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Introduction

In LTE-A TDD, ACK/NAK bundling is an essential element for UL ACK/NAK feedback, especially by taking limited container capacity and potential increased ACK/NAK overhead into account. Hence, as stated in [1], ACK/NAK bundling across spatial, time, component carrier (CC) domains could be considered as the candidates to reduce UL feedback overhead.

In this paper, we focus on the following basic topic related to ACK/NAK bundling in LTE-A TDD: From throughput point of view, which domain ACK/NAK bundling should be prioritized in LTE-A TDD?
Discussion
Basically speaking, besides spatial ACK/NAK bundling as adopted in Rel’8 TDD, time-domain and CC-domain ACK/NAK bundling could be considered in LTE-A TDD to further reduce UL overhead.

As shown in Figure 1, bundled ACK/NAK could be generated across multiple subframes within same CC (i.e. ACK/NAK time domain bundling), or across multiple CCs within same subframe (i.e. ACK/NAK CC domain bundling). Both are effective ways for ACK/NAK overhead reduction.
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Figure 1 ACK/NAK time-domain bundling and CC-domain bundling in LTE-A TDD
Among these two ACK/NAK bundling ways, main concern for ACK/NAK CC-domain bundling is the impact on DL  throughput due to less channel correlation in CC domain than that in time-consecutive subframes. 
However, for channel correlation property and its impacts to DL throughput, we have following observations:

· ACK/NAK bundling will lead to throughput loss only in case feedbacks for the assignments within the “bundle” are neither “ALL_ACK” nor “ALL_NAK”. 

· So, higher correlation among PDCCHs and PDSCHs within the “bundle” is preferred from throughput point of view. 

· For PDCCHs transmission, potential cross-CC scheduling operation may lead to higher correlation among PDCCHs in CC-domain considering that multiple PDCCHs may be sent via single CC.

· For PDSCHs transmission, higher channel correlation may lead to higher correlation among PDSCHs in time domain. However, the realistic correlation among PDSCHs still needs further evaluation. One issue to take into account here is the dynamic changes in inter-cell interference due to scheduling and precoding changes in adjacent cells. This will reduce time domain SINR correlation, even PDSCH allocation is maintained the same.
· ACK/NAK bundling may lead to more throughput loss in case more PDSCH scheduled in the bundle window, since the possibility of “ALL-ACK” and “ALL_NAK” will be reduced with the increased number of ACK/NAKs to be bundled together. It’s obvious that one ACK/NAK within the “bundle” will not lead to any throughput loss due to ACK/NAK bundling, while in case many (e.g. 4) ACK/NAKs are bundled together, additional throughput loss could be expected in most cases.

· So, large number of PDSCHs to be scheduled together within one “bundle” is NOT preferred from throughput point of view.
· In time-domain, many PDSCHs are more likely to be scheduled together within the “bundle” due to higher channel correlation. 
· In CC-domain it’s unlikely the case considering less correlation property. Furthermore, it’s noted that ACK/NAK bundling is mainly applied to coverage-limited UEs, which means few CCs will be configured to these UEs. This further reduces the number of assignments within one “bundle” in CC-domain.
Based on above observations, it’s hard to say whether higher channel correlation in time domain is a beneficial factor to reduce bundling impact on DL throughput or not and further evaluations are needed.
Simulation

The purpose of the simulation is to evaluate the real throughput difference between two dimensions (i.e. time domain and CC domain) ACK/NAK bundling.

For simulation scenario, TDD configuration 2 (i.e. 4DL:1UL) is applied in time domain. 4 CCs per UE is assumed in CC domain, and these CCs are dynamic scheduled by the eNB in a per-subframe manner. To keep fair comparison, 4 bundled ACK/NAK bits are generated for both kinds of ACK/NAK bundling according to Figure 1 (spatial ACK/NAK bundling is assumed here).

Per-CC CQI report is simulated with CQI report latency assumption. Transmission scheme is based on dual stream with rank adaption (2x2 MIMO). Cross-CC scheduling is not considered here to simplify the evaluation. Both 10 UEs and 20 UEs per sector are simulated, and the detailed simulation assumption could be found in Appendix.

The simulation results are shown in Table 1 and Table 2, which assume that X% (from 5% to 100%) UEs adopt ACK/NAK bundling (other UEs are with full ACK/NAK feedback), and the cell-edge UE selection is based on the geometry. 

The simulation results show that:
· For cell average Spectral Efficiency (SE), ACK/NAK CC-domain bundling and time-domain bundling provide almost similar performance (CC domain bundling is slightly better). 

· For cell edge SE, ACK/NAK CC bundling leads to ~10% gain over time bundling.

	Table 1 Spectral Efficiency (ACK/NAK Time-domain bundling vs CC-domain bundling  10 UEs per Sector)

	X% cell-edge UEs adopting A/N bundling 
	Cell average SE (A/N time-domain bundling)
	Cell average SE (A/N CC-domain bundling)
	Cell edge SE (A/N time-domain bundling)
	Cell edge SE (A/N CC-domain bundling)

	5%
	1.3239
	1.3243
	0.4444
	0.4414

	10%
	1.3175 
	1.3195
	0.3546
	0.3817

	30%
	1.2923 
	1.2961
	0.3512
	0.3762

	50%
	1.2544 
	1.2647
	0.3511
	0.3879

	100%
	1.0864 
	1.1284
	0.3594
	0.3756


	Table 2 Spectral Efficiency (ACK/NAK Time-domain bundling vs CC-domain bundling  20 UEs per Sector)

	X% cell-edge UEs adopting A/N bundling 
	Cell average SE (A/N time-domain bundling)
	Cell average SE (A/N CC-domain bundling)
	Cell edge SE (A/N time-domain bundling)
	Cell edge SE (A/N CC-domain bundling)

	5%
	1.3010
	1.3045
	0.3707 
	0.4007 

	10%
	1.2975
	1.3007
	0.3725 
	0.4151 

	30%
	1.2764
	1.2874
	0.3608 
	0.4081 

	50%
	1.2365
	1.2595
	0.3689 
	0.4001 

	100%
	1.0965
	1.1667
	0.3627 
	0.3993 


To have a close look at the results, the statistics about the number of assignments within the “bundle” are shown in Figure 2- Figure 4. According to the results, we can see that:

· The average number of scheduled CCs or subframes within one “bundle” in CC-domain or time-domain is almost similar (i.e. ~2 for 10 UEs per Sector, and ~1.3 for 20 UEs per Sector).

· The distribution of the number of scheduled CCs or subframes within one “bundle” in CC-domain or time-domain is quite different:

· 2 CCs for 10 UEs/Sector and 1 CC for 20 UEs/Sector are most likely to be scheduled within one “bundle” in CC direction.
· 4 subframes for both 10 and 20 UEs/Sector are most likely to be scheduled within one “bundle” in time direction. It’s the consequence of channel correlation in time domain and will lead to additional throughput loss due to bundling in turn.
Based on the simulation, we can see that ACK/NAK CC-domain bundling is more attractive from throughput point of view. Furthermore, it’s noted that, cross-CC scheduling is not considered in the simulation, which may bring more throughput benefits for ACK/NAK CC-domain bundling.
Conclusions
In this paper, we evaluated ACK/NAK time-domain bundling and CC-domain bundling in terms of DL throughput, and got the following results:

· Channel correlation in time domain is not beneficial for A/N bundling.

· For cell average SE, ACK/NAK CC-domain bundling and time-domain bundling provide almost similar performance (CC-domain bundling is slightly better). 

· For cell edge SE, ACK/NAK CC-domain bundling leads to ~10% gain over time-domain bundling.

Proposal: Consider ACK/NAK CC-domain bundling as the baseline to further reduce ACK/NAK overhead in LTE-A TDD.
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Appendix

Simulation Assumptions

	TDD configuration 
	UL/DL Configuration 2 (DSUDD DSUDD)

	CC configuration 
	All UEs are statically configured 4x5MHz. The number of scheduled CCs/per UE/per Subframe is dynamically determined by eNB.

	CC correlation 
	Independent CCs 

	Simulation scenario 
	3GPP Macro case 1

	Fast fading model 
	TU-20

	Transmission scheme 
	2x2 MIMO, dual stream with rank adaptation 

	A/N spatial bundling 
	Enabled 

	UE-specific bundling
	Based on Geometry

	Packet Scheduler 
	PF 

	CQI feedback 
	Full reporting; 1dB error for both measurement and quantification; 2ms delay, 5ms period; Per-CC CQI report 

	First Tx BLER target 
	10%

	The number of UEs per sector
	10/20

	PDCCH error model
	Fixed BLER = 5%, ideal DAI encoding (no DTX->ACK error due to DAI encoding)

	PDCCH Tx
	w/o cross-CC scheduling 
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Figure 2 Average number of assignments per bundle (LEFT: 10 UEs per Sector; RIGHT: 20 UEs per Sector)
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Figure 3 Distribution of the number of assignments per bundle, 30% UEs for A/N bundling 

(LEFT: 10 UEs per Sector; RIGHT: 20 UEs per Sector)
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Figure 4 Distribution of the number of assignments per bundle, 100% UEs for A/N bundling 

(LEFT: 10 UEs per Sector; RIGHT: 20 UEs per Sector)
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