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1 Introduction
In 3GPP RAN1#86bis [1], the following agreements regarding to design principles of PUCCH are made : 
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

In 3GPP RAN1#87 [2], the following agreement regarding to short PUCCH is made : 
Agreements:
· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data

This contribution focuses on the feature of UCI on PUSCH.
2 UCI on PUSCH
In this section, two aspects of UCI on PUSCH are discussed in sub-section 2.1 and 2.2.
2.1 Frequency diversity of UCI

Multiplexing of UCI and UL-SCH for LTE is shown in Figure 1. DFT-S-OFDM is used in LTE UL, the arrangement of these modulated symbols is before DFT spreading. After DFT spreading and allocation to corresponding subcarriers, all UCIs are distributed in all occupied PRBs, and therefore frequency diversity is obtained. OFDM is supported in NR UL. The pattern of multiplexing of UCI and UL-SCH shall be modified to enjoy frequency diversity. As shown in Figure 2, these examples may provide frequency diversity for UCI, which may be studied further.

Observation #1: Pattern of multiplexing of UCI and UL-SCH, which is different to that in LTE, shall be studied in NR to exploit frequency diversity for UCI.
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Figure 1. Multiplexing of UCI and UL-SCH in case of “UCI on PUSCH” for LTE
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Figure 2. Different pattern for multiplexing of UCI and UL-SCH in case of “UCI on PUSCH” for NR

2.2 Multiplexing of UCI and UL-SCH

There are two modes for UL PUSCH, CP-OFDM and DFT-S-OFDM. Due to frequency diversity gain in case of slot-based frequency hopping, RE allocation of DFT-S-OFDM follows time-first rule in LTE [3][4]. To address coverage limited scenario in NR, DFT-S-OFDM shall also follow time-first rule to gain frequency diversity. However, time-first rule is less friendly for HW implementation. UCI on PUSCH in LTE is revisited and we point out if there is potential change to help relax HW implementation effort. When HW implementation effort is reduced, it is possible to reduce generation latency, so that the timing between UL assignment and corresponding UL data transmission can be reduced. In that case, less HARQ processes are required and the transmission latency is also reduced
2.2.1 Analysis of multiplexing of UCI and UL-SCH in LTE
In LTE, RI and CQI/PMI rate-match UL-SCH rather than puncture UL-SCH. ACK/NACK punctures UL-SCH considering possible missing DL assignment (so that UE does not know it shall report ACK/NACK). Number of bits of CQI/PMI depends on RI, and therefore available resource for RI, CQI/PMI and UL-SCH is known only after the calculation of RI. There are at least two possible flows to implement the behavior

· Implementation A : Encoding chain of UL-SCH starts after CSI feedback calculation, i.e., Action A_2 starts after Action A_1, as shown in Figure 3.
· Action A_0 : DCI decoding is performed so that UE knows to transmit PUSCH with UCI. 
· Action A_1 : CSI feedback is calculated (RI and CQI/PMI are then obtained). After Action A_1, UCI are then encoded and allocated into subframe-based buffer.
· Action A_2 : Turbo-encoding and rate-matching of UL-SCH are performed. Since RI and CQI/PMI are already obtained, in the last step of rate-matching, i.e. bit selection from circular buffer, we know how many bits and where to be allocated to final subframe-based buffer for following operations (scrambling, modulation, …). Action A_2 also includes DFT spreading and IFFT processing.
· Action A_3 : It takes a little while for following operations (scrambling, modulation, DFT spreading, IFFT, …).

· Note : Implementation A spends larger TX generation time since encoding chain of UL-SCH does not run in parallel with CSI feedback calculation.
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Figure 3. Examples of Implementation A
· Implementation B : Encoding chain of UL-SCH runs in parallel with CSI feedback calculation. Action B_1 and Action B_2 run in parallel, and then Action B_3 follows, as shown in Figure 4.
· Action B_0 : DCI decoding.
· Action B_1 : CSI feedback is calculated (RI/CQI/PMI are then obtained)

· Action B_2 : Turbo-encoding and rate-matching of UL-SCH are performed. Since RI and CQI/PMI are not yet obtained, one method is to allocate more bits to the final subframe-based buffer, by assuming there is no UCI on PUSCH.

· Action B_3 : To generate the first transmitted DFT-S-OFDM symbol, UE needs to extract correct bits from the buffer. Since the number of RE for CQI/PMI may vary a lot, it is hard to have a simple rule so that UE may extract correct bits easily. As shown in Figure 4, UE needs to pick out those bits marked “v” for the first DFT-S-OFDM symbol. After correctly select bits to be transmitted, following operations (scrambling, modulation, DFT spreading, IFFT, …) are performed.

· Note : In Implementation B, encoding chain of UL-SCH runs in parallel with CSI feedback calculation, reducing a lot of TX generation time. However, it takes complicated addressing rule to extract correct bits from the buffer for each transmitted DFT-S-OFDM symbol.
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Figure 4. Examples of Implementation B
Implementation B has already helped UE to reduce TX generation time. However, complicated addressing rule (for extracting correct bits) is not friendly to UE implementation. If processing of UL-SCH and RI/CQI/PMI can be de-coupled, it is beneficial to implementation and to reduce generation latency, so that the timing between UL assignment and corresponding UL data transmission can be reduced. In that case, less HARQ processes are required and the transmission latency is also reduced (improved). For example, if UCI puncturing UL-SCH is adopted, in Implementation B, there is no need to move UL-SCH to correct position, and only partial UL-SCH bits are to be replaced by UCI. The processing time of Implementation C (all UCI punctures UL-SCH) is close to that of Implementation B and Implementation C does not need complicated addressing rule for extracting correct UL-SCH bits. Implementation C as described in below is one possible implementation for all UCI puncturing UL-SCH.
· Implementation C : Encoding chain of UL-SCH runs in parallel with CSI feedback calculation. Action C_1 and Action C_2 run in parallel, and then Action C_3 follows, as shown in Figure 5. It is noted that in the example Action C_1/C_2 of Implementation C are the same as Action B_1/B_2 in Implementation B.

· Action C_0 : DCI decoding.
· Action C_1 : CSI feedback is calculated (RI/CQI/PMI are then obtained)

· Action C_2 : Turbo-encoding and rate-matching of UL-SCH are performed. Since RI and CQI are not yet obtained, one method is to allocate more bits to the final subframe-based buffer, by assuming there is no UCI on PUSCH.

· Action C_3 : UCI is encoded and all following operations (scrambling, modulation, DFT spreading, IFFT, …) are performed
· Note : With appropriate design, Implementation C provides much smaller processing time compared to that of Implementation A and is simpler than Implementation B.
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Figure 5. Examples of Implementation C
Table 1 provides the comparison of the TX processing time among Implementation A/B/C. In the comparison, it is assumed that it takes 4 DFT-S-OFDM symbol time duration for DCI decoding, 7 for CSI calculation, 6 for TX encoding and rate-matching of UL-SCH, and 1 for remaining operations. With Implementation C, the processing time is greatly reduced (33.3% reduction), and it does not need complicated implementation to extract correct bits as in Implementation B. The reduced generation latency is beneficial for diminishing HARQ processes and reducing transmission latency. Therefore, we have the below Observation #2,
Observation #2: “UCI puncturing UL-SCH” may reduce the generation latency in UE side so that the timing between UL assignment and corresponding UL data transmission can be reduced.

Table 1. Comparison of TX processing time
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2.2.2 Summary

There are two modes for UL PUSCH for NR, CP-OFDM and DFT-S-OFDM. To improve BLER in case of DFT-S-OFDM, time-first rule of RE allocation shall be applied. Through the analysis in Section 2.2.1, considering the potential benefits of latency reduction and less HARQ processes, “all UCI puncturing UL-SCH” shall be considered. Different RE allocation pattern for UCI or UL-SCH may affect their BER/BLER performance a lot, and shall be further studied.
Proposal #1: 
NR considers “UCI punctures UL-SCH” for all UCIs regarding to “UCI on PUSCH” in waveform of DFT-S-OFDM. 

· FFS UCI puncturing pattern
Regarding to mode of CP-OFDM, since distributed PRB allocation can bring frequency diversity, there is no strong motivation to use “time-first RE allocation with slot-based frequency hopping” to gain frequency diversity for each codeblock (CB). Frequency-first RE allocation shall be applied to reduce “TX encoding latency & buffer” and “RX decoding latency & buffer”. Frequency-first RE allocation is a more friendly implementation, and in that case whether UCI punctures or rate-matches UL-SCH does not have much difference for the total TX generation time.
3 Conclusion
This contribution analyzes the feature of UCI on PUSCH, and we have following observations
Observation #1: Pattern of multiplexing of UCI and UL-SCH, which is different to that in LTE, shall be studied in NR to exploit frequency diversity for UCI.

Observation #2: “UCI puncturing UL-SCH” may reduce the generation latency in UE side so that the timing between UL assignment and corresponding UL data transmission can be reduced.

Considering the potential benefits of latency reduction and less HARQ processes, it is proposed :
Proposal #1: 
NR considers “UCI punctures UL-SCH” for all UCIs regarding to “UCI on PUSCH” in waveform of DFT-S-OFDM. 

· FFS UCI puncturing pattern
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