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1. Introduction

In RAN1#50, several principles of multiplexing UL Control Signaling and PUSCH have been agreed in [1].  When multiplexing ACK/NAK and/or CQI into PUSCH, all resource elements have the same power setting.  The ACK/NAK or CQI employ the same modulation scheme as PUSCH data before the DFT and subcarriers mapping.  The specification of multiplexing the UL control signaling to the UL SCH has been depicted in 5.2.2 of [7].  In this document, we discuss the mapping of the UL Control Signaling and its impact to the performance degradation of the PUSCH. 
2. Multiplexing of UL Control Signaling and PUSCH
The multiplexing of the UL Control Signaling and PUSCH is required when both present to maintain the single carrier property of LTE UL SC-FDMA technology.  The multiplexing methods of PUSCH and UL Control Signaling are shown in [2, [3], [4], [5], and [6].   The transport channel processing for multiplexing of UL Control Signaling and PUSCH is defined in Figure 5.2.2-1 of [7].  The mapping of the ACK/NAK is different in characteristic than that of CQI because the CQI is a scheduled transmission and the ACK/NAK is a response of the DL HARQ Transmission.  The ACK/NAK transmission could be null if the UE miss the detection of the scheduled DL transmission.  The mapping of UL Control Signaling has to consider the performance of ACK/NAK, CQI and ACK/NAK+CQI cases and account for all the error handling and abnormal scenarios for UL PUSCH.     If the mapping needs to optimize for all of them, it will increase the system design complexity dramatically.  
The straight forward approach of multiplexing the UL Control Signaling (including ACK/NAK, CQI and ACK/NAK+CQI) and PUSCH is to puncture the output of the PUSCH interleaver before the DFT and the subcarrier mapping.  The PUSCH puncturing would not affect the starting position in circular buffer.   The PUSCH puncturing would cause the PUSCH HARQ performance degradation.  
The focus of this contribution is the UL Control Signaling BER performance and the degradation of the PUSCH puncturing for different patterns of UL Control Signaling mapping.   The results in [2] show that the UL Control Signaling mapping next to the DM RS is better than those away from the DM RS with the assumption of the slot hopping within a sub-frame in TU 350 km/hr channel.  This contribution studies two UL Control Signaling mapping patterns in different hopping scenarios for PUSCH HARQ.  Figure 1 shows two different UL Control Signaling mapping patterns.  The uniform mapping pattern is in GREEN and the next-to-RS is in RED as shown in Figure 1.  .The link level simulations are performed to show the UL Control Signaling error performance and the PUSCH performance degradation.  The parameters of the link level simulations are listed in Table 3 in Appendix.
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Figure 1: Proposed Patterns of PUSCH Puncturing to multiplex UL Control Signaling (ACK/NAK and CQI)  (1) Green - uniform pattern (2) Red - Next to the RS.  The multiplexing patterns are done in time domain before the DFT
2.1. UL Control Signaling BER and PUSCH BLER Performance Analysis
The simulation results of 1 RB with slot hopping, TTI hopping and slot+TTI hopping to evaluate the performance of multiplexing ACK/NAK and PUSCH with maximum 4 HARQ transmission in PB 3 km/hr, TU 120 km/hr, and TU 350 km/hr channels in Figure 2, Figure 3, Figure 4, and Figure 5.   The scenario of 1 RB is considered the worst case  scenario when PUSCH is punctured in order to support the multiplexing of UL Control Signaling.   The ACK/NAK multiplexes with the PUSCH in all sub-frames of the HARQ operations to represent the worst case scenario of the PUSCH puncturing.  The TTI hopping is to have the subframe hopping equally within a quarter for each sub-frame during retransmission.  Since both RS’s are available within a TTI, the 2-D MMSE channel estimations are performed.  The channel estimation is optimized but the frequency diversity only between the HARQ combining between retransmission.  The slot hopping is to have 1st slot at the upper half of the spectrum and the 2nd slot hopping to the lower half of the spectrum.  The channel estimation in time domain could be only obtained only from the single RS in the middle of slot only in the slot hopping.  The channel estimation performance degrades but the addition of frequency diversity for a code block in the slot hopping.  The TTI and slot hopping have the frequency diversity within a code block and the HARQ combining.  It also suffers the degradation on channel estimation in time domain with one RS available only.  The performance results of uniform distribution and next-to-RS UL Control Signaling mapping patterns in Figure 1 are evaluated.   
The performance degradation of PUSCH puncturing for UL Control Signaling multiplexing in Figure 2, Figure 3, Figure 4, and Figure 5 shows consistent loss of 0.2 to 0.3 dB of 1 RB for both next-to-RS and uniform UL Control Signaling mapping and all radio channel environments.  It also expects that the puncturing loss will be reduced when the number of the RBs increases.  The maximum of 0.2 to 0.3 dB performance loss for 1 RB shows that the PUSCH puncturing for multiplexing UL Control Signaling is a straight forward method without severe performance degradation.  
The required SNR to achieve 0.1% ACK/NAK error rate and 1% BLER after maximum 4 HARQ transmissions for two mapping methods shown in Figure 1 are summarized in Table 1.  In Table 1, the results of 3 different hopping methods are shown to see the performance tradeoff between the channel estimation loss and frequency diversity gain.   

The PUSCH BLER performance results in Table 1 show no difference between next-to-RS and uniform UL Control Signaling mapping as shown in Figure 1 for all hopping cases in all channel conditions.   However, it is clear that the uniform UL Control Signaling mapping outperforms the next-to-RS UL Control Signaling mapping in ACK/NAK BER performance for all hopping patterns in all channel models.  The proposal is to use the uniform UL Control Signaling mapping.
The results in Table 1 show that the slot hopping has the advantage of ACK/NAK BER performance over that of TTI hopping at the low (3 km/hr) and high (120 km/hr) due to the frequency diversity gain over the channel estimation loss.  The slot hopping suffers in the ACK/NAK BER performance at extremely high speed (350 km/hr) when the channel estimation loss is much more than the gain from frequency diversity.    The PUSCH BLER performance for slot hopping is the worst than that of TTI hopping since the channel estimation loss over the frequency diversity gain.  The TTI+slot hopping provide the compromising performance in both ACK/NAK performance and PUSCH performance.  
The tradeoff of the channel estimation accuracy and the frequency diversity for ACK/NAK BER performance and PUSCH data performance lose is extreme with the case of 1 RB.   The frequency diversity gain will not be that significant when the number of the RBs increases.  The advantage of the slot hopping or TTI + slot hopping on ACK/NAK BER over the TTI hopping will decreases as the number of the RBs increases.  Thus, the proposal is to allow the network to configure the hopping in slot or TTI or both in the scheduling grant.
	Required SNR (dB)
	ACK/NAK BER=10-3
	PUSCH BLER=10-2

	
	Slot Hopping
	TTI 

Hopping
	TTI+Slot Hopping
	Slot Hopping
	TTI Hopping
	TTI+Slot Hopping

	PB 

3 km/hr
	Next-to-RS
	0.8
	1.1
	1.0
	-1.6
	-2.8
	-2.4

	
	Uniform 
	-0.6
	1.1
	-0.6
	-1.6
	-2.8
	-2.4

	TU

120 km/hr
	Next-to-RS
	0.8
	1.6
	0.8
	-3.4
	-3.2
	-3.4

	
	Uniform
	-0.4
	1.2
	-0.4
	-3.4
	-3.2
	-3.4

	TU 

350 km/hr
	Next-to-RS
	2.1
	0.6
	2.1
	-2.6
	-3.2
	-2.6

	
	Uniform
	0.5
	0.0
	0.6
	-2.6
	-3.2
	-2.6


Table 1: Summary of Required SNR for ACK/NAK BER=10-3 and PUSCH BLER=10-2 after maximum 4 HARQ Tx
[image: image2.emf]ACK/NAK Performance with QPSK 1 RB  in PB 3km/hr

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

-8 -6 -4 -2 0 2 4

SNR

BER

BER Next TTI+Slot Hop

BER Uni TTI+Slot Hop

BER Next TTI Hop

BER Uni TTI Hop

BER Next Slot Hop

BER Uni Slot Hop


Figure 2:  ACK/NAK BER performance when multiplexing with PUSCH with slot hopping, TTI hopping, and TTI+slot hopping in PB 3 km/hr channel.
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Figure 3  PUSCH BLER performance when multiplexing with ACK/NAK with slot hopping, TTI hopping, and TTI+slot hopping in PB 3 km/hr channel.
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Figure 4 ACK/NAK BER and PUSCH BLER performance when multiplexing ACK/NAK and PUSCH with slot hopping, TTI hopping, and TTI+slot hopping in TU 120 km/hr channel. [image: image5.emf]QPSK 1 RB in TU 350 km/hr
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Figure 5 ACK/NAK BER and PUSCH BLER performance when multiplexing PUSCH and ACK/NAK with slot hopping, TTI hopping, and TTI+slot hopping in TU 350 km/hr channel.
3. Performance Disparity between UL control signaling and PUSCH data when multiplexing
In Table 1, the required SNR to achieve ACK/NAK BER and PUSCH BLER performance target for 1 RB has discrepancy of 3 to 5 dB.    Moreover, the required SNR to achieve the PUSCH BLER performance is the worst case since it is assumed that every sub-packet of the PUSCH HARQ transmission has ACK/NAK multiplexing with it.  The general case will only have only one or two of the HARQ sub-packets to have PUSCH multiplexing with the UL Control Signaling.  The ACK/NAK required much higher power to achieve the desired BER performance.  The performance disparity between UL Control Signaling and PUSCH when they multiplex together will force the PUSCH using excessive power to compensate for the UL Control Signaling.  This will have the results of system throughput performance loss.  
To boost up the UL Control Signaling performance when multiplexing with the PUSCH, the extra coding for UL Control Signaling is required.  A simple UL Control Signaling repetition with uniform mapping as shown in Figure 6 is studied.  The PUSCH BLER performance suffers around 0.5 dB degradation due to the double puncturing for UL control signaling.  The ACK/NAK BER and PUSCH BLER performance results with uniform UL control signaling mapping in PB 3 km/hr and TU 120 km/hr are shown Figure 7 and Figure 8, respectively.   The summary results of required SNR to achieve ACK/NAK BER and PUSCH BLER performance target are shown in Table 2.  We can see the required SNR discrepancy for the specific hopping has been reduced to 0-2 dB.  Most of the cases are within 1 dB difference.  This is an acceptable range for both UL Control Signaling and PUSCH when they multiplex.  
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Figure 6: Uniform mapping of UL Control Signaling with repetition when it multiplexes with PUSCH
	Required SNR (dB)
	ACK/NAK BER=10-3
	PUSCH BLER=10-2

	
	Slot Hopping
	TTI 

Hopping
	TTI+Slot Hopping
	Slot Hopping
	TTI Hopping
	TTI+Slot Hopping

	PB 3 km/hr
	-2.0
	-1.0
	-2.0
	-1.0
	-2.4
	-2.2

	TU 120 km/hr
	-2.2
	-1.0
	-2.2
	-3.2
	-2.8
	-3.2


Table 2 Summary of Required SNR for REPETITIVE ACK/NAK BER=10-3 and PUSCH BLER=10-2 after maximum 4 HARQ Tx
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Figure 7 ACK/NAK BER and PUSCH BLER performance when repetitive ACK/NAK and PUSCH are multiplexed with slot hopping, TTI hopping, and TTI+slot hopping in PB 3 km/hr channel.
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Figure 8 ACK/NAK BER and PUSCH BLER performance when repetitive ACK/NAK and PUSCH are multiplexed with slot hopping, TTI hopping, and TTI+slot hopping in TU 120 km/hr channel.
4. Conclusions
The mechanism and performance analysis of multiplexing UL Control Signaling and PUSCH are addressed in the contribution.  The summary of the study is as follows,

· The PUSCH is punctured after interleaver and before DFT and RB mapping for multiplexing with UL Control Signaling - The performance results show the maximum of 0.2 to 0.3 dB loss by PUSCH puncturing for multiplexing with ACK/NAK.  The PUSCH performance suffers around 0.5 dB loss if it punctures twice to allow the ACK/NAK repetition.  
· The uniform mapping is used for UL Control Signaling when it multiplexes with PUSCH – The ACK/NAK BER performance with uniform UL Control Signaling mapping performs better than that of next-to-RS mapping.  The PUSCH performance loss is about the same for both mapping
· The hopping patterns in slot, TTI or TTI + slot should be configurable by the E-UTRAN system – The performance results show that the tradeoff between the channel estimation loss and the frequency diversity gain due to slot hopping in different channel condition.  
· The UL Control Signaling is repeated to minimize the performance disparity when it multiplexes with PUSCH – The simple repetition of the UL control signaling would allow to use the same encoder of UL control signaling to reduce the performance discrepancy when they multiplex with the PUSCH.  The performance results show that the repetitive UL Control Signaling will reduce the difference of SNR required to achieve target BER/BLER performance between UL Control Signaling and PUSCH from 3-5 dB to 0-2 dB.  This will reduce the throughput performance loss.
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APPENDIX
Table 3: Link Level Simulation Numerology
	Parameters
	Assumptions

	Bandwidth
	5MHz 

	Modulation
	QPSK

	Coding Rate
	1/3

	Data Allocation
	1 RB

	Channel Models 
	PB 3 km/hr, TU 120 km/hr and TU 350 km/ph

	Channel Estimation
	RS Avg. for slot hopping,  2-D MMSE for TTI hopping

	Maximum HARQ Tx
	4

	Number of Receive Antennas
	2

	Number of Transmit Antennas
	1

	Slot and TTI Hopping
	Uniform with maximum distance in Frequency

	PUSCH puncturing for UL Control Signaling mapping 
	UL Control Signaling on Each PUSCH HARQ Sub-frame (worst case)
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