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1 Introduction

In RAN1#86bis, the following were agreed for UCI transmission [1]:
Agreements:

· Study at least the following operations to be supported in NR, from a single UE perspective

· Case 1: UL data and UCI are FDMed where the resource for UCI is not a part of the resource allocated for UL data 

· Case 2: UL data and UCI are TDMed where the resource for UCI is not a part of the resource allocated for UL data 

· Case 3: UL data and UCI are multiplexed where the resource for UCI is a part of the resource allocated for UL data

· FFS: how different types of UCI are handled

· Further study on other possibilities is not precluded

Additionally, in RAN1#87, the following were agreed [2]:

Agreements:
· Physical uplink  control signaling should be able to carry at least hybrid-ARQ acknowledgements, CSI reports (possibly including beamforming information), and scheduling requests
· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data
· …..
In LTE, if a UE has a valid scheduling grant in a subframe and UCI is to be transmitted in the subframe,  then the UCI can be multiplexed together with the UL-SCH data and transmitted on PUSCH. It is also possible to transmit UCI on PUSCH without UL-SCH data. From the network perspective, UCI transmission on PUSCH facilitates more efficient resource utilization because PUCCH resources do not need to be allocated, separate DMRS for UCI and data is not needed, and FDS (frequency domain spreading) gains can also be provided for UCI. Moreover, the single-carrier property of UL transmissions in LTE is preserved. 
This contribution considers UCI and data multiplexing when UCI is transmitted on PUSCH and provides evaluation results for different UCI mapping rules, e.g., time-first mapping and frequency-first mapping.
2 UCI and Data Multiplexing Options
UCI and data multiplexing in LTE
In LTE, HARQ-ACK resources are mapped onto SC-FDMA symbols by puncturing the UL-SCH PUSCH and their locations are next to the RS (reference signal) as shown in Figure 1, so as to benefit from the best possible channel estimation accuracy. This is especially important at high Doppler frequencies where the channel may vary during a subframe. The RI resources are placed next to the HARQ-ACK symbol positions irrespective of whether HARQ-ACK is actually present in a given subframe. This mapping of the RI is motivated by the fact that the RI is required in order to correctly interpret the CQI/PMI and to avoid ambiguities related to whether or not the UE also multiplexes HARQ-ACK in the PUSCH.
The CQI/PMI, however, are mapped differently than the HARQ-ACK and RI. CQI/PMI resources are placed at the beginning of the UL-SCH data resources and they are mapped sequentially to all SC-FDMA symbols on a subcarrier before continuing on the next subcarrier (time-first mapping). CQI/PMI reports in a PUSCH typically have large payloads and can consume significantly more resources than HARQ-ACK or RI. Therefore, a restriction for a number of symbols used to map CQI/PMI would be detrimental and CQI/PMI reports have lower mapping priority than HARQ-ACK and RI. 
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Figure 1: Multiplexing of UCIs with UL-SCH data in LTE 
UCI and data multiplexing in NR
Some of the LTE principles for UCI multiplexing in the PUSCH can be maintained in NR while others need to be improved given that LTE design was done in Rel-8 did not consider forward compatibility and operations introduced in later releases. For example, assuming that DMRS is located at the beginning of a transmission slot (as agreed in RAN1#85 [3]) and applying the same mapping principles as LTE, UCI can be multiplexed with UL-SCH data as shown in Figure 2(a) where HARQ-ACK is mapped next to the DMRS to benefit from better channel estimation accuracy while CSI and/or possibly beam measurement information (BMI) are mapped in a time-first manner (time-first mapping).
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(a) Alternative 1                                                                            (b) Alternative 2

Figure 2: Examples for multiplexing UCIs with UL-SCH data in NR
The multiplexing rule in Figure 2(a) can be enhanced as shown in Figure 2(b). The main difference from Figure 2(a) is that CSI and/or BMI are mapped in a frequency first manner, similar to data (frequency-first mapping). Alt.2 can provide less decoding latency of CSI and/or BMI than Alt.1 due to better channel estimation quality, and in a frequency selective channel, more frequency diversity. Time diversity is reduced but this is not important for low-speed applications where performance optimization is typically performed.
3 Performance Comparison
In this section, we compare BLER performance of time-first mapping and frequency-first mapping for TDL-C channel model with 300ns. Two different mobility scenarios are considered, e.g., 3 km/h and 60 km/h.
Evaluation assumptions
For evaluation, two slot structures with 14 symbols are considered as shown in Figure 3. In both figures, first two symbols are used for PDCCH transmission and 3rd symbol is a gap. Last one symbol is used for short PUCCH or SRS transmission. Difference between Figure 3(a) and Figure 3(b) is the number of DMRS symbols, e.g., Figure 3(a) has one DMRS symbol (a front-loaded DMRS) and Figure 3(b) has two DMRS symbols. Frequency-first mapping can be different depending on the number of DMRS symbols. For example, in case of frequency-mapping with one DMRS symbol, UCI is mapped next to the front-loaded DMRS symbol as shown in Figure 3(a). For the case of frequency-first mapping with two DMRS symbols, UCI is mapped to each DMRS symbol as shown in Figure 3(b). 
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(a) A slot structure with one DMRS symbol
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(b) A slot structure with two DMRS symbols
Figure 3: Illustration of a slot structure for performance comparison

It is assumed that UCI payload size is 60 bits and frequency resources of PUSCH are 4 RBs. QPSK modulation and 15 kHz subcarrier spacing are considered. Evaluations are performed depending on the number of REs used for UCI transmission as follows:

· Case I: one DMRS symbol shown in Figure 3(a)

· 100 %: all REs (432 REs) in PUSCH are used for UCI transmission (UCI coding rate ≈ 0.07)

· 50 %: 216 REs for UCI transmission (UCI coding rate ≈ 0.14)

· 25 %: 108 REs for UCI transmission (UCI coding rate ≈ 0.28)

· Case II: two DMRS symbols shown in Figure 3(b)

· 100 %: all REs (384 REs) in PUSCH are used for UCI transmission (UCI coding rate ≈ 0.08)

· 50 %: 192 REs for UCI transmission (UCI coding rate ≈ 0.16)

· 25 %: 96 REs for UCI transmission (UCI coding rate ≈ 0.31)

Other evaluation parameters are given in Appendix.
Evaluation results
Figure 4 shows BLER performance for different DMRS ratios, e.g., 1/10 (one DMRS symbol) and 1/5 (two DMRS symbols) where FH is not applied and mobility of 3 km/h is considered. From Figure 4(a) and Figure 4(b), it is observed that for CP-OFDM case, frequency-first mapping can provide better performance than time-first mapping as coding rate increases. This is because frequency-first mapping in CP-OFDM can achieve more frequency diversity than time-first mapping. However, for DFT-S-OFDM with one DMRS symbol, the performance of two schemes closely coincides with each other irrespective of coding rate as shown in Figure 4(c) and Figure 4(d). This is because due to the DFT pre-coder, even time-first mapping achieves frequency diversity and there is no fundamental difference between the two mapping schemes in terms of performance. 
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(a) CP-OFDM: one DMRS symbol                                 (b) CP-OFDM: two DMRS symbols
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(c) DFT-S-OFDM: one DMRS symbol                           (d) DFT-S-OFDM: two DMRS symbols

Figure 4: BLER comparison of frequency-first mapping vs. time-first mapping w/o FH: 3 km/h
Figure 5 shows BLER performance for different mobility scenarios, e.g., 3 km/h and 60 km/h where two DMRS symbols are used and FH is considered. It is observed from Figure 5(b) and Figure 5(d) that if the channel variation in time domain is increased, frequency first mapping is more beneficial than time-first mapping as worse channel estimation is more dominant than potential time diversity gains.
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(a) CP-OFDM: 3 km/h                                                   (b) CP-OFDM: 60km/h
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(c) DFT-S-OFDM: 3 km/h                                            (d) DFT-S-OFDM: 60 km/h

Figure 5: BLER comparison of frequency-first mapping vs. time-first mapping w/ FH: two DMRS symbols
Observation: For CP-OFDM, frequency-first mapping outperforms time-first mapping. For DFT-S-OFDM, frequency-first mapping and time-first mapping have similar performance in a static environment but in a mobile environment, frequency first mapping outperforms time-first mapping.
Proposal: Apply frequency-first mapping for all UCI types starting from the slot symbol after the DMRS slot symbol(s) where HARQ-ACK is mapped first and CSI/BMI is mapped next. 

4 Conclusion
This contribution has discussed multiplexing of UCIs with UL data when the UCIs are transmitted on UL data channel. We have observed the following:
Observation: For CP-OFDM, frequency-first mapping outperforms time-first mapping. For DFT-S-OFDM, frequency-first mapping and time-first mapping have similar performance in a static environment but in a mobile environment, frequency first mapping outperforms time-first mapping.
Based on the above observation, we propose the following:
Proposal:  Apply frequency-first mapping for all UCI types starting from the slot symbol after the DMRS slot symbol(s) where HARQ-ACK is mapped first and CSI/BMI is mapped next.
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Appendix
Table 1: Evaluation assumptions and parameters

	Parameters
	Frequency-first mapping and Time-first mapping

	Carrier frequency
	4 GHz

	No. of REs for UCI transmission
	Variable: 192 REs (100%), 96 REs (50%), 48 REs (25%)

	UCI payload size
	60 bits

	DMRS
	1 symbol (3rd symbol)

	DMRS overhead
	1/10 and 1/5

	Channel estimation
	MMSE

	FFT size
	1024

	Modulation
	QPSK

	Channel coding
	TBCC

	Waveform
	CP-OFDM and DFT-S OFDM

	Mobility
	3 km/h and 60 km/h

	Antenna Configuration
	1 Tx – 2 Rx (MRC combine)
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