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1 PUCCH Performance for Mode b

The PUCCH performance for Mode b is evaluated for the channel selection states mapping proposal in the WF document R1-110539, for the states mapping in R1-110579, and for the Rel.8 states mapping. The mapping tables in R1-106503 are assumed. Obviously, any performance difference is due to the different representation of the HARQ-ACK states and the overall BLER behavior (slope of BLER curves, overall performance capability) is the one achieved by channel selection. 
The required SINR to meet the desired performance targets (DTX-to-ACK <= 1%, ACK-to-NACK <= 1% and NACK-to-ACK <= 0.1%) are summarized in Table 1. The respective BLER curves are presented in Figure 1. The simulation assumptions are summarized in the Annex. It is observed that the only impact on PUCCH performance from the HARQ-ACK states used in R1-110539 is the 0.2-0.3 dB additional SINR, compared to the Rel.8 channel selection, to achieve the target for the ACK-to-NACK statistic (the difference for the other statistics is marginal). 
Table 1: Channel Selection Performance using the mapping in R1-106503
	
	Rel.8 States
	States from R1-110539
	States from R1-110579

	Required SINR (dB)
	-7.0
	-6.7
	-6.9
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HARQ-ACK Statistics for 3 Mapping Schemes based on Channel Selection
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Figure 1: HARQ-ACK Statistics using the Rel.8 mapping and the mapping in R1-110539 for channel selection.
The significance of this ~0.2-0.3 dB difference at SINRs around -7 dB is now further examined by considering the PUCCH geometry distribution which is presented in Figure 2 as a function of the number of UEs per PRB. For channel selection with Mode b, 4 resources are allocated to each UE and therefore 3 or 4 UEs transmit per PRB (for 
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, respectively). Since about 95% of UEs have geometries above -7 dB, the applicability of Mode b is practically over all UEs that could benefit from DL CA while the applicability of Mode 1 is typically limited to less than 10% of UEs (HARQ-ACK payloads above 10 bits require SINRs above 1 dB). Obviously, the gap is huge. Therefore, in addition to networks or UEs not supporting PUCCH Format 3, Mode b is needed for the vast majority of UEs in the system and it is an essential mode of operation for TDD systems with DL CA.
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Figure 2: PUCCH Geometry Distribution.

As the number of UEs with PUCCH geometries differences of ~0.2-0.3 dB at geometries around -7 dB dB is <1%, it is clear that the impact of requiring ~0.2-0.3 dB more or less for achieving the target HARQ-ACK statistics has no impact on the number of UEs configured with CA or on the DL throughput (whether average or cell-edge). 
Setting aside the usefulness of DL CA for UEs with SINR around -7 dB in terms of overall system throughput and operation, particularly in TDD where asymmetric DL/UL scheduling is available and the DL/UL channels are reciprocal, the absence of any impact on DL throughput can also be realized from a different perspective if it is not obvious from the PUCCH SINR requirements. Assuming the same PUCCH SINR (e.g. -7 dB), in terms of the target ARQ retransmission probability of 1e-4, the difference in the ACK-to-NACK statistic for the mapping schemes (e.g. 1% for Rel.8 mapping versus 1.125% for the mapping in R1-110539 at -7 dB) is equivalent to operating the PDSCH for that small percentage of UEs with 8% BLER instead of 10% BLER. For the AWGN curves (used in system level simulations), the SINR difference between PDSCH BLERs of 8% and 10% is negligible (a tiny fraction of a dB) and as it is furthermore only applicable to that small percentage of UEs, it has no impact on DL throughput, either the average one or the cell edge one. The same would apply even for much larger differences in PUCCH performance.
2 Error Event Probability of Mapping States in R1-110539
The HARQ-ACK feedback for Mode b in R1-110539 has the overlapping states of (A, A, A, A) and (A, D, D, D). An error event requiring higher layer ARQ retransmissions occurs if instead of (A, D, D, D) the eNodeB assumes (A, A, A, A). For bundling window size of 4 sub-frames, this happens when the 1st PDCCH is correctly received, the 2nd/3rd /4th PDCCHs are missed, and the first PDSCH is correctly received. For brevity, this event is referred to as “error event”. 
For the operating case where the eNodeB has CSI (or SRS in case of TDD) feedback from the UE, PDCCH link adaptation can be performed using the long term SINR reported by the UE (it is noted that unlike UL interference, DL interference is relatively stable across sub-frames, especially for the PDCCH). For PDCCH BLER of 1% and PDSCH BLER of 10%, the probability of the “error event” is at most 8.9e-7. This is substantially smaller than the 1e-4 ARQ retransmission probability target. Therefore, the states (A, A, A, A) and (A, D, D, D) are substantially orthogonal. The following are also noted for the case PDCCH link adaptation is not applied:

a) DTX-to-ACK target error rate is not achieved.

b) DL HARQ-ACK (PHICH) target error rate is not achieved (same link adaptation for PDCCH and PHICH).

c) For a TDD system, UL HARQ-ACK target error rate is not achieved (same channel in UL and DL).

d) The system operation is highly suboptimal with substantial DL/UL throughput losses.

Therefore, the case of PDCCH transmission without link adaptation is not a realistic one or one for which system operation is designed. Nevertheless, in the remaining, no CSI (or SRS in case of TDD) feedback is assumed and both the PDCCH and PUSCH link adaptation rely on the long term SINR and path-loss measurements. Before continuing with the evaluation results for the “error event” probability under this setup, the following are noted:

a) The “error event” should be conditioned on the UE being scheduled dynamic PDSCH in every DL sub-frame of the bundling window. This may not happen especially when the UE is experiencing poor channel conditions as it is further subsequently discussed (no scheduler restrictions are assumed). 
b) The case of (A, D, D, D) misinterpreted as (A, A, A, A) will practically never occur as it requires 3 false CRC checks and 3 correct PDSCH receptions when the UE is actually receiving noise.
The probability of the “error event” is evaluated assuming DCI Format 1A for SIMO PDSCH. This again represents the worst case scenario for the “error event” probability as SU-MIMO PDSCH is much more likely to fail when the channel goes through a fade (and since spatial-domain bundling is assumed, even failure of only one TB generates a NACK). Table 2 provides the general simulation assumptions and the required PDCCH/PDSCH SINR for the evaluated scenarios. For the mismatch of required SINR between PDCCH and PDSCH, the appropriate power boosting/de-boosting was assumed in order to increase/decrease the respective SINR relative to the one in each simulation run.
Table 2: Simulation Assumptions and PDCCH/PDSCH SINR Requirements.
	General Simulation Assumptions
	
	SINR for 1 Tx
	SINR for 2 Tx

	System Bandwidth: 10 MHz

Channel: ETU, 3 Kmph

Channel Estimation: Actual

Tx/Rx antenna configurations: 1x2 and 2x2

PDCCH Duration: 3 OFDM Symbols
	PDCCH, 2 CCEs
	1.0 dB
	-1.0 dB

	
	PDCCH, 4 CCEs
	-2.0 dB
	-3.7 dB

	
	PDSCH, QPSK, r=1/2
	2.2 dB
	2.2 dB

	
	PDSCH, QAM16, r=1/2
	7.6 dB
	7.6 dB


Table 3 provides the “error event” probability. It can be observed that even under “worst case” assumptions, it is about 2-3 orders of magnitude smaller than the higher layer ARQ retransmission probability. This is also theoretically expected since the PDCCH and the PDSCH practically experience the same channel (wideband transmissions assumed) and use the same/similar channel estimate for demodulation (for link level simulations, the interference is modeled by AWGN). Therefore, when 3 successive PDCCH misses occur, the probability of correctly receiving the PDSCH, which is 10 times less reliable than each PDCCH, is particularly small (especially for QAM16 modulation or SU-MIMO).
Table 3: Error Event Probability.
	
	1st PDCCH received, 2nd/3rd/4th PDCCH missed
	1st PDSCH Correct
	“Error Event”

	1x2 - PDCCH: 4 CCEs - PDSCH: QPSK, r=1/2 
	1.2e-4
	4.1e-3
	4.4e-7

	1x2 - PDCCH: 2 CCEs - PDSCH: QAM16, r=1/2
	1.7e-4
	1.1e-3
	1.9e-7

	2x2 - PDCCH: 4 CCEs - PDSCH: QPSK, r=1/2 
	2.1e-5
	2.6e-2
	5.4e-7

	2x2 - PDCCH: 2 CCEs - PDSCH: QAM16, r=1/2
	3.2e-5
	2.8e-3
	8.9 e-8


In practice, the “error event” probability will be substantially smaller than the worst case one presented in Table 2 or even than the link-level nominal one of 8.9e-7 for the following reasons:

a) The “error event” almost always occurs when the channel goes into a deep fade during the bundling window. For the typically contiguous channel evolution, as the channel estimate the eNodeB obtains in a previous UL sub-frame (wideband CSI or SRS) captures the channel deterioration, the scheduling metric of the respective UE decreases, and the probability it is scheduled over all sub-frames in the bundling window decreases. For non-contiguous (corner-effect) channel evolution, its individual probability combined with the probability that it occurs exactly at the boundary of the first and second DL sub-frames (so that the 1st PDSCH is correctly received and the 2nd PDCCH is missed – even though both have poor channel estimates) is negligible. 
a. For example, from the system level simulations, the probability of scheduling over all 4 sub-frames of the bundling window a UE with SINR of less than -6 dB is about 1.2% (a set of values is summarized in the Annex), and the “error event” probability should be further scaled accordingly. 
b) Although small, DL interference variations observed at system level act as an averaging factor towards the nominal link probability for the “error event” of 8.9e-7.
c) UEs configured with CA are also likely to be configured with SU-MIMO. A channel fade that is not captured by the scheduler will result, with near certainty due to spatial-bundling, to a NACK feedback.
Based on the previous evaluation and analysis, the probability of the state (A, A, A, A) being misinterpreted as (A, D, D, D) is at least 2 orders of magnitude smaller than the target probability for higher layer ARQ retransmissions of 1e-4. It is therefore concluded that the above 2 states are sufficiently orthogonal.

3 Conclusions
The analysis and the simulation-based evaluations for the HARQ-ACK statistics in the PUCCH and for the probability of the (A, D, D, D) state interpreted as (A, A, A, A), demonstrate that no respective problem exists with the proposal in the WF in R1-110539. It is therefore proposed to make the current working assumption an agreement in order to proceed in RAN1#64 with the resolution of the remaining aspects in R1-110539 and provide a timely definition of Mode b for Rel.10. 
Annex
The simulation assumptions for the evaluation of the HARQ-ACK statistics in the PUCCH are summarized in Table A1.  
Table A1: Simulation Assumptions for HARQ-ACK PUCCH Performance Evaluation with Channel Selection.
	Parameters
	Value

	Carrier frequency
	2GHz

	System bandwidth
	10MHz

	Channel model
	ETU

	Velocity
	3km/h

	Frequency hopping
	At slot boundary

	Antenna set up
	1Tx-2Rx

	Tx/Rx antenna correlation
	Uncorrelated

	Channel estimation
	Practical

	CP type
	Normal CP

	Signal bandwidth
	180kHz

	Noise estimation
	Ideal

	Number of PRBs for PUCCH
	1
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	Target requirements
	Pr(D(A)<=1%, Pr(A(N)<=1%, Pr(N(A)<=0.1%


Table A2: Scheduling Probability of all 4 Sub-frames in the Bundling Window as a Function of PDCCH SINR.

	PDCCH SINR
	Scheduling Probability of 4 Sub-Frames

	[-8,-7]
	0.0025

	[-7,-6]
	0.0096

	[-6,-5]
	0.0164

	[-5,-4]
	0.0333

	[-4,-3]
	0.0426

	[-3,-2]
	0.0536
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