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1 Introduction
In [1] and [2], we presented the RS structure and performance of CQI channels. The basic conclusion is:

· two pilots per slot for short CP numerology
· one pilot per slot for the long CP numerology

· maximum number of multiplexed users is 6 per TTI for short CP

· maximum number of multiplexed uses is 4 per TTI for long CP

In this contribution, we address the issue of transmission of both CQI and ACK from the same user within one TTI. Several different candidate proposals are evaluated:

· Joint coding: when ACK and CQI are transmitted from the same user within the same TTI, they are jointly coded and modulated with the same base Chu sequence and Chu shift. 

· CDM ACK and CQI: when ACK and CQI are transmitted from the same user within the same TTI, they are separately coded and modulated by the same base Chu sequence with different shifts. 

· TDM ACK and CQI: when ACK and CQI are transmitted from the same user within the same TTI, they are transmitted from different TDM symbols with the same base Chu sequence and same shift. 

In this contribution, we compare the joint coding method with CDM and TDM methods with detailed link level analysis.

In order to focus on the comparison of these three schemes, throughout this document, we consider the case of 6 users per TTI with 2 pilots for the short CP numerology. We use erasure decoding for joint ACK and CQI. Please refer to [1] and [2] for simulation results for other configurations. 
2 Baseline Design

We assume the following:
· Nominal CQI information bits = 5 for SIMO and 8 for MIMO
· Nominal ACK information bits = 1 for SIMO and 2 for MIMO
When CQI and ACK need to be transmitted simultaneously, we assume that CQI and ACK are jointly coded prior to transmission.
Figure 1 depicts an example of the two pilot structure for short CP. With this structure, there are 10 data symbols within one TTI, so the rate of the error correction code is (20, 10) for MIMO and (20, 6) for SIMO transmission. . Punctured (32, 10) Reed Muller code is used in this study.
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Figure 1: Short CP, 6 CQI+ACK channels within one TTI, 2 pilot symbols per slot and with intra TTI hopping

3 Simulation Setup

This section summarizes detailed simulation assumptions used for the CQI+ACK channel analysis. 

Localized transmission with 12 pilot tones as well as data tones is assumed. The number of transmit antenna of each user is 1. The number of receive antennas is 2. Maximum ratio combining (MRC) is used for data detection. Within each resource block (RB) of 12 tones, M CQI channels can be multiplexed, each of which carries 10 information bits. Coherent detection is considered in this evaluation. Intra-TTI frequency hopping (FH) is applied to exploit frequency diversity.

3.1. Numerology and Other Simulation Assumptions
Table 1 summarizes the basic system parameters for the link level evaluation. 
	TTI Configuration
	Short CP Structure

	TTI
	1 ms

	Intra-TTI frequency hopping
	Enabled

	Channel estimation length
	1, or 2 pilot symbols – coherent

	Slot duration
	0.5 ms

	Symbols / Slot
	7

	FFT size
	512

	Data tones per RB
	12

	Tone spacing
	15 KHz

	Flat guard samples
	28 chips

	Guard tones per symbol
	212

	Pilot Ec/Ior
	0 dB

	Code Type
	Punctured Reed Muller (32,10)

	modulation
	QPSK – coherent

	Maximum re-transmission
	0

	Channel
	GSM TU 30 (kph)


Table 1

Evaluation Numerology
3.2 Simulation Results and Observations
With erasure decoding, the erasure rate and PER after erasure are presented in Figure 2 for CQI or jointly coded CQI and ACK with intra-TTI FH in GSM TU30 channel.
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Figure 2: Performance comparison of erasure decoding with different payload size
Note that this is just one example of the erasure decoding results, which presents a baseline for the comparison with two other alternative schemes. 
4 Alternative Proposals
We compare two alternative options:
4.1 Comparison to CDM ACK and CQI
One alternative proposal is to transmit ACK and CQI in CDM. ACK and CQI channels are modulated by the same Chu with different shifts. 
There is an additional 2 dB penalty assumed due to the PA backoff needed. This penalty was computed by our cubic metric analysis.
Table 1 summarizes the link level performance of ACK, CQI, jointly coded ACK and CQI, and CDM ACK and CQI by using different Chu shifts. 

	
	Bit width
	FER cond.

Non-eras
	Es/Nt
	Erasure

Rate
	Additional

penalty

	ACK
	1 bit
	0.1%
	3 dB
	0%
	

	CQI
	5 bits
	2%
1%
	2.3 dB
1.2 dB
	10%
30%
	

	ACK+CQI

Joint Code
	6 bits
	0.1%
	7.0 dB
	0.9%
	

	ACK+CQI

Diff. Chu
	5+1 bits
	0.1% ACK

1% or 2% CQI
	7.2 dB
6.9 dB
	10% CQI
30% CQI
	Multiplexing
loss


Table 1: Comparison of Joint coding and CDM of ACK and CQI for SIMO

	
	Bit width
	FER cond.

Non-eras
	Es/No
	Erasure

Rate
	Additional

penalty

	ACK
	2 bit
	0.1%
	6 dB
	0%
	

	CQI
	8 bits
	1%
	~4.5dB
3dB
	10%
30%
	

	ACK+CQI

Joint Code
	10 bits
	0.07%
0.09%
	9.6 dB
6.9 dB
	1%
10%
	

	ACK+CQI

Diff. Chu
	8+2 bits
	0.1% ACK

1% CQI
	9.2 dB
8.8 dB
	10% CQI
30% CQI
	Multiplexing loss



Table 2: Comparison of Joint coding and CDM of ACK and CQI for MIMO
These results show an interesting comparison between joint coding and CDM ACK+CQI, when we consider link efficiency and PAR loss. 
Note that with erasure decoding for the joint coding, 1% erasure is mapped to NAK, which will lead to less than 1% of un-necessary downlink retransmission. 
The exact performance comparison of the two schemes depends on the erasure rates for CQI as well as jointly coded ACK and CQI:

· Scenario I

· CQI erasure rate = 10% : NAK(ACK = 0.1% : ACK(NAK = 10%
· Erasure rate for joint ACK and CQI needs to be 10%

· Joint coding performance is significantly better (>1.9 dB) for MIMO
· Scenario II

· CQI erasure rate = 10% : NAK(ACK = 0.1% : ACK(NAK = 1%
· Erasure rate for joint ACK and CQI needs to be 1%

· Joint coding performance is 0.2 dB better for SIMO

· CDM approach performance 0.4 dB better for MIMO
On the other hand, with CDM ACK and CQI, the maximum number of multiplexed PUCCH is reduced because multiple shifts are assigned to the same user.
4.2 
Comparison to TDM ACK and CQI

Another alternative is to transmit ACK and CQI in TDM. Given that 2 pilots are used out of 7 symbols, there are only 10 symbols per TTI for PUCCH data transmission. If ACK and CQI are transmitted in different symbols, we can have the following options: 
· 2 symbols for ACK transmission and 8 symbols for CQI transmission. This results in a CQI code rate of (16,8) for MIMO and (16, 5) for SIMO. Compared to using all 10 symbols for ACK, transmitting ACK only on 2 symbols will result in a 7 dB energy loss. 

· 4 symbols for ACK transmission and 6 symbols for CQI transmission. This results in a CQI code rate of (12, 8) for MIMO and (12, 5) for SIMO. Again, the ACK channel performance is degraded by at least 4 dB compared to using all of the 10 symbols for ACK.  
Clearly the significant performance loss to ACK and CQI channels does not justify the TDM ACK and CQI approach. 
5. Summary
In this contribution, we presented analysis and simulation results comparing three different approaches for ACK and CQI transmissions. 
Our simulation results show that with erasure decoding, the joint coding approach for ACK and CQI provides much better link performance compared to the TDM approach. The joint coding approach provides comparable performance as the CDM approach, which has an additional multiplexing capability loss.

Note that for link-budget limited users, a smart scheduler can easily ensure that PDSCH is not scheduled in the downlink at the same time when it expects a CQI transmission from the UE. This would imply that the CQI and ACK would always span 1ms when transmitted.
Based on these results, we propose to adopt the following:
· Do not support TDM of ACK and CQI from the same user

· Joint coding of CQI and ACK prior to transmission preferred due to the increased multiplexing capability than the CDM of ACK and CQI from the same user
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