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1 Introduction

ACK/NAK repetition was agreed to be supported in E-UTRA UL because it constitutes the coverage limiting signaling type (e.g. [1] and the references therein). One repetition is almost always adequate to close the interference margin gap with the PRACH transmission. This contribution presents an overview of proposed ACK/NAL repetition methods [2-5].
2 Resource Allocation for UL ACK/NAK Repetitions
Several methods exist in assigning the resources for ACK/NAK repetition due to dynamic scheduling in E-UTRA UL. 

A first method is to continue using the resources of the first ACK/NAK transmission. As a consequence, the first CCE of the DL scheduling assignment in a sub-frame that results to the referenced ACK/NAK transmission cannot be used as the first CCE in a DL scheduling assignment in the next sub-frame. Typically, this should be relatively simple to achieve under the constraint of a single ACK/NAK repetition; for example, the use of the referenced CCE may alternate between DL and UL scheduling assignments. However, for systems with asymmetric traffic (and possibly for unequal DL and UL BWs), DL assignments may often be the majority and in coverage limited systems it is likely that many of them will require 4 or 8 CCEs. Given that a PDCCH consisting of 
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 consecutive CCEs may only start on a CCE fulfilling 
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 is the CCE number, restricting the use of a CCE may often cause blocking for PDCCH requiring multiple CCEs especially for the lower system BWs (e.g. 25 RBs and below). 
A second method is for the ACK/NAK repetition to use another CCE (e.g. the second one) of the DL scheduling assignment resulting to the reference ACK/NAK transmission since for a UL coverage limited UE it is reasonable to assume that the DL scheduling assignment comprises of at least 2 CCEs [4]. Similar comments as for the first method apply but due to the aforementioned PDCCH requirement of 
[image: image4.wmf]0

mod

=

n

i

, the scheduler restrictions are reduced making the second method better than the first one. 
A third method is to separately prepare the resources for the ACK/NAK repetition in order to avoid any scheduler restrictions [3]. For example, under the assumption that at least 4 CCEs are needed for the DL scheduling assignment of a UE requiring ACK/NAK repetition, if k is the total (maximum) number of resources for the initial ACK/NAK transmissions, a total (maximum) of k/4 resources (per sub-frame) are needed to support one repetition without any scheduler constraints. For the lower system BWs (e.g. 15 or less RBs), all ACK/NAK transmissions (including repetitions) can be accommodated in 1 RB. For the larger system BWs, this resource provisioning may occasionally lead to the use of 1 more RB. However, this represents only a minor increase in overhead which will occur only in sub-frames with ACK/NAK repetition. 
A fourth method is for each sub-frame to have its own repetition factor [5] and DL scheduling assignments are only allowed to be sent in a sub-frame where the respective UL ACK/NAK repetition factor is allowed. Clearly, this method leads to both additional overhead and firm scheduler restrictions.
Based on the above analysis, the second or third method is preferred over the first or fourth one. The third method avoids any potential scheduler constraints by explicitly assigning resources for ACK/NAK repetition without incurring any meaningful additional overhead. Therefore, using the metrics of simplicity, flexibility, and overhead, it is preferred that for dynamic DL scheduling the resources assigned to ACK/NAK repetitions are separate from the resources assigned to initial ACK/NAK transmissions.  
For semi-persistent DL scheduling, in order to avoid unnecessary RRC overhead, the same resource as for the initial ACK/NAK transmission should be used for the ACK/NAK repetition from a UE. The scheduler knows at which sub-frames ACK/NAK repetition is needed and can ensure that no collisions occur and no additional overhead is incurred. Therefore, it is preferred that for semi-persistent DL scheduling a UE uses the same resources for the ACK/NAK repetition and the initial ACK/NAK transmission. 
3 Scheduling of UEs with UL ACK/NAK Repetitions
Another issue related to UL ACK/NAK repetitions is the subsequent PDSCH scheduling for the UE. Clearly, a UE requiring a total of N UL sub-frames for its ACK/NAK transmission could potentially be again scheduled before N-1 DL sub-frames only if it has 1-bit ACK/NAK. This is because, without coding, the number of ACK/NAK bits in a single transmission cannot be more than two and the UE cannot wait before transmitting the second ACK/NAK bit as its resources are implicitly derived per sub-frame from the first CCE of the DL scheduling assignment. Nevertheless, this is only a minor concern as UL coverage limited UEs are not expected to be receiving two codewords in the DL.

For 1-bit UL ACK/NAK transmission from a coverage limited UE, it is conceivably possible to schedule PDSCH reception for that UE once again within the next N-1 sub-frames. With usual QPSK transmission of the resulting 2-bit ACK/NAK, there will be a 3 dB penalty in the BER which will simply prolong the number of sub-frames required for the completion of the 2-bit ACK/NAK transmission. Similarly, with the approach in [4], a 2 dB penalty occurs which also prolongs the completion of the ACK/NAK transmission.

Three options were previously mentioned to address the above: 
a) a UE requiring ACK/NAK transmission over N UL sub-frames should ignore any potential PDSCH scheduling over the next N-1 DL sub-frames relative to its last PDSCH sub-frame
b) if ACK/NAK transmission over N UL sub-frames is needed and the UE is scheduled again after M DL sub-frames, with M < N, the UE cannot be scheduled again for the next 2 x (N-M) DL sub-frames

c) coding of the ACK/NAK bits based on the CCE of the DL scheduling assignment is also used in addition to modulation [4] - this coding allows more information to be transmitted with a smaller penalty (e.g. 2 dB loss instead of 3 dB with usual QPSK).
Assuming that a maximum link gain of 3 dB is required for the ACK/NAK transmission (one repetition), N = 2. If PDSCH scheduling over consecutive sub-frames is allowed, a coverage limited UE will require 3 UL sub-frames to complete the ACK/NAK transmission for the first and last PDSCH scheduling and it cannot have PDSCH scheduling in 3 consecutive sub-frames (M = 1) as transmission of 3 ACK/NAK bits cannot be conventionally supported (and achieving the desired BER would become even more challenging). 
If the PDCCH CCEs are also used to code the transmitted ACK/NAK [4], PDSCH scheduling in consecutive sub-frames is possible but with four ramifications: 

a) support and testing for a somewhat different receiver structure is required
b) after the last PDSCH scheduling, CCE restrictions over 2 sub-frames are needed to avoid collisions; this is likely to result in unused CCEs (due to ACK/NAK transmission over 3 sub-frames)
c) simultaneous transmission of ACK/NAK and SR cannot be supported (SR resource is fixed – no coding) 

d) PUSCH and ACK/NAK transmissions cannot occur simultaneously; the flexibility in allowing PDSCH scheduling in consecutive sub-frames is offset by the constraint of not allowing PUSCH scheduling for an equal number of sub-frames. 

Considering the transmission of ACK/NAK with repetition in the PUSCH, the respective performance loss should be examined. Since a maximum of 2 SC-FDMA symbols per slot can be allocated to ACK/NAK, the SINR is effectively reduced by about 3.7 dB relative to the PUCCH. This increases the number of sub-frames required for ACK/NAK transmission (up to a total of 5 if all transmissions happen in the PUSCH). Moreover, this further increases the number of sub-frames over which PDSCH scheduling needs to be postponed as additional ACK/NAK transmissions only increase the number of required repetitions and complicate the resource management. The PUSCH BLER of the coverage limited UE is also degraded as the available resources are reduced by at least 33% (2 out of 6 SC-FDMA symbols per slot for normal CP). The reduction is larger for extended CP, for sub-frames with SRS transmission (by any UE), or with transmission of other control information (CQI, RI).   

Based on the above analysis, some scheduling restrictions are needed. The simplest, “cleanest”, and most flexible way to do this is to avoid DL scheduling in consecutive sub-frames (one ACK/NAK repetition is assumed) and avoid UL scheduling in a sub-frame coinciding with UL ACK/NAK transmission from a coverage limited UE. Meaningful throughput loss is not expected. If for any reason it is desirable to continuously schedule a UE, it can be left as an implementation issue to not configure it with ACK/NAK repetition and incur some respective BER degradation instead. 
Following the same reasoning as above, a UE configured ACK/NAK repetitions should not transmit CQI/PMI or rank indicator (RI) signals whenever it transmits ACK/NAK in the PUCCH.
4 Conclusions
This contribution examined the support of HARQ-ACK repetition in E-UTRA UL. Based on the corresponding analysis, the following are proposed:

a) For dynamic DL scheduling, the resources for repetition of HARQ-ACK transmissions are separate from the resources for initial HARQ-ACK transmissions.
b) For semi-persistent DL scheduling, the resources for repetition of HARQ-ACK transmissions are the same as the ones for initial HARQ-ACK transmissions. 
c) A UE configured to transmit an HARQ-ACK signal over N sub-frames (N > 1), and receives a DL scheduling assignment in sub-frame n, and has not received a DL scheduling assignment in the previous n-N+1 sub-frames (sub-frame numbers n-1, …, n-N+1), should not transmit HARQ-ACK signals in response to DL scheduling assignments over the next n+N-1 sub-frames (sub-frame numbers n+1, …, n+N-1).
d) A UE configured to transmit an HARQ-ACK signal over N sub-frames (N > 1), and receives a DL scheduling assignment in sub-frame n, and has not received a DL scheduling assignment in the previous n-N+1 sub-frames (sub-frame numbers n-1, …, n-N+1), should not transmit in PUSCH during sub-frames n+4, …, n+4+N-1.  

e) A UE configured to transmit an HARQ-ACK signal over N sub-frames (N > 1), should not transmit CQI/PMI or RI whenever CQI/PMI or RI and HARQ-ACK transmissions happen to coincide in the same sub-frame.  

f) A UE configured to transmit a 1-bit HARQ-ACK signal over N sub-frames (N > 1) is implicitly configured to transmit a 2-bit HARQ-ACK signal over 2N sub-frames.
g) The maximum number N of HARQ-ACK transmissions may be fixed in the specifications to equal 2.

Text for capturing the above in TS36.213 is provided in the next Section.
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5 Addendum to TS 36.213
-----------------------  start  -----------------------------------------------------

10.1
   UE procedure for determining physical uplink control channel assignment

Uplink control information (UCI) in subframe 
[image: image5.wmf]n

 shall be transmitted

· on PUCCH using format 1/1a/1b or 2/2a/2b if the UE is not transmitting on PUSCH in subframe 
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· on PUSCH if the UE is transmitting on PUSCH in subframe 
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Throughout this section, subframes are numbered in monotonically increasing order; if the last subframe of a radio frame is denoted 
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, the first subframe of the next radio frame is denoted 
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The following combinations of uplink control information on PUCCH are supported:

· HARQ-ACK using PUCCH format 1a or 1b

· Scheduling request (SR) using PUCCH format 1

· HARQ-ACK and SR using PUCCH format 1a or 1b

· CQI using PUCCH format 2

· CQI and HARQ-ACK using PUCCH format

-
2a or 2b for normal cyclic prefix

-
2 for extended cyclic prefix

A UE may be configured through higher layers to transmit PUCCH format 1a over two sub-frames. A UE configured to transmit PUCCH format 1a over two sub-frames, shall transmit PUCCH format 1b over four sub-frames. For semi-persistent scheduling assignments, the same resources are used in all sub-frames. For dynamic scheduling assignments, different resources are used in all sub-frames.
A UE configured to transmit PUCCH format 1a over two sub-frames and receives a downlink scheduling assignment in sub-frame n, and has not received a downlink scheduling assignment in sub-frame n-1, shall not transmit PUCCH format 1a in response to a downlink scheduling assignment in sub-frame n+1 and shall not transmit PUCCH format 1b in response to a downlink scheduling assignment in sub-frames n+1, n+2, and n+3.
A UE configured to transmit PUCCH format 1a over two sub-frames and receives a downlink scheduling assignment in sub-frame n, and has not received a downlink scheduling assignment in sub-frame n-1, shall not transmit in PUSCH during sub-frames n+4 and n+5 if it has 1-bit HARQ ACK and shall not transmit in PUSCH during sub-frames n+4, n+5, n+6, and n+7 if it has 2-bit HARQ ACK in response to the downlink scheduling assignment in sub-frame n. 

A UE configured to transmit PUCCH format 1a over two sub-frames shall not transmit CQI/PMI or RI if CQI/PMI or RI and PUCCH format 1a/1b transmissions happen to coincide in the same sub-frame.  
For FDD, the UE shall use PUCCH resource 
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 for transmission of HARQ-ACK in subframe 
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, where

· for a dynamically scheduled PDSCH indicated by the detection of a corresponding PDCCH with DCI format 1A/1/2 in subframe 
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 is the number of the first CCE used for transmission of the corresponding DCI assignment and 
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 is configured by higher layers.

· for a semi-persistently scheduled PDSCH transmission and where there is not a corresponding DCI detected in subframe 
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For TDD, the UE shall use PUCCH resource 
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 for transmission of HARQ-ACK in subframe 
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, where

· for dynamically scheduled PDSCH indicated by the detection of corresponding PDCCH(s) with DCI format 1A/1/2 within subframe(s) 
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 (defined in Table 10.1-1) is a set of M elements 
[image: image23.wmf]{

}

1

1

0

,

,

-

M

k

k

k

L

 depending on the subframe n and the UL-DL configuration (defined in Table 4.2-2 in [3]), 
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 is given by a function of the first CCE index used for transmission of the corresponding DCI format 1A/1/2 in subframe 
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 is the smallest value in set 
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such that UE detects a DCI format 1A/1/2 in subframe 
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· for a semi-persistently scheduled PDSCH transmission and where there is not a corresponding DCI detected within subframe(s) 
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 is defined in Table 10.1-1, the value of 
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Table 10.1-1: Downlink association set index 
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 for TDD

	UL-DL

Configuration
	Subframe n

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	-
	-
	6
	-
	4
	-
	-
	6
	-
	4

	1
	-
	-
	7, 6
	4
	-
	-
	-
	7, 6
	4
	-

	2
	-
	-
	8, 7, 6, 4
	-
	-
	-
	-
	8, 7, 6, 4
	-
	-

	3
	-
	-
	11, 7, 6
	6, 5
	5, 4
	-
	-
	-
	-
	-

	4
	-
	-
	12, 11, 8, 7
	7, 6, 5, 4
	-
	-
	-
	-
	-
	-

	5
	-
	-
	TBD
	-
	-
	-
	-
	-
	-
	-

	6
	-
	-
	7
	7
	5
	-
	-
	7
	7
	-
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