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Introduction
At the last meeting, there were discussions on details of codeword (CW) mapping including resource element mapping, frequency interleaving, etc. Agreements were reached as follows [1].
	Agreements:
· Companies are encouraged to provide evaluation results especially for URLLC, intra-slot frequency hopping, dynamic TDD and high speed train scenarios
· Practical simulation assumptions e.g. CBG based HARQ, pre-emption indication, DMRS, interleaver should be considered.
· For both CP-OFDM and DFT-S waveforms
· Evaluation should be done considering both slot and mini-slot.
Agreements:
· NR supports higher layer signalling for the maximum number of MCS/RV/NDI in DCI for PDSCH
· FFS HARQ ID 
· Unless indicated otherwise, UE assumes single MCS/RV/NDI in DCI, i.e. up to four MIMO layers
· NR supports higher layer signalling for the maximum number of CQIs in UCI
· Unless indicated otherwise, UE assumes single CQI in UCI, i.e. up to four MIMO layers in RI report
· FFS subband CQI
· FFS Whether or not the actual number of CQIs is also RI dependent
· Note: This higher layer signalling can be the other signalling related to RI/PMI reporting (e.g. RI restriction)
· FFS applicability on single/multi TRP


In this contribution, we present our views on details on resource element mapping for NR.
Discussion
· Resource element mapping
General
After the modulation mapping, data symbols are to be mapped into resource elements (REs) across layer, time (OFDM symbol) and frequency (subcarrier) dimensions. Generally, there are six options listed as follows. In the LTE/LTE-A, the options 1 and 2 are supported for the downlink and uplink, respectively.
· Option 1: Layer  Frequency  Time (LTE/LTE-A DL)
· Option 2: Layer  Time  Frequency (LTE/LTE-A UL)
· Option 3: Frequency  Layer  Time
· Option 4: Frequency  Time  Layer
· Option 5: Time  Layer  Frequency
· Option 6: Time  Frequency  Layer
One of the important requirements for NR design is the fast data decoding, i.e., pipe-line decoding of PDSCH/PUSCH. In this sense, it is natural that a codeblock (CB) is firstly mapped in the layer and frequency domains as in the options 1 and 3. In addition, option 1 achieves spatial diversity gain by distributing a single CB to multiple MIMO layers. Thus the option 1 is to be supported for both of the uplink and downlink. 
Observation 1: Option 1 (LayerFrequencyTime) is effective to achieve pipe-line decoding and spatial diversity gain.
Pre-emption of URLLC packet
For the NR system, there is a situation that eMBB UEs and URLLC UEs co-exists. Figs. 1 show the case when eMBB REs are pre-empted by URLLC REs. Here, we’d like to discuss about CW mapping for two different NR HARQ schemes that is CB group (CBG)-level and CW-level HARQ. If CW mapping starts with frequency domain as in Fig. 1(a), received data is more likely to have busty error that has an impact on LDPC channel coding/decoding performance. Similarly, successive CW mapping in layer-domain also results in bursty error, since URLLC packets pre-empt both of the eMBB layers. The mapping of Fig. 1(a) is more suitable for CBG-level HARQ, since the symbol errors are localized into specific CBGs and re-transmission occurs for the part of CBGs instead of re-transmission the whole TB. In order to localize the symbol errors, the order of CW mapping should be LayerFrequencyTime for CBG-level HARQ. On the other hand, for CW-level HARQ, time-domain mapping should come earlier than frequency-domain mapping as shown in Fig. 1(b), since error symbols are more likely to be distributed to different CBGs. Options 2, 5 and 6 realizes that property and option 2 seems preferable, since it also achieve spatial diversity gain. This order is also effective even for CBG-level HARQ with low LDPC coding rate, since unit of HARQ becomes large according to the decrease of the code rate.
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       (a) FrequencyTime                                                                (b) TimeFrequency
Figure 1: Co-existence of eMBB and URLLC packet (eMBB REs are pre-empted by URLLC REs)
Observation 2: Considering co-existence of eMBB and URLLC UEs, 
· Option 1 (LayerFrequencyTime) is suitable for CBG-level HARQ.
· Option 2 (LayerTimeFrequency) is suitable for CW-level HARQ (or CBG-level HARQ with low LDPC coding rate).
Frequency hopping for the uplink
At the RAN1#89 meeting, intra-slot frequency hopping has been agreed for DFT-s-OFDM based PUSCH transmission. In order to exploit frequency hopping gain, a CB should be mapped in both of the frequency hopping resources. For LTE/LTE-A, time-first mapping is supported to fully exploit frequency hopping gain. It is very important that NR potentially achieves same or better coverage compared to LTE/LTE-A considering existing cell planning and future migration. 
Observation 3: RE mapping that exploits frequency hopping gain should be supported for DFT-s-OFDM with intra-slot frequency hopping.
We present link-level simulation results to clarify the performance for different RE mapping schemes for uplink DFT-s-OFDM with intra-slot frequency hopping.  Detailed simulation parameters are given in Table A. In the simulation, carrier frequency is set to 4 GHz. The system bandwidth is set to 150 RBs with the data allocated bandwidth of 10 and 50 RBs. We apply three different MCS sets of QPSK (R=1/2), 16QAM (R=1/2) and 64QAM (R=5/6). We compared five RE mapping schemes presented in Figures 2. The scheme 1 achieves freqency first mapping that is based on the option 1 presented in Sec. 2. This scheme doesn’t achieve frequency diversity gain for a CB, since a CB is localized in a either of the hopping resource (To be more precise, one CB may be mapped across hopping resouces, but other CBs don’t). On the other hand, other schemes, i.e., schemes 2a-2d, achieves frequency diversity gain, since a CB is distributed to both of the hopping resources.
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(a) Scheme 1                                         (b) Scheme 2a                                           (c) Scheme 2b
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(d) Scheme 2c                                      (e) Scheme 2d 
Figure 2: RE mapping for frequency hopping (Example for 2 CBs)

Figures 3 shows link-level simulation results for the different RE mapping schemes for frequency hopping. From the results, performance difference for schemes 2a-2d is relatively small for the case of the number of CB of 1. This is because, for all schemes, a CB is mapped to both of the hopping resources and achieves frequency hopping gain. On the other hand, for the number of CBs of two or larger, we can observe frequency diversity gain for schemes 2a-2d compared to scheme 1 (frequency first mapping).  More specifically, the frequency diversity gain of approx. 1.5-2 dB is observed at the average BLER of 0.1. Performance is similar between schemes 2a-2d. Among them, schemes 2a or 2b achieves relatively simple implementation. In addition, scheme 2b is slightly beneficial in terms of pipe-line operation.
Observation 4: For frequency hopping, performance for regular frequency first mapping (as in scheme 1) is degraded compared to schemes 2a-2d with freqency hopping gain. 
Observation 5: Either of scheme 2a or 2b is to be introduced in order to achieve frequency hopping gain.
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(a) Resource allocation = 10 RBs
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(b) Resource allocation = 50 RBs
Figure 3: BLER performance for different RE mapping schemes

Considering the discussions above, we have following proposal for RE mapping for NR.
Proposal 1: Following CW mapping options are supported for NR.
· Option 1: Layer  Frequency  Time
· Option 2: Layer  Time  Frequency
· Default procedure
Even if multiple CW mapping schemes can be selected, e.g., by RRC signaling, we need to determine default procedure before RRC connection is setup. For example, it is necessary that we determine CW mapping for random access messages 2/3 and SIB1. For the signals, it is generally more important to consider signal coverage rather than fast data decoding.
Proposal 2: Default procedure before RRC connection should be specified for RE mapping for NR, e.g., option 2 for DFT-s-OFDM with frequency hopping and option 1 for others.
· Flexible CW mapping
Considering many different requirements for CW mapping as discussed above, it is better that gNB can dynamically control CW mapping, e.g., based on the existence of URLLC pre-emption and configured TB-based or CBG-based transmission. In order to cater for this, it is proposed that CW mapping is controlled with the number of TTI and the number of OFDM symbols per TTI that is dynamically signaled in DCI. Here, we show an example with the CW mapping with the order of “Time (within TTI)  Frequency  Time (across TTI)”.  By adjusting the two parameters, i.e., the number of TTI and the number of OFDM symbols per TTI, time and frequency domain mapping can be flexibly controlled as shown in Fig. 4.
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(a) 1TTI (12 symbols per TTI)            (b) 12TTIs (1 symbol per TTI)            (c) 3TTIs (4 symbols per TTI)
Figure 4: Flexible CW mapping
Observation 6: Options 1 and 2 can be achieved by following rule.
· CW mapping is performed in the following order: Layer  Time (within TTI)  Frequency  Time (across TTI)
Proposal 3: Support following CW mapping rule for NR.
· Layer  Time (within TTI)  Frequency  Time (across TTI)
· Time (within TTI)  Frequency  Time (across TTI)  Layer
· Frequency domain interleaving
In the previous meetings, there was a discussion on necessity of frequency domain interleaving. The interleaving can achieve frequency diversity gain in frequency selective channel and interference. The gain becomes relatively large when LDPC CB-length (after modulation mapping) is sufficiently shorter than the number of scheduled subcarriers. For instance, assuming maximum CB-length of 8192 (including 24-bit CRC), 4 MIMO layers, 256QAM (R=8/9) and 275 RBs, more than 11 CBs are accommodated within single OFDM symbol. Although the gain of frequency domain interleaving is generally limited to high SINR region with high rank and MCS, it should not be harmful even for low to intermediate SINR at least when CW based HARQ is applied (non-CBG-based HARQ).
Proposal 4: Frequency domain interleaving is supported for NR.
Summary
In this contribution, we presented our views on CW mapping. Observations and proposals were reached as follows.
Observation 1: Option 1 (LayerFrequencyTime) is effective to achieve pipe-line decoding and spatial diversity gain.
Observation 2: Considering co-existence of eMBB and URLLC UEs, 
· Option 1 (LayerFrequencyTime) is suitable for CBG-level HARQ.
· Option 2 (LayerTimeFrequency) is suitable for CW-level HARQ (or CBG-level HARQ with low LDPC coding rate).
Observation 3: RE mapping that exploits frequency hopping gain should be supported for DFT-s-OFDM with intra-slot frequency hopping.
Observation 4: For frequency hopping, performance for regular frequency first mapping (as in scheme 1) is degraded compared to schemes 2a-2d with freqency hopping gain. 
Observation 5: Either of scheme 2a or 2b is to be introduced in order to achieve frequency hopping gain.
Observation 6: Options 1 and 2 can be achieved by following rule.
· CW mapping is performed in the following order: Layer  Time (within TTI)  Frequency  Time (across TTI)
Proposal 1: Following CW mapping options are supported for NR.
· Option 1: Layer  Frequency  Time
· Option 2: Layer  Time  Frequency
Proposal 2: Default procedure before RRC connection should be specified for RE mapping for NR, e.g., option 2 for DFT-s-OFDM with frequency hopping and option 1 for others.
Proposal 3: Support following CW mapping rule for NR.
· Layer  Time (within TTI)  Frequency  Time (across TTI)
· Time (within TTI)  Frequency  Time (across TTI)  Layer
Proposal 4: Frequency domain interleaving is supported for NR.
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Table A: Link simulation parameters
[image: ]
- 6/6 -
image2.emf
Codeblock 1

Codeblock 2

Time

Freq.

Frequency

hopping


image3.emf

image4.emf
10

-3

10

-2

10

-1

10

0

-5 0 5 10

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

10

-3

10

-2

10

-1

10

0

0 5 10 15

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

QPSK (R=1/2)

Num. CB=1

16QAM (R=1/2)

Num. CB=1

10

-3

10

-2

10

-1

10

0

15 20 25 30

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

64QAM (R=5/6)

Num. CB=2


image5.emf
10

-3

10

-2

10

-1

10

0

-5 0 5 10

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

10

-3

10

-2

10

-1

10

0

0 5 10 15

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

QPSK (R=1/2)

Num. CB=2

16QAM (R=1/2)

Num. CB=3

10

-3

10

-2

10

-1

10

0

15 20 25 30

Scheme 1

Scheme 2a

Scheme 2b

Scheme 2c

Scheme 2d

Average BLER

Average received SNR (dB)

64QAM (R=5/6)

Num. CB=6


image6.emf
f

t

OFDM symbol


image7.emf
Parameters Values

Carrier frequency 4 GHz

System bandwidth 150 RBs

Subcarrier spacing 15 kHz

Data allocation 10, 50 RBs

UE speed 3 km/h

MCS QPSK (R=1/2), 16QAM (R=1/2), 64QAM (R=5/6)

UE Tx antenna configuration 1

TRP Rx antenna configuration 2

Channel estimation Real estimation

Channel model TDL-C for DS = 100 ns
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