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[bookmark: _Toc265146429]In RAN1 Meeting #61 bis (Ref. [1]), agreements were made for UCI multiplexing on PUSCH in case of SU-MIMO, on the following topics:
· HARQ and RI resource size 
· CQI/PMI resource size
· TB choice for CQI/PMI report in the case of 2TB transmission

For the case of the HARQ A/N bits and the RI bits, which are replicated across all layers of both CW, it was identified that further discussion is needed “to clarify which modulation is used in case of 2 CW transmission” (Ref. [1]).
Moreover, for larger HARQ A/N and RI payload sizes (i.e., > 2 bits), due to the use of the RM code, placeholder bits may no longer be used (as is the case in Rel-8/9 TDD, Ref. [4]). As pointed out in Ref. [2], this will result in the A/N and RI using the same modulation type as the codeword (CW). If the 2 CW are assigned different modulation types, the UCI A/N and RI symbols will be unsynchronized between the CW. Depending on where the replication is done, unsynchronized UCI symbols between the CW may or may not be consistent with the agreement of RAN1 #61 (Ref. [3]). 
This contribution presents simulation results to investigate if unsynchronized UCI symbols between the codewords leads to a performance issue, and to facilitate the decision on which modulation to use for A/N and RI bits in case of a 2 CW transmission.

Description of the Framework
To assess whether the scenario of unsynchronized UCI A/N and RI symbols results in a noticeable performance issue, the performance for the case of synchronized UCI symbols needs to be determined first. Synchronization of the UCI symbols may be reached by using placeholder bits for the RM codeword, to force mapping the symbols to the corners of the constellation. This is illustrated in Table 1 for the case of the 16-QAM and 64-QAM symbols constrained to the corners of the constellation to effectively achieve QPSK.

[bookmark: _Ref268190417]Table 1 Insertion of the placeholder bits at the output of the RM encoder
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As indicated in the previous section, the case of unsynchronized UCI A/N and RI symbols may lead to performance degradation compared to a synchronized case, due to several reasons:
· Inter-codeword interference on the UCI symbols that are mapped to different modulation types.
· Potential sensitivity to the mismatch of the precoding matrix to the current channel conditions.
· By using different modulation types for the 2 CW, the UCI A/N and RI receiver may not perform soft symbol combining prior to decoding.


However, assuming the same  for CW1 and CW2, the unsynchronized configuration may have the advantage of operating at a lower coding rate (thus a higher coding gain) than the synchronized mode. So when comparing the synchronized to the unsynchronized mode, there is a trade-off between a lower modulation order on one hand and the coding gain on the other.

Throughout this contribution, “Option A – replication before channel coding” for UCI A/N and RI replication (see Ref. [1]) is considered. The reason for this choice is that “Option A” results in per-layer processing, which allows re-using the Rel-8 specifications ([4]) for the channel interleaver and thus minimizes the changes to the Rel-8 specs. 

The number of A/N and RI resources per layer is set as agreed in RAN1 #61b (Ref. [1]), namely: 



Simulation Configuration and Assumptions 
The MMSE receiver is used for the simulations in this paper. Other simulation parameters and assumptions are listed in Table 2.
[bookmark: _Ref269484018]Table 2. Link Level Simulation assumptions
	Parameter
	Assumption

	Carrier center frequency
	2.0 GHz

	Transmission bandwidth
	5MHz

	Data transmission BW (PRB allocation)
	4 RBs (48 subcarriers): contiguous RB allocation

	Slot format
	Normal CP (7 symbols per TS)

	RB allocation
	Static

	Number of SC-FDMA data symbols per subframe
	12 (i.e., normal CP case)

	Power control
	Fixed power

	Antenna configurations 
	2 x 2  

	Antenna gain imbalance (AGI)
	0 dB, 6 dB, 10 dB

	Fading model
	EPA, 3km/h . 

	Antenna correlation
	Correlation matrix (low) as defined in TS36.814 

	Link adaptation
	Disabled

	Rank adaption
	Disabled

	MCS
	Modulation: QPSK, 16 QAM, 64 QAM

	Channel estimation
	Realistic 

	HARQ (for PUSCH)
	IR 

	Max. number of transmissions
	4 (including 1st transmission)

	HARQ round trip
	8 ms

	Number of HARQ A/N bits
	Configurable in the range 3 to 11

	Channel coding of UCI
	As defined in [4]

	Receiver 
	MMSE

	Receiver for UCI (HARQ A/N, RI)
	MRC

	Frequency hopping
	Disabled




For both the unsynchronized and the synchronized case, the same  value was used for CW1 as for CW2.  

A summary of the simulation scenarios is shown in Table 3 below.
[bookmark: _Ref268188876]Table 3 Summary of the simulations
	CW1
	CW2
	TBS1
	TBS2
	

	Number of A/N bits
	Number of RI bits

	QPSK
	16 QAM
	576
	1382
	3.125
	4
	4

	QPSK
	16 QAM
	576
	1382
	3.125
	10
	10

	QPSK
	64 QAM
	576
	1728
	3.125
	4
	4

	QPSK
	64 QAM
	576
	1728
	3.125
	10
	10

	16 QAM
	64 QAM
	1152
	2074
	3.125
	4
	4

	16 QAM
	64 QAM
	1152
	2074
	3.125
	10
	10

	16 QAM
	16 QAM
	1152
	1152
	3.125
	4
	4

	16 QAM
	16 QAM
	1152
	1152
	3.125
	10
	10



For the scenarios where the modulation type for CW1 is different from CW2, the transport block sizes and the relative power of the codewords were chosen such that the BLERs of CW1 and CW2 are about the same.

[bookmark: _Ref269642396]	Simulation results
This section presents simulation results for the unsynchronized and synchronized cases, for the scenarios listed in Table 3.

The BER of the A/N and RI bits for the case where CW1 uses QPSK and CW2 uses 16-QAM is shown in Figure 1 (the figure on the left shows the results for 4 bits payload, while the figure on the right shows the results for 10 bits payload).
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[bookmark: _Ref269485351]Figure 1 A/N and RI BER vs. SNR for CW1 QPSK, CW2 16 QAM

The PUSCH BLER of CW1 and the PUSCH BLER of CW2 (for the case of the 10 bit payload) is shown for reference in Figure 2.

[image: ]
[bookmark: _Ref269640470]Figure 2 PUSCH BLER for CW1 and CW2

The BER of the A/N and RI bits for the case where CW1 uses QPSK and CW2 uses 64-QAM is shown in Figure 3 (the figure on the left shows the results for 4 bits payload, while the figure on the right shows the results for 10 bits payload).
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[bookmark: _Ref269485431]Figure 3 A/N and RI BER vs. SNR for CW1 QPSK, CW2 64 QAM

The BER of the A/N and RI bits for the case where CW1 uses 16-QAM and CW2 uses 64-QAM is shown in Figure 4 (the figure on the left shows the results for 4 bits payload, while the figure on the right shows the results for 10 bits payload).
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[bookmark: _Ref269485478]Figure 4 A/N and RI BER vs. SNR for CW1 16 QAM, CW2 64 QAM 

Figure 5 shows the A/N and RI BER for the case where both CW are configured for 16-QAM. In this case, the UCI A/N and RI symbols are synchronized between the CW (since both CW use the same modulation). However it may be interesting to compare the performance to the case where placeholder bits are used to effectively map the UCI A/N and RI to QPSK on both CW1 and CW2. 
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Figure 5 A/N and RI BER vs. SNR for CW1 16 QAM, CW2 16 QAM

Comments and Conclusions
This contribution presented link level simulation results to compare the relative performance of the UCI A/N and RI bits for the synchronized versus unsynchronized case. The synchronized versus the unsynchronized UCI case refers to the scenario where the two codewords are assigned different modulation types:
· In the synchronized case, placeholder bits are used to map the UCI A/N and RI symbols to the corners of the constellation, so that effectively QPSK modulation is used for UCI A/N and RI on both codewords, regardless of the modulation type for the PUSCH.
· In the unsynchronized case, the UCI A/N and RI symbols use the same modulation type as the CW they are mapped to. 

The simulation results presented in Section 4 show that the synchronized case consistently outperforms the unsynchronized case in all the scenarios analyzed in this contribution (EPA 3 km/h, UCI A/N and RI payload size varying from 4 to 10 bits).
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