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1 Introduction

Two alternatives for the determination of the HARQ-ACK codebook size in the PUSCH for TDD have been extensively discussed without resolution as each has advantages and disadvantages. One alternative is to determine the HARQ-ACK codebook size from the actual HARQ-ACK payload [1]. The other alternative is to keep a fixed codebook size, equal to the maximum possible HARQ-ACK payload (after spatial domain bundling, when applicable) but consider the actual HARQ-ACK payload when determining the number of REs for HARQ-ACK multiplexing in the PUSCH [2]. It is noted that the case the UE is configured to perform HARQ-ACK time domain bundling using channel selection in the PUCCH (“Mode b”) is not addressed by the above two alternatives.
In addition to the determination of the HARQ-ACK codebook size in the PUSCH for TDD, a similar issue exists for FDD despite the absence of an UL DAI IE in case of single cell operation (Rel. 8/9) and the fact that the HARQ-ACK codebook size in case of CA is fixed as determined from the number of configured cells and the configured transmission mode (TM) per cell. This is because the UE should know whether to multiplex HARQ-ACK in a PUSCH which is not possible if it misses the PDCCH(s) scheduling the PDSCH(s) associated with the HARQ-ACK. In this respect, the operation of an FDD system with CA resembles the one of a Rel.8/9 TDD system.

2 UL DAI for FDD with CA
In Rel-8 FDD, the same sub-frame carries the transmission of the PDCCH scheduling PDSCH (DL SA) and of the PDCCH scheduling the PUSCH (UL SG) where the HARQ-ACK in response to the PDSCH reception is to be multiplexed. For this reason, it was not deemed necessary to have an UL DAI IE to indicate whether the UE should include HARQ-ACK in the PUSCH because when a UE misses the DL SA it is highly likely (in practice) to also miss the UL SG in the same sub-frame of the same cell (hence, DTX is conditioned on the DL SA miss and the UL SG reception which has a low combined probability). 

The above operational condition is not applicable with CA as an UL SG may be transmitted in a cell without DL SA (hence, any correlation between a DL SA miss and an UL SG miss may not even exist). This is exactly analogous to Rel-8 TDD operation where a UL DAI IE is included in UL SGs to account, for example, for the event that an UL SG is received in the last sub-frame of the bundling window, a DL SA in the last sub-frame in the bundling window does not exist, and one or more DL SAs in previous sub-frames in the bundling window may be missed. In fact, as the channel correlation among cells is typically much smaller than among consecutive sub-frames of the same cell (this is the reason for supporting time-domain bundling instead of cell-domain bundling for DL CA), the requirement to include a UL DAI IE in the UL SGs with CA is substantially stronger than the one in Rel.8 TDD.
Since for CA with FDD the HARQ-ACK payload is semi-statically determined based on the number of configured cells and the configured TM per cell, its indication by the UL DAI IE is not needed. Therefore, a 1-bit UL DAI IE indicating whether the UE should include or not HARQ-ACK in its PUSCH is sufficient. However, it is also worth considering inclusion of a 2-bit UL DAI IE in order to have a common HARQ-ACK multiplexing method between FDD and TDD with CA and simplify both specification and implementation. The necessary modifications in the Rel.10 specifications are trivial (basically, in TS 36.212, the existing UL DAI IE for TDD should be also introduced for FDD with CA).
Proposal 1: For CA in FDD, a 1-bit or a 2-bit DAI IE is included in the PDCCH scheduling PUSCH to indicate whether the UE should multiplex HARQ-ACK in the PUSCH.
Update for Specifications

For TS36.212, the specifications for DCI format 0 and DCI format 4 should either not state that the DAI field is applicable only for TDD, or include a similar statement for FDD as for TDD but with 1-bit DAI, in case a UE is configured multiple UL cells. The detailed modification is not presented here as it is straightforward and trivial.
3 UL DAI for TDD with CA
The two alternatives [1, 2] for the use of the UL DAI IE for TDD with CA can be described in some more detail as follows. Denoting the bundling window size by 
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, the value of the UL DAI IE in the PDCCH scheduling PUSCH (if any) by 
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, the number of configured cells by 
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, and the number of configured cells with configured transmission mode enabling reception of 2 TBs by 
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, the use of the UL DAI IE for TDD with CA can be either one of:

a) The HARQ-ACK codebook size is 
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in case of spatial domain bundling [1]. The HARQ-ACK codebook size and the HARQ-ACK payload for the determination of the number of PUSCH REs for HARQ-ACK multiplexing [5] are the same.

a.  
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 if the PUSCH of the HARQ-ACK multiplexing is not associated with a PDCCH and 
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b) The HARQ-ACK codebook size is 
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in case of spatial domain bundling. The HARQ-ACK payload for the determination of the number of PUSCH REs for HARQ-ACK multiplexing [5] is different than the HARQ-ACK codebook size and is given as 
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 if the PUSCH of the HARQ-ACK multiplexing is not associated with a PDCCH and 
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  if the PUSCH of the HARQ-ACK multiplexing is associated with a PDCCH where for 
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The trade-offs between the above approaches have been extensively discussed and it is generally understood that [1] offers DL throughput gains as it can frequently avoid spatial domain bundling when this is always applied by [2] (e.g. for 3 configured cells, configured TM enabling reception of 2 TBs, and 
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) while [2] offers UL throughput gains as it results, on average, to a smaller number of REs for HARQ-ACK multiplexing in the PUSCH. The above trade-off will now be analyzed in some more detail.

UL Throughput Gains of [2] vs. [1]

Considering first the UL throughput gains of [2], results presented on the RAN1 email reflector for 
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 suggest that the approach in [2] requires 15% less REs, on average, for HARQ-ACK multiplexing in the PUSCH. Although it is tedious and possibly pointless to do this for all possible values of 
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, as smaller (larger) variations exist for the scheduling combinations for smaller (larger) values, the above reduction in the number of REs is expected to decrease for 
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  and increase for 
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. For the sake of the following analysis, it will be assumed that for average HARQ-ACK payloads of 10 bits or less, the approach in [2] requires 15% less REs, on average, while for average HARQ-ACK payloads above 10 bits, the approach in [2] requires 30% less REs, on average (i.e. 100% more savings than the reported ones on the RAN1 email reflector).
The next step is to translate the 15% or 30% reduction in the number of HARQ-ACK REs into UL throughput gains. Figure 1 presents the number of required REs per symbol as a function of the SINR for various HARQ-ACK payloads. 
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Figure 1: Number of PUSCH REs in each of 4 DFT-S-OFDM Symbols for various HARQ-ACK Payloads.
For given data and HARQ-ACK target BLERs (this fixes the value of 
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) and for a given actual HARQ-ACK payload, the relative HARQ-ACK overhead in the PUSCH depends on the PUSCH PRB allocation size (and on whether the last symbol is punctured for SRS transmissions but this has a much smaller impact than the PRB allocation size). Depending on the operating SINR and the PUSCH PRB allocation size, the required number of REs may range from more than the ones available in 4 symbols (e.g. HARQ-ACK payload of 16 bits, 2 PRBs, SINR < 0 dB), to a small portion, such as 10%, of the 4 symbols around the RS (e.g. HARQ-ACK payload of 10 bits, 10 PRBs, SINR of -1 dB). These aspects should be taken into account as they directly determine the UL throughput gain offered by small reductions in HARQ-ACK overhead. 

While PUSCH transmissions with small PRB allocations are indeed likely (e.g. SPS or TCP ACKs), low UL SINRs when the UE has typically good DL SINRs to be configured with DL CA and be scheduled in multiple DL sub-frames are not as likely. Moreover, the UL SINR should be at least high enough to ensure the HARQ-ACK reliability in the PUCCH. The PUSCH SINR can be assumed to be at least equal to the wideband PUCCH SINR (or higher in case of FDS for the PUSCH). 

Table 1 presents, for indicative HARQ-ACK payloads, the PUCCH SINR required to achieve the HARQ-ACK reliability targets (e.g. [6]), the number of required PUSCH REs for HARQ-ACK multiplexing, and the approximate UL throughput gains of [2] vs. [1] for PUSCH allocations of 2 PRBs and 10 PRBs. It can be observed that for most typical PUSCH PRB allocations the throughput gains of [2] vs. [1] are expected to be less than 1%.
Table 1: Approximate UL Throughput Gains of [2] vs. [1]
	HARQ-ACK Payload
	PUCCH SINR  (4 UEs/PRB) 
	Number of PUSCH REs/Symbol (for PUCCH SINR)
	RE Savings of [2] vs. [1]
	UL Throughput Gain of [2] vs. [1] for 2-PRB PUSCH
	UL Throughput Gain of [2] vs. [1] for 10-PRB PUSCH

	5
	~1.0 dB
	4
	15%
	~1%
	~0.2%

	10
	~3.5 dB
	5
	15%
	~1%
	~0.2%

	16
	~6.5 dB
	8
	30%
	~3%
	~0.6%


Given the small expected UL throughput gains of [2] vs. [1], additional considerations that would otherwise be only marginal ones are that [1] frequently uses single-RM and always relies on fast CB adaptation while [2] practically always uses dual-RM and always relies on slow CB adaptation. Single RM has ~1+ dB gain over dual-RM (depending on the HARQ-ACK payload) and fast CB adaptation has an additional ~0.1-0.2 dB gain, on average, over slow CB adaptation (but the individual loss depends on the particular scheduling realization and can be as large as ~0.4-0.5 dB [7] – an implementation is unlikely to optimize 
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 value for each particular realization and a conservative loss may be always assumed). Accounting for the above required margins is enough to negate (or even reverse) the small overhead savings of [2] vs. [1] and nullify (or even reverse) UL throughput difference between [2] and [1]. 
DL Throughput Gains of [1] vs. [2]

The DL throughput gains of [1] vs. [2] occur when the HARQ-ACK payload is such that [1] avoids spatial domain while [2] does not. This never includes the case of 
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 (ignoring TDD configuration 5) but it practically includes all other cases as UEs configured CA with 
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 are expected to typically have good DL channel conditions to be configured with a SU-MIMO mode to maximize data rates. 

The DL throughput gains from avoiding HARQ-ACK spatial domain bundling are more difficult to assess as they depend on the simulation assumptions and on the exact configuration scenario. Nevertheless, with CA and TDD these gains are larger than the gains reported for single-cell operation in FDD where the difference in the number of reported HARQ-ACK bits is trivial (1 bit). In conjunction with the introduction of dual RM coding, avoiding HARQ-ACK spatial domain bundling was shown to offer gains in the range of 7% to 20% in average cell throughput [8] or in the range of 5% [9]. These gains justify the introduction of the dual RM despite the associated specification and implementation complexity and additional SINR (>3 dB) required to achieve the desired HARQ-ACK reception reliability (clearly, if the DL throughput gain was in the range of 1%, the dual RM should not had been introduced given the additional “cost”).
Although both the approaches in [1] and [2] provide efficient methods for reducing the HARQ-ACK overhead in the PUSCH for TDD systems with CA, the DL throughput gains of [1] vs. [2] generally outweigh the UL throughput gains of [2] vs. [1]. 
Trade-off of [1] vs. [2] when Channel Selection Configured in the PUCCH
Prior analysis has almost exclusively assumed the use of PUCCH Format 3 for HARQ-ACK transmission in the PUCCH and then considered the trade-offs of [1] vs. [2] for HARQ-ACK multiplexing in the PUSCH. However, for a eNodeB not supporting PUCCH Format 3, channel selection with either “Mode a” or “Mode b” will be used. Then, as discussed in detail in [4], the approach in [1] offers better DL throughput than the approach in [2] by avoiding time domain bundling when 
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. Moreover, [1] offers improved HARQ-ACK BLER than [2] by using the simplex (3, 2) code for 
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 instead of using the (32, 2) RM code (gain of ~1.3 dB). Also, for 
[image: image35.wmf]3

=

M

 or 
[image: image36.wmf]4

=

M

 and the approach in [2], the eNodeB cannot generally obtain the decoding performance gain by utilizing known HARQ-ACK information, as HARQ-ACK states instead of individual HARQ-ACK bits are conveyed by the UE, and it will actually be the approach in [1] that may also offer savings in UL overhead (e.g. when 
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Another (minor) advantage of [1] is that it maintains the Rel.8 functionality of the UL DAI IE for single cell operation (as it is a generalization of the Rel.8 functionality to DL CA) and therefore the UE/eNodeB functionality is the same regardless of the number of configured cells.
Proposal 2: For CA in TDD, adopt the proposal in [1] for HARQ-ACK codebook size determination in the PUSCH .
Update for Specifications

For TS36.213, the specifications in section 7.3 should include the following:
 SHAPE  \* MERGEFORMAT 



4 Conclusions

This contribution considered the requirements and functionality of the UL DAI for FDD and TDD with CA and proposes the following: 

Proposal 1: For CA in FDD, a 1-bit or a 2-bit DAI IE is included in the PDCCH scheduling PUSCH to indicate whether the UE should multiplex HARQ-ACK in the PUSCH.

Update for Specifications

For TS36.212, the specifications for DCI format 0 and DCI format 4 should either not state that the DAI field is applicable only for TDD, or include a similar statement for FDD as for TDD but with 1-bit DAI, in case a UE is configured multiple UL cells. 
Proposal 2: For CA in TDD, adopt the proposal in [1] for HARQ-ACK codebook size determination in the PUSCH.
Update for Specifications

For TS36.213, the specifications in section 7.3 should include the following:

 SHAPE  \* MERGEFORMAT 
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For TDD when HARQ-ACK is transmitted in the PUSCH, the UE shall generate HARQ-ACK for � EMBED Equation.3  ��� downlink subframes.
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