resource overhead is the same for all the cases.

To summarize, the tables show that the total PUCCH overhead is increased as the number of small cells and/or CCs increases and is not negligible when, e.g., the number of small cells is equal or larger than 4 (2) when 1 CC (2 CCs) per small cell is used. Assuming non-cross-carrier scheduling, the PDCCH in each cell occupies up to 3 OFDM symbols out of 14 OFDM symbols, which results in roughly 21.4% overhead in the DL. As understood, compared to the DL control signalling overhead, the UL control signalling overhead in the macro cell would be quite large. If sufficient PUSCH resources must be reserved in the macro cell, the PUCCH overhead cannot be increased and the DL capacity increase due to non-co-located CA would be limited in this case. On the other hand, if the DL capacity must be increased as much as possible using small cells, the PUCCH overhead becomes quite large. Consequently, the UL capacity in the macro cell is decreased, which results in UL throughput degradation for UL-CA non-capable UEs, non-CA UEs, and DL/UL symmetric services such as voice, which is more likely to be served in the macro cell layer than in the small-cell layer.
Note that in the above analysis we assume that available UL resources are the same as in the DL in the macro cell, implying that the macro cell is FDD. If TDD is employed in the macro cell and its UL/DL configuration is DL-heavy, the PUCCH is concentrated on limited UL resources. Therefore, the PUCCH overhead issue is expected to be more significant. For example, in the case of TDD UL-DL configuration #2, roughly a 4 fold larger PUCCH overhead would be expected compared to FDD.
Observation 2:

· In a non-co-located CA deployment, it is quite challenging to rely on the current PUCCH principle in which UEs transmit the PUCCH on only the PCell.
· This is based on the PUCCH overhead for the macro cell.
From our perspective, a large PUCCH overhead such as 35%-88% for the macro UL is not acceptable. This limits the number of small cells deployed in a macro cell and results in limiting the increase in the DL capacity. 
We believe that non-co-locate CA is a very attractive deployment to accommodate hotspot traffic while retaining mobility robustness. Therefore, the PUCCH overhead issue should be solved in Rel. 12.

Proposal 1:

· RAN1 should agree on the following considerations
· The current PUCCH mechanisms for CA do not work well in non-co-located CA scenarios.
· It is desirable to support PUCCH offloading mechanisms to a SCell, while not degrading mobility performance.
3. Proposal of PUCCH Enhancement for Non-co-located CA Scenarios
3.1. PUCCHs on Multiple UL Serving Cells
One of the promising solutions for the PUCCH overhead issue described in Sec. 2 is to support the PUCCH on the SCell. This enables offloading of UCI to a small cell as has already been done in DL-CA. The following three alternatives are considered.

Alt. 1
Semi-statically configuring PUCCH transmission on a SCell or the PCell

Alt. 2
Dynamically switching the PUCCH transmission cell between the PCell and SCell

Alt. 3
Transmitting PUCCH on multiple UL serving cells

Among these, Alt. 3 is needed due to the following reasons.

· In Alt. 1, PUCCH offloading to a small cell can be achieved with a slight modification to current CA mechanisms, but mobility robustness provided by the macro cell would not be retained. For the case if the SCell UL is lost, fallback mechanisms need to be supported as well.
· In Alt. 2, the switching pattern may need to be considered. Taking into account that not only A/N but also CQI/SR are transmitted on the PUCCH, further argument on its mechanisms and large specification impact are expected.
· In Alt. 3, both mobility robustness and PUCCH overhead reduction are achievable. 
Pros/cons of these alternatives are summarized in Table IV below.

Table IV. Summary of Alternatives for PUCCH on SCell
	Alternatives
	
	Pros
	Cons

	Alt. 1 Semi-static switching
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	· PUCCH offloading

· Less spec impact

· Joint coding gain
	· Mobility robustness

	Alt. 2 Dynamic switching
	[image: image6.emf]PCell

SCell

PUCCH

Switch


	· Mobility robustness

· PUCCH offloading (depending on switching mechanisms)
	· Switching pattern may need further study

	Alt. 3 PUCCH on multiple UL serving cells
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	· PUCCH offloading

· Mobility robustness

· Potentially common with dual connectivity
	· Joint coding gain not achievable


Proposal 2:

· Alt. 3: Utilizing the PUCCH on multiple UL serving cells should be supported in Rel. 12.
· This should be applicable at least to UL TDD-FDD CA capable UEs.
3.2. Possible Options on Supporting PUCCH On Multiple UL Serving Cells
There are two possible options on how to support the PUCCH on multiple UL serving cells. 

Option 1: Specify PUCCH on multiple UL serving cells for TDD-FDD CA.
In this option, the PUCCH on multiple UL serving cells is specified for UL TDD-FDD CA capable UEs.

Assuming that Rel. 10/11 CA is the baseline, a potential concept would be as follows.

· A UE capable of UL TDD-FDD CA may be configured with “separate PUCCHs on TDD and FDD cells”
· The PCell is a serving cell supporting PUCCH transmission any time.
· When a TDD-cell is the PCell, an FDD-cell can be anther cell supporting PUCCH transmission

· When an FDD-cell is the PCell, a TDD-cell can be anther cell supporting PUCCH transmission

· The cell supporting PUCCH transmission is configured by a higher-layer.
· If more than one FDD-cell is configured as part of TDD-FDD CA, Rel. 10/11 FDD-FDD CA mechanisms are applied to the group of FDD cells.
· If more than one TDD cell is configured as part of TDD-FDD CA, Rel. 10/11 TDD-TDD CA mechanisms are applied to the group of TDD cells.
· No additional PUCCH mechanism other than the above would be necessary.
Figure 2(a) shows the concept behind the above PUCCH mechanisms. Here, TDD and FDD CCs are aggregated and the PUCCH is transmitted on each CC. This is easily extended to cases with more than 2 DL CCs. An example when 1 FDD cell and 2 TDD cells are configured as DL-CA is illustrated in Fig. 2(b). In the figure, the macro cell has 1 FDD CC, while the small cell has 2 TDD CCs. The PUCCH is configured on the FDD-macro cell and one of the TDD CCs in a small cell. The PUCCH mechanisms on the TDD CC are based on Rel. 11 TDD-CA.
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(a) 2 CCs with FDD-macro and TDD-small cells
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 (b)  3 CCs with 1 FDD and 2 TDD (1 FDD is macro and others are small)
Figure 2.  Examples of option 1.

However, since the scope of TDD-FDD CA does not include FDD-only CA and TDD-only CA, the above PUCCH enhancement can only be applied to the case where CCs with different duplex-modes are aggregated, i.e., TDD-FDD CA. Furthermore, considering that the TDD-FDD CA specification for the minimum UE capability should be established first, discussing detailed specifications for this option is slightly challenging due to the limited time.
Option 2: Support PUCCH on multiple UL serving cells in SCE higher-layer SI/WI in addition to the PUCCH on multiple eNBs for inter-eNB CA
In the SCE higher-layer SI [4], inter-eNB CA has been discussed. In inter-eNB CA, since eNBs are assumed to be connected via a non-ideal backhaul, separate UCI feedback on the PUCCH to different eNBs would be necessary. In order to support separate PUCCHs on multiple eNBs for inter-eNB CA, similar mechanisms as separate PUCCHs on multiple UL serving cells within an eNB for non-co-located intra-eNB CA are expected to be specified.
However, the PUCCH issue on non-co-located intra-eNB CA was identified in RAN1 and the RAN and other WGs may not share this common understanding. If separate PUCCHs on different eNBs are specified without taking into account the use case of separate PUCCHs in non-co-located intra-eNB CA, the mechanisms may not be applicable to intra-eNB CA. Ideally, a separate PUCCH concept would be specified in Rel. 12, and this would simply be applied to both intra-eNB CA and inter-eNB CA (see Fig. 3). Therefore, if option 2 is agreed upon, RAN1 should inform RAN and RAN2 that RAN1 identified the PUCCH issue during TDD-FDD CA WI discussion, and request that separate PUCCHs be specified that target inter-eNB CA and intra-eNB CA. This information should be sent by LS.
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Figure 3.  Separate PUCCH applicable to both intra-eNB CA and inter-eNB CA.

Proposal 3:

· RAN1 should decide how to resolve the PUCCH issue between options 1 and 2.
· Option 1: Specify the PUCCH on multiple UL serving cells for TDD-FDD CA.
· Option 2: Support PUCCH on multiple UL serving cells in SCE higher-layer SI/WI in addition to the PUCCH on multiple eNBs for inter-eNB CA
· If option 1 is agreed upon, then separate PUCCHs on TDD and FDD cells should be discussed after concluding TDD-FDD CA specification work for DL-CA capable and UL-CA non-capable UEs
· If option 2 is agreed upon, then RAN1 should send a LS to RAN and RAN2 to inform them that RAN1 identified the PUCCH issue regarding non-co-located CA during TDD-FDD CA WI, and request that the RAN and RAN2 take this information into account in future discussions of SCE higher-layer SI/WI.
4. Conclusion

In this contribution, we observed following.
Observations:

· Non-co-located CA deployment is a promising way to achieve local area/UE throughput enhancement and mobility robustness simultaneously.
· Macro cell offers mobility robustness by acting as the PCell.
· Small cells within the macro cell offer local area/UE throughput enhancement by acting as SCells.
· Strict cell planning/optimization of small cells may not be necessary since important signals, e.g., RRC signaling, are transmitted to/from macro cell and mobility is managed by the macro cell
· Macro cell and small cell can be aggregated in the DL similar to co-located CA if the amount of DL traffic is not high.
· However, in a non-co-located CA deployment, it is quite challenging to rely on the current PUCCH principle in which UEs transmit the PUCCH on only the PCell.
· This is based on the PUCCH overhead for the macro cell.
Based on the above, we propose following.
Proposals:

· RAN1 should agree on the following considerations
· The current PUCCH mechanisms for CA do not work well in non-co-located CA scenarios.
· It is desirable to support PUCCH offloading mechanisms to a SCell, while not degrading mobility performance.
· Alt. 3: Utilizing the PUCCH on multiple UL serving cells should be supported in Rel. 12.
· This should be applicable at least to UL TDD-FDD CA capable UEs.
· RAN1 should decide how to resolve the PUCCH issue between options 1 and 2.
· Option 1: Specify the PUCCH on multiple UL serving cells for TDD-FDD CA.
· Option 2: Support PUCCH on multiple UL serving cells in SCE higher-layer SI/WI in addition to the PUCCH on multiple eNBs for inter-eNB CA
· If option 1 is agreed upon, then separate PUCCHs on TDD and FDD cells should be discussed after concluding TDD-FDD CA specification work for DL-CA capable and UL-CA non-capable UEs
· If option 2 is agreed upon, then RAN1 should send a LS to RAN and RAN2 to inform them that RAN1 identified the PUCCH issue regarding non-co-located CA during TDD-FDD CA WI, and request that the RAN and RAN2 take this information into account in future discussions of SCE higher-layer SI/WI.
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Annex: Assumptions for Numerical Analysis in Section 2
	Parameters
	Table I
	Table II
	Table II

	No. of CCs per macro cell
	1
	1
	1

	No. of CCs per small cell
	1
	2
	2

	No. of non-DRX UEs
	480
	480
	480

	No. of CQI resources per PRB
	6
	6
	6

	No. of SR resources per PRB
	18
	18
	18

	CQI/SR periodicity
	20 ms
	20 ms
	20 ms

	Bandwidth in macro cell
	10 MHz
	10 MHz
	10 MHz

	CIF
	3
	3
	3

	EPDCCH
	N/A
	N/A
	N/A

	No. of scheduled UEs per TTI per small cell
	8
	16
	8

	No. of A/N resources per PRB
	18
	18
	5

	PUCCH for A/N
	Format 1b with channel selection
	Format 1b with channel selection
	Format 3
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