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Introduction
According to [1], RAN1 should identify techniques for supporting the ultra-reliable part of URLLC requirements set forth in [2] starting in RAN1 NR Ad-hoc#2 meeting in June 2017. 
URLLC requirements are such that a small packet of size 32 byte can be transmitted within one-way latency of 1 ms with success probability of 1-10^-5. Diversity is the key element to achieve such strict reliability requirements. Frequency hopping is one approach to provide extra frequency diversity especially for uplink transmission.
Recent email discussions on frequency hopping for PUSCH [90b-NR-33, 3] and on frequency hopping, distributed allocation, and VRBs [90b-NR-31, 4] were concluded with the following agreements.
Agreements:
· Support PUSCH frequency-hopping for DFT-s-OFDM and CP-OFDM waveform with RA Type 1. 
· At least support intra-slot FH for Msg.3.   
· FFS: details including hopping pattern/configurations, signaling designs, etc.
· FFS whether applicable to all PUSCH durations within a slot 
· FFS: whether to support repetition of Msg.3
· Support UE-specific RRC configuration of the following: 
· Mode 1: intra-slot FH only 
· FFS whether applicable to all PUSCH durations within a slot
· Note: Mode 1 is applicable to single slot and repetition case
· Mode 2: inter-slot only 
· Note:  Mode 2 is applicable to repetition case
· FH across mini-slots for repetitions 
· FFS: whether it can be enabled by which mode and details, including alignment with slot boundary, pattern etc. Target to have a common FH design between slot and mini-slot.
· FFS: details including the number of configurations, hopping pattern/configurations, signaling designs, etc.
· Support RAR/UL grant indication for PUSCH frequency-hopping 
· FFS: details including how to indicate enable/disable and pattern/mode of FH.

Agreements:
1. The notion of VRB is included in the specifications.
1. A non-transparent VRB-to-PRB mapping (i.e. PRB_i=VRB_j where j=f(i)) is supported 
1. At least for resource allocation type 1
1. Discuss further whether to support it also for resource allocation type 0
1. At least a block-interleaver is used for VRB-to-PRB mapping 
2. FFS the details
1. A single bit in the DCI indicates localized or distributed VRB-to-PRB mapping.

In this contribution, we discuss and summarize aspects of frequency hopping relevant for high reliable transmission for URLLC. 
[bookmark: _Ref178064866]Discussion
URLLC reliability requirement is much stricter than eMBB. Traditional approaches to achieve diversity in time and frequency are to retransmit data multiple times and spread the data over a large bandwidth. However, these approaches may not be feasible due to strict latency constraint and limited frequency resources. Other forms of diversity are therefore required. Frequency hopping within a transmission duration can provide extra frequency diversity needed to achieve the strict requirement.   
Frequency hopping for PUCCH
Details of frequency hopping for different PUCCH formats have been finalized or close to being finalized. For example, PUCCH format 0 (short PUCCH with up to 2 bits) with duration of 2 symbols, UCI is repeated over the 2 symbols and frequency hopping can be enabled. For URLLC, PUCCH format 0 is expected to be the main format used for fast HARQ-ACK feedback. To achieve high reliability required for URLLC, frequency hopping is therefore important. For example, 2-3 dB gain can be obtained at low error probability when frequency hopping is enabled as shown in [5]. 
Similarly, for PUCCH format 2 (short PUCCH with more than 2 bits) carrying e.g. CSI, frequency hopping provides additional gain especially at low BLER for 2-symbol PUCCH as shown in [6].
If ultra-high reliability is needed for PUCCH, PUCCH formats 1 or 3 (long PUCCH) can be used. Both formats also support frequency hopping. 
[bookmark: _Toc498515987][bookmark: _Toc498519982][bookmark: _Toc498531570][bookmark: _Toc498531968][bookmark: _Toc498533218][bookmark: _Toc498535979][bookmark: _Toc498735647]Existing PUCCH formats in NR support frequency hopping and are suitable for URLLC.

Frequency hopping for PDSCH
Based on the agreements from the email discussion [90b-NR-31], a notion of VRB will be included in the specifications. With the introduction of non-transparent VRB-to-PRB mapping, it is therefore possible to allow for downlink distributed transmission. That is, downlink transmission can be spread in frequency domain, e.g., distributed resource mapping based on LTE DL RA Type 2. In this sense, frequency hopping is included in the resource mapping procedure and there is no need to specify specific operation of frequency hopping for PDSCH.
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Frequency hopping for PUSCH
According to the agreements from email discussion [90b-NR-33], inter-slot and intra-slot hopping can be supported for PUSCH. For URLLC, due to strict latency constraint, scheduling across multiple slots is irrelevant. However, with non-slot or mini-slot based transmission, frequency hopping across mini-slots becomes relevant especially for the case of data repetition. In this case, frequency hopping can provide additional frequency diversity gain on top of the repetition gain in general. 
On the other hand, it is not clear whether frequency hopping within mini-slot can provide reasonable performance gain. It depends on several factors including mini-slot duration, bandwidth used, etc. On one hand, with the small payload size of URLLC packet and relatively long mini-slot duration, e.g., 7 OFDM symbols, the coded symbols may not span large amount of bandwidth and frequency hopping within mini-slot can be beneficial. On the other hand, the code rate needed to achieve very low target BLER for URLLC can be extremely low. If mini-slot duration is of 2 or 4 OFDM symbols due to strict latency constraint, the coded data symbols may already span large bandwidth such that frequency hopping does not bring any extra frequency diversity gain.

Note that for UL mini-slot based transmission with repetition, having frequency hopping enabled across mini-slots is in some sense equivalent to intra-slot hopping for the slot-based transmission. Depending on the details and flexibility of intra-slot hopping position, it could be possible to design a unified hopping pattern for both intra-slot hopping for slot-based and inter mini-slot hopping for non-slot based transmissions.

An alternative to frequency hopping for mini-slot based transmission is to perform interlaced UL, i.e., assigning resources in frequency domain using comb structure. Having UE transmitting on different combs by utilizing large system bandwidth can also potentially reduce the effect of pre-emption.

[bookmark: _Toc498531572][bookmark: _Toc498531970][bookmark: _Toc498533220][bookmark: _Toc498535981][bookmark: _Toc498735649]For non-slot based transmission with repetition, frequency hopping across mini-slots can provide additional frequency diversity gain on top of the repetition gain in general.
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Conclusion

In section 2 we made the following observations:
Observation 1	Existing PUCCH formats in NR support frequency hopping and are suitable for URLLC.
Observation 2	Frequency hopping for PDSCH is included in the notion of VRB-to-PRB mapping.
Observation 3	For non-slot based transmission with repetition, frequency hopping across mini-slots can provide additional frequency diversity gain on top of the repetition gain in general.
Observation 4	It is possible to design a unified hopping pattern for both intra-slot hopping for slot-based and inter mini-slot hopping for non-slot based transmissions taking into account slot boundary alignment and flexibility of intra-slot hopping position.
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