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1 Summary
In this contribution we propose a generalized A/N bundling scheme, called Combined Component Aggregated HARQ (CoCoAH) whose channel coding improves A/N transmission reliability.  This scheme may be used with formats based on PUCCH Format 2, DFT-S OFDM based formats or PUCCH Format 2 with MSM. In this contribution we will focus our results on PUCCH Format 2. We recommend that this method be applied for relatively large numbers of downlink codewords, i.e., four or five CCs with two codewords per CC.
CoCoAH gives SINR benefits of 1dB for 10 bit UCI feedback and 2 dB for 12 bit UCI  feedback, with a 90% reduction in unnecessary downlink retransmissions with respect to spatial bundling methods when 5 CCs are being used.

2 Combined Component Aggregated HARQ (CoCoAH)
This section describes the proposed scheme for a system with four or five DL CCs and two Codewords per CC. Figure 1 illustrates the A/N aggregation and transmission process of CoCoAH.
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Figure 1: Coded Component Aggregated HARQ 
using PUCCH Format 2 for 10 bits UCI as example 

We consider the cases of 4 CCs and 5 CCs in which HARQ and DTX are to be transmitted.  For the 4CC case, there can be up to 10 bits of UL UCI, including HARQ, and DTX comprising 10 bits.  The 10 bit case also occurs when 5 CCs are transmitted with 2 codewords per layer, and DTX sent separately.

For the 10 bit case, the UCI bits are represented by a fixed length truncated vector. The length of the truncated vector in Figure 1 is 8 bits, which are obtained by:

1. There are 210 A/N sequence in a 10-bit A/N sequence.

2. Select all sequences with less then 4 NACKs.

a. There are [image: image3.png](29)+ (M) + (22) + (*0) = 1+ 10+ 45 + 120 = 17¢



 sequences with less then 4 NACKs.

3. If there are equal or greater than 4 NACKs in the 10 A/N bits, NACK every codeword.

a. All the remaining cases of 1024-176=848 are lumped into one.

4. There are a total of 176+1 (2.a + 3.a) = 177 sequences to be reported.

5. List all the 177 cases and index them. The indexing can be done by a random assignment.
6. The indices can be represented by 8 binary bits (8 bits represents 256 indices).

The aggregated bits can be channel coded using Reed Muller code described in(1) .
 The coded bits are then transmitted using PUCCH Format 2.

Remark 1: Aggregation is across carrier components and provides more flexibility compared to spatial bundling. In particular, the overhead of cross-carrier compression has a smaller overhead (measured by unnecessary DL-PDSCH retransmissions) in comparison with spatial bundling, as reported in Table 1 and Appendices ‎A.5
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Remark 2: The payload reduction benefit of CoCoAH is realized as a coding gain. The compressed vector is expanded into 20 bits using the standard Reed Muller code described. At the e-NB, the coded bits are decoded to obtain the aggregated 8 A/N bits, which in turn are mapped into the initial 10 A/N bits.

Remark 3: in case of transmission of initial 10 A/N bits, RM channel encoder rate is 10/20, whereas in case of truncated A/N transmission, RM encoder rate is 8/20; thus a larger coding gain can be achieved on truncated A/N, resulting in an improvement in the reliability of the A/N transmission.

Remark 4: The method explained above can be applied to any of the PUCCH CA schemes for transmission of multiple A/N bits. It can be also applied to scenarios in which fewer codewords are retransmitted in the downlink. However, there is a tradeoff between the uplink control signaling reduction and the downlink shared channel overhead. For a small number of transmitted codewords there is no strong need for compression.

Comparison of Overhead due to Unnecessary DL-PDSCH Retransmissions

Table 1 shows a comparison of the overhead for the 5 downlink CCs (10 codewords) scenario, for 3 cases:
Case 1: CoCoAH
Case 2: Spatial bundling (1 A/N bit across 2 Codewords for each CC)

Case 3: TTI bundling as in Rel-8 TDD (1 A/N bit for 10 TTIs)
In case 1, CoCoAH, when there are more than 3 errors all 10 codewords are being retransmitted. Retransmission of the codewords that were received correctly in the initial transmission is considered as downlink overhead. On the other hand the scheme reduces the control information that is needed to be transmitted in the uplink and the unnecessary transmission takes place on downlink shared channel. For CoCoAH, the average number of unnecessary retransmission is 0.08 codewords (with average probability of ACK event being 0.9).

In Case 2, spatial bundling for codewords transmitted in a CC, states of two codewords are represented by one bit of A/N. If the two codewords are received correctly the A/N bit is set to ACK otherwise a NACK is being transmitted. An unnecessary retransmission occurs when one of the codewords are received correctly and the other is in error. For spatial bundling the average number of unnecessary retransmission is 0.9 codewords.

For Case 3, TTI bundling, a single A/N bit is assigned for reporting the status of 10 received codewords. An ACK is transmitted when all codewords are received correctly; otherwise a NACK is being reported. The average number of unnecessary retransmission for case 3 is 5.5 codewords.

That is, CoCoAH offers more than 45% downlink overhead reduction for the 5 Downlink CC scenario.

Table 1: 5 Downlink CCs - Comparison of Overhead due to Unnecessary DL-PDSCH Retransmissions
	
	Bundling Method
	A/N Payload Reduction

(Bits before reduction ( Bits after reduction)
	Average Unnecessary
DL-PDSCH Retransmissions

	Case 1
	CoCoAH
	10→8 (example)
	0.08 CW

	Case 2
	Spatial bundling
	10→5
	0.90 CW

	Case 3
	TTI bundling
	10→1
	5.51 CW


General Applicability of CoCoAH

The 12 bit case occurs when ACK, NACK and DTX are encoded together with 5 CCs and up to 2 codewords transmitted [6]. The same scheme can be readily extended to the 12 bit UCI case, where 4 or more NACKs result in retransmission of all CWs. 

Also the CoCoAH method explained above can be easily extended to a system with other number of received codewords, [e.g., 9 received codewords, or 7-8 received codeword in a system with 4 downlink CCs.] however, for 3 or fewer CCs we do not believe the overhead tradeoff justifies its use.
Performance Improvement of CoCoAH
In this section we show simulations results for the performance improvement of CoCoAH compared with the 10 bit and 12 bit UCI.
The example system has the following parameters:

· A system with 5 downlink CCs is considered.
· Two codewords are transmitted in each CC. 
· Therefore, there are a total of 10 codewords received at the UE.
· The status of each codeword is represented by one bit of A/N.
Then the aggregation condition is set-up as follows :

· The collections of 10 and 12  bits corresponding to each codewords is aggregated using the method described in Section ‎2.

· The aggregated bits are then expanded into 20 bits using RM code as described in (1).

Figure 2 illustrates the performance improvement achieved by CoCoAH, about 2 dB improvement at 10-2 BER over 12-Bit UCI and about 1 dB over 10-Bit UCI.  Simulation assumptions are reported in Table 2.
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Figure 2: Performance Improvement CoCoAH over uncompressed A/N

Table 2: Simulation Assumptions

	Parameters
	Value

	carrier frequency
	2.0 GHz

	Channel model
	10 MHz, EPA, 3 km/hr

	antenna setup
	1T2R

	RX antenna correlation
	Uncorrelated

	CP type
	normal CP

	signal bandwidth
	180 kHz

	number of UEs
	1

	number of PRB for PUCCH
	1

	channel estimation
	Practical


The CoCoAH method explained in Section ‎2 can be easily extended to a system with other number of received codewords,  however, for 3 or fewer CCs we do not believe the overhead tradeoff justifies its use.
3 Conclusions

In this contribution we showed significant benefits of cross-carrier aggregation of A/N UCI:
· Performance improvement of 2 dB over 12-Bit UCI at FER of 10-2
· Performance improvement of 1 dB over 10-Bit UCI at FER of 10-2
· Reduction of more than 90% of downlink overhead for 5 CCs and 2 CW/layer, in comparison to spatial bundling of CCs, and more than 98% compared to Release-8 TTI bundling
· Significant coding gain resulting in achieving the performance requirement of A/N reliability at lower transmitted power

In observing the above performance improvements, we propose that RAN1 adopt the following for the Uplink A/N transmission -

1. CoCoAH  should be usedfor Release 10, when 4 or 5 Downlink CCs with 2 Codewords, are provisioned.

2. CoCoAH ought not be used when 3 or less Downlink CCs are provisioned.
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A Appendices
A.1 Sample Overhead Calculations – 5 Downlink CCs scenario

Define ten A/N bits corresponding to ten received codewords by random variables [image: image6.png]x. €{0,1},i €{1,2,...,10}



, if the ith codeword is received correctly [image: image8.png]


 otherwise [image: image10.png]


. The total number of error can be defined by 
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Note that [image: image14.png]


 has a binomial distribution. For the calculation in this appendix we assume that DL-PDSCH has a frame error rate of 10%. Therefore, [image: image16.png]


’s has a Bernoulli distribution with [image: image18.png]


. For simplicity of calculations we ignore the retransmissions caused by unreliable A/N bits.

A.2 Case1: CoCoAH
In the aggregation method no unnecessary retransmission occurs as long as number of errors are less than or equal to three. The expected number of UnNecesary ReTransmission CodeWords (UNRTCW) is obtained by:
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A.3 Case 2: Spatial bundling

In spatial bundling 1 A/N bit is assigned to two codewords transmitted in one CC. An UNRTCW occurs when one of the codewords is received correctly and the other codewords is in error. Probability of such event is given by:

[image: image29.png]Pr(UNRTCW per cc} = () p(1 - p)




And the number of UNRTCW is 1 codeword per CC. Therefore for 5 CC we have
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A.4 Case 3: TTI bundling as in Rel-8 TDD
Extend the scheme to cover 5 CC we send 1 A/N bit for all 10 received codewords. If all codewords are received correctly an ACK is being transmitted other wise a NACK is sent back to eNB. The expected value of the number of UNRTCW is calculated by:
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A.5 Table for 5 DL-CC and DL-PDSCH FER of 0.2

Table 3: Comparison of Overhead due to Unnecessary DL-PDSCH Retransmissions for 5 DL-CC and DL-PDSCH FER of 20%
	
	Compression Method
	A/N Payload Reduction

(Bits before reduction ( Bits after reduction) 
	Average Unnecessary DL-PDSCH Retransmissions

	Case 1
	CoCoAH
	10(8 (example)
	0.69 CW

	Case 2
	Spatial bundling
	10(5
	1.60 CW

	Case 3
	TTI bundling
	10(1
	6.93 CW


A.6 Results for 4 Downlink CCs scenarios for FER=0.2 and 0.1

Table 4: Comparison of Overhead due to Unnecessary DL-PDSCH Retransmissions for 4 DL-CC and DL-PDSCH FER of 10% (6 compressed bits)
	
	Compression Method
	A/N Payload Reduction

(Bits before reduction ( Bits after reduction)
	Average Unnecessary DL-PDSCH Retransmissions

	Case 1
	CoCoAH
	10(6 (example)
	0.19 CW

	Case 2
	Spatial bundling
	10(5
	0.72 CW

	Case 3
	TTI bundling
	10(1
	3.76 CW


Table 5: Comparison of Overhead due to Unnecessary DL-PDSCH Retransmissions for 4 DL-CC and DL-PDSCH FER of 20% (6 compressed bits)
	
	Compression Method
	A/N Payload Reduction

(Bits before reduction ( Bits after reduction)
	Average Unnecessary DL-PDSCH Retransmissions

	Case 1
	CoCoAH
	10(6 (example)
	0.95 CW

	Case 2
	Spatial bundling
	10(5
	1.28 CW

	Case 3
	TTI bundling
	10(1
	5.06 CW
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