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1 Introduction
During the past few 3GPP meetings, some progresses are made for the feature “UCI on PUSCH”.

Regarding to general principle

Agreements: (RAN1#90)
· For frequency first mapping, UCI resource mapping principles (e.g., around RS) are common for PUSCH with DFT-s-OFDM waveform and CP-OFDM waveform
Regarding to HARQ-ACK,

Agreements: (RAN1 NR AH#3)
· Confirm the working assumption:

· For slot-based scheduling, for HARQ-ACK with more than 2 bits, PUSCH is rate-matched.

· For slot-based scheduling, for HARQ-ACK with up to 2 bits, PUSCH is punctured.
Agreements: (RAN1#90bis)
· For ACK piggybacked on PUSCH, map ACK to distributed REs across PUSCH allocated RBs 

· Details FFS

Agreements: (RAN1#90bis e-mail)
· When HARQ-ACK piggyback on PUSCH, the same rule is applied to map encoded HARQ-ACK bits to HARQ-ACK REs, regardless of HARQ-ACK puncture or rate match PUSCH. 
· HARQ-ACK avoids puncturing PT-RS.

· Down select to one from the following two alternatives

· MAP HARQ-ACK to REs around DMRS symbol(s)

· Map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable.

Regarding to CSI,

Agreements: (RAN1#90)
· At least for periodic CSI report configured by RRC and aperiodic CSI report triggered by UL grant, the UL data is rate-matched around the UCI

Agreements: (RAN1#90bis)
· For CSI piggybacked on PUSCH, map CSI to distributed REs across PUSCH allocated RBs 

· Details FFS

Agreements: (RAN1#90bis)
· For CSI piggybacked on PUSCH, support splitting CSI mapping (at least for some CSI) into two parts, where the two parts are mapped differently 

· FFS details (e.g., grouping of different CSI types and map them into different REs, which types of CSI, etc.)

· FFS impact of frequency hopping (if any)

Agreements: (RAN1#90bis)
· If freq hop is disabled for PUSCH, CSI piggybacked on PUSCH follows freq first mapping rule

· FFS details

· FFS the case when hopping is enabled
The detailed allocation pattern of HARQ-ACK and CSI is still under discussion. In this contribution, allocation pattern of HARQ-ACK and CSI is discussed in Section 2, and in Section 3, respectively.

2 HARQ-ACK allocation pattern for “UCI on PUSCH”
Regarding to HARQ-ACK allocation pattern for “UCI on PUSCH”, after some discussion, the below agreement was made, and we will have down selection between two alternatives.
Agreements: (RAN1#90bis e-mail)
· When HARQ-ACK piggyback on PUSCH, the same rule is applied to map encoded HARQ-ACK bits to HARQ-ACK REs, regardless of HARQ-ACK puncture or rate match PUSCH. 
· HARQ-ACK avoids puncturing PT-RS.

· Down select to one from the following two alternatives

· MAP HARQ-ACK to REs around DMRS symbol(s)

· Map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable.

For simplicity, we call these two alternatives as Alt1 and Alt2,

· Alt1 : MAP HARQ-ACK to REs around DMRS symbol(s)

· Alt2 : Map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable.
and Figure 1 shows potential implementation of Alt1 and Alt2. We will discuss the pros and cons for these two alternatives.
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Figure 1. Potential implementation of Alt1 and Alt2 of HARQ-ACK allocation pattern

One unified HARQ-ACK allocation rule has to be designed considering

· Supported range of HARQ-ACK bits payload sizes
· Different kinds of DMRS pattern for PUSCH

· HARQ-ACK puncturing or rate-matching

The HARQ-ACK payload size could be huge taking into account TDD, CA, CBG operation. Regarding to DMRS pattern, as shown in Figure 2, these DMRS patterns are already supported in PUSCH for different scenario. The design principle of Alt2 does not take into account the position of DMRS and its allocation rule can be quite simple. However, for Alt1, DMRS position has to be considered seriously. One natural design of Alt1 is to evenly distribute all HARQ-ACK bits into OFDM symbols next to DMRS symbol. However, when HARQ-ACK payload size is huge and there is only one DMRS symbol and the DMRS symbol is the first one, the available resource for HARQ-ACK is limited. One may additionally to use the second next OFDM symbols in that case, but to handle so many exception scenario the allocation rule of Alt2 will anyway become complicated.
Observation #1: It is hard to have a simple mechanism for Alt1 of HARQ-ACK allocation pattern to accommodate various potential DMRS position supported by PUSCH. 
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Figure 2. Examples of supported DMRS patterns of PUSCH

Regarding to HARQ-ACK puncturing or rate-matching, based on the below agreement, PUSCH is punctured for HARQ-ACK with up to 2 bits.

Agreements: (RAN1 NR AH#3)
· Confirm the working assumption:

· For slot-based scheduling, for HARQ-ACK with more than 2 bits, PUSCH is rate-matched.

· For slot-based scheduling, for HARQ-ACK with up to 2 bits, PUSCH is punctured.
Therefore, it is less serious that HARQ-ACK puncturing introduces imbalance puncturing among code blocks no matter Alt1 or Alt2 is applied. However, we still need to avoid HARQ-ACK puncturing CSI part 1 seriously since payload size of CSI part 1 is typically small. From agreements in RAN1#90bis, if freq hop is disabled for PUSCH, CSI piggybacked on PUSCH follows freq first mapping rule with distributed REs across PUSCH allocated RBs. Figure 3 shows one example for CSIpart1 allocation pattern in case of certain DMRS pattern. In such scenario, CSIpart1 bits are punctured by HARQ-ACK bits, if Alt1 of HARQ-ACK pattern is adopted. To jointly consider the allocation of HARQ-ACK and CSI may be possible, but it complicates the whole mechanism of UCI on PUSCH.
Observation #2: It is hard to have a simple mechanism for Alt1 of HARQ-ACK allocation pattern to prevent serious puncturing CSIpart1. 
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Figure 3. One example of CSI allocation followed by HARQ-ACK puncturing
Based on our observation #1 and #2, we propose:
Proposal #1: When HARQ-ACK is piggybacked on PUSCH, map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable
Proposal #1 could be realized by the following steps:

1. Suppose we need m REs for HARQ feedback. The number of symbols to be allocated is denoted by N, and nPRB is the number of PRBs allocated to PUSCH. The value m is derived from modulation order adopted on PUSCH and a 𝛽 value signalled through RRC or dynamic signalling.
1.1 Since we are mapping HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible. Therefore, N is the number of OFDM symbols without DMRS.
2. For the first N-1 symbols, the number of REs carrying UCI in one symbol is set to
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3. In the last symbol, 
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 REs carry UCI encoded bits.
4. Apply the steps in 4.1 and 4.2 for each symbol i.

4.1 Set a step size equal to 
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 is the number of available REs for carrying UCI in the i-th symbol, and start to allocate UCI RE to the RE indexed by
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; otherwise skip the RE. 
· Available REs for carrying UCI : In case of HARQ-ACK rate-matching, our mechanism is to allocate HARQ-ACK at first compared to CSI and UL-SCH, and therefore all REs are available. In case of HARQ-ACK puncturing, all REs are regarded as available REs. It is noted we already agree that “HARQ-ACK avoids puncturing PT-RS”. When allocating HARQ-ACK REs, if colliding to PT-RS, additional RE shift is applied

4.2 If 4-1 is done, and the total number of allocated UCI REs is less than
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REs for UCI are all allocated.
It is expected that if the number of REs used per symbol is few, applying different offset for the starting location of each symbol is necessary to enjoy frequency diversity. 

Proposal #2: Apply different RE offset for the HARQ-ACK RE pattern at each OFDM symbol.

3 CSI allocation pattern for “UCI on PUSCH”
During e-mail discussion after RAN1#90bis, we have the common understanding that CSI is always split into CSIpart1 and CSIpart2. Please refer to the Note in the below agreement.

Agreements:
         Four Beta_offset values are defined for CSI as one set, when CSI piggyback on PUSCH. 

         Four values are corresponding to the following cases:

o    Regardless CSI type 1 or 2, the number of bits for CSI part 1 OCSI_part1≤[11]
o    Regardless CSI type 1 or 2, the number of bits for CSI part 1 OCSI_part1>[11]
o    Regardless CSI type 1 or 2, the number of bits for CSI part 2 OCSI_part2≤[11]
o    Regardless CSI type 1 or 2, the number of bits for CSI part 2 OCSI_part2>[11]
Note: According to R1-1715288 and R1-1716901, CSI is always split into CSI part 1 and CSI part 2 when piggyback on PUSCH. (With CSI type 1, CSI part 2 does not exist when there is no PMI and with rank up to 4)

Based on the agreed principles in RAN1#90bis, “if freq hop is disabled for PUSCH, CSI piggybacked on PUSCH follows freq first mapping rule with distributed REs across PUSCH allocated RBs”, a unified allocation mechanism for both CSIpart1 and CSIpart2 is preferred.
The design for RE-mapping of UCI for PUSCH-based CSI reporting should provide both high reliability and low latency for network’s processing. Because of the dependency between part 1 and part 2 of UCI for PUSCH-based CSI reporting, to avoid error propagation, it was agreed that Part 1 (used to identify the number of information bits in part 2) has higher priority. To improve the reliability of UCI, diversity gain could be also utilized by spreading UCI encoded bits for CSI in frequency-domain and/or time-domain within scheduled PRBs. Since the gNB’s processing is sequential for part 1 and then part 2, front-loaded UCI is preferred to avoid introduce latency. In addition, in case of front-loaded UL DMRS, such resource allocation for part 1 and part 2 is beneficial because it is close to reference signal. In summary we have the following design principles:

· CSI part1 is allocated first and then CSI part2

· CSI part1 is allocated starting from the first OFDM symbols (excluding DMRS symbol)
· If available REs on the first selected OFDM symbol are enough for CSI part1, CSI part1 is allocated in distributed manner; however, if available REs are not enough for CSI part1, CSI part1 is allocated in all available REs from lower RE index to higher RE index. Then we check the available REs for the next OFDM symbol to carry remaining encoded bits for CSI part1 and repeat the step.
· Available RE : REs except REs of PT-RS, REs of HARQ-ACK (in case of rate-matching)
· After allocation of the whole CSI part1, it is CSI part2’s turn. CSI part2 is allocated starting from the ending symbol of CSI part1; similar mechanism is also applied to CSI part2
· Available RE: REs except REs of PT-RS, REs of HARQ-ACK (in case of rate-matching), REs of CSI part1
· In case of PUSCH hopping, each CSI part is distributed into two hops, and for each hop, apply allocation rules the same as the above
· These two first symbols of both hops can be regarded as one symbol by use of the above operations
Figure 4 shows an example based on our design principles.

[image: image20]
Figure 4. One example of CSI allocation for UCI on PUSCH
Based on these principles, we propose the following procedure to allocate UCI for CSI. This procedure is similar to that for HARQ-ACK. 

1. Suppose we need m REs for CSI part1. The value m is derived from modulation order adopted on PUSCH and a 𝛽 value signalled through RRC or dynamic signalling. The number of symbols to be allocated is denoted by N. 
2. Suppose that the number of available REs for carrying UCI in the i-th symbol is
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. For the first N-1 symbols, UCI REs are first mapped successively across sub-carriers that are not occupied yet, then across symbols.

3. In the last symbol, we need to select 
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 REs carry UCI encoded bits.
4. Apply the steps in 4.1 and 4.2 to the latest symbol:

4-1. Set a step size equal to 
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4-2. If 4-1 is done, and the total number of allocated UCI REs is less than
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REs for UCI are all allocated.
Figure 5 is an example illustrating allocation pattern after applying the procedure above for CSI part1. Here we note that the size of encoded bits for either part 1 or part 2 may be relatively small compared to the total number of bits can be carried within each PUSCH symbol, especially for the case a UE is allocated with large bandwidth. In such a case with large allocated bandwidth, distributing UCI to sparse REs along frequency-domain exhibits good diversity gain. (simulation results can be found in our contribution [1] @ RAN1#90bis)
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Figure 5. Example of UCI allocation with N=1, nPRB=30, s=2, m=184
In summary we have the following proposals on RE-mapping pattern for CSI report:

Proposal #3: CSI part1 is allocated first and then CSI part2.

Proposal #4: The number of symbols, N, to provide m REs for CSI part x is the smallest N such that 
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, where Ri is the number of available REs for carrying UCI in the i-th symbol. If N=1, CSI part x is allocated in distributed manner. If more than one symbol is needed for CSI part x, CSI part x is allocated in all available REs from lower RE index to higher RE index at each of the first N-1 symbols, and is allocated in distributed manner at the latest symbol.
The proposed RE-allocation procedure can be applied to the cases with frequency hopping with some modification. Suppose the indexes of allocated PRBs in the first-half slot form a set S1 and the indexes of allocated PRBs in the second-half slot form a set S2. We apply the proposed procedure to assign [image: image38.png]


 UCI REs to the PRBs belonging to S1 first for symbols within the first-half slot, and then assign [image: image40.png]


 UCI REs to the PRBs belonging to S2 for symbols within the second-half slot. Suppose the number of available REs in S1 and S2 are denoted by RS​1 and RS2, respectively. One may consider to set [image: image42.png]M; = [m/2]
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and [image: image48.png]M, = [m/2]



  such that M1≤RS1 and M2≤RS2. A special case is that S1 or S2 cannot provide m/2 REs for UCI. For example, we assume S1 provides fewer REs and if[image: image50.wmf]é
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, we may simply set M1=RS1 and M2=m-RS1. In this example, S1 is then fully occupied and no more REs available for other CSI part or UL data. To sum up, we have the following proposals for frequency-hopping based PUSCH:
Proposal #5: In case of PUSCH hopping, to evenly distribute each CSI part into two hops.

4 Other aspects of “UCI on PUSCH”
4.1 The order of UCI allocation 

When there are HARQ-ACK and CSI together on PUSCH. We follow the order to perform the allocation. 
· HARQ-ACK rate-matching : HARQ-ACK, CSIpart1, CSIpart2, and then UL-SCH
· HARQ-ACK puncturing : CSIpart1, CSIpart2, and UL-SCH, followed by HARQ-ACK puncturing
Figure 6 shows an example for both HARQ-ACK and CSI on PUSCH.

Proposal #6: When HARQ-ACK rate-matches PUSCH for UCI on PUSCH, the allocation order is HARQ-ACK, CSI part 1, CSI part 2, and then UL-SCH

Proposal #7: When HARQ-ACK punctures PUSCH for UCI on PUSCH, the allocation order is CSI part 1, CSI part 2, and UL-SCH, followed by HARQ-ACK puncturing 


[image: image51]
Figure 6. Examples of UCI on PUSCH when there are HARQ-ACK, CSIpart1, and CSIpart2

4.2 Power boosting for DMRS in case of UCI only 

Figure 7 shows an example of UCI on PUSCH with “UCI only”. To have a unified rule for both CP-OFDM and DFT-S-OFDM waveform, UCI is not allocated in DMRS-symbol. In case of “UCI only”, DMRS-symbol may contain empty REs. Power boosting for DMRS REs is necessary to keep the same UL transmission power among symbols within PUSCH to prevent impairment from power transient. 
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Figure 7. Examples of UCI on PUSCH for UCI only

5 Conclusion

The allocation pattern of HARQ-ACK and CSI for “UCI on PUSCH” is discussed in the contribution. After some analysis, we have the below proposals :

Proposal #1: When HARQ-ACK is piggybacked on PUSCH, map HARQ-ACK to REs across as many symbols within PUSCH (excluding DMRS symbol) as possible in both frequency hops if applicable
Proposal #2: Apply different RE offset for the HARQ-ACK RE pattern at each OFDM symbol.

Proposal #3: CSI part1 is allocated first and then CSI part2.

Proposal #4: The number of symbols, N, to provide m REs for CSI part x is the smallest N such that 
[image: image53.wmf]m

R

N

i

i

³

å

=

1

, where Ri is the number of available REs for carrying UCI in the i-th symbol. If N=1, CSI part x is allocated in distributed manner. If more than one symbol is needed for CSI part x, CSI part x is allocated in all available REs from lower RE index to higher RE index at each of the first N-1 symbols, and is allocated in distributed manner at the latest symbol.
Proposal #5: In case of PUSCH hopping, to evenly distribute each CSI part into two hops.

Proposal #6: When HARQ-ACK rate-matches PUSCH for UCI on PUSCH, the allocation order is HARQ-ACK, CSI part 1, CSI part 2, and then UL-SCH

Proposal #7: When HARQ-ACK punctures PUSCH for UCI on PUSCH, the allocation order is CSI part 1, CSI part 2, and UL-SCH, followed by HARQ-ACK puncturing 
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