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Introduction
Frequency hopping is an important tool to improve PUSCH performance, and so is being enhanced in Rel-17 for use with joint channel estimation (JCE) in the NR coverage enhancement work item. Rel-17 enhanced frequency hopping, also called Rel-17 multi-slot frequency hopping, allows a UE to hop every multiple consecutive slots. However, the combination of the JCE and Rel-17 multi-slot frequency hopping may hinder the use of the enhanced frequency hopping. In this contribution, we investigate the performance of Rel-17 multi-slot frequency hopping without JCE. 
During Rel-17 discussions on enhanced frequency hopping, using both the two hopping positions supported in Rel-15/16 and more than two hopping positions were considered. However, it was concluded that Rel-17 will only use two hopping positions. In this contribution, we also revisit the performance benefits of more than two hopping positions vs. the legacy Rel-15/16 inter-slot frequency hopping mechanisms and propose a way forward for further work.
This contribution is a revision of R1-2204873 and contains results on the benefit of using the Rel-17 hopping pattern without JCE for TDD patterns that cause unequal numbers of transmissions per frequency hopping position in Rel-15/16 hopping.
Discussion
[bookmark: OLE_LINK4]Independent DMRS bundling and Rel-17 multi-slot frequency hopping
[bookmark: OLE_LINK5]Compared with the legacy Rel-15 and Rel-16 inter-slot frequency hopping, a Rel-17 multi-slot frequency hopping is a more difficult challenge for gNB to pair two UEs with the same suitable frequency hopping interval and possibly the same number of repetitions. The larger the interval is, the less likely a satisfying pairing can be found. If the Rel-17 multi-slot frequency hopping is only allowed to be used on top of JCE, the limited number of UEs in a cell supporting JCE would make the pairing even harder or risk that one UE ends up using two frequency hopping positions alone [1]. On the other hand, the use of Rel-17 multi-slot frequency hopping independent from JCE is beneficial from spectrum efficiency perspective. In this section, we investigate the performance of using Rel-17 multi-slot frequency hopping independently of DMRS bundling.
1.1.1 For PUSCH Repetition Type A in FDD
[bookmark: _Hlk86843313]Inter-slot frequency hopping is supported in NR Rel-15/16, where PUSCH hops every slot and has two hopping positions in the frequency domain. The Rel-17 frequency hopping interval for PUSCH transmission was agreed in RAN1#108e as shown below.
	Agreement 
· Values for PUSCH-Frequency hopping-Interval are “{2, 4, 5, 6, 8, 10, 12, 14, 16, 20}”
·   Note: For unpaired spectrum, UE is not expected to be configured the value of 6, 8, 12, 14, 16



[bookmark: OLE_LINK12]Frequency hopping improves performance by increasing frequency diversity. The common thinking is the more often a UE hops, the better performance it would have. Figure 1 and Figure 2 show the performance of different frequency hopping patterns in FDD without JCE at low speed. In these simulations, the UE is allocated two PRBs per slot, eight PUSCH repetitions and the frequency hopping offset between the two hops is 102 PRBs. The simulated frequency hopping patterns include Rel-15 inter-slot frequency hopping and Rel-17 multi-slot frequency hopping with interval as 2 slots and 4 slots (i.e. where the UE dwells on the same PRBs for 2 slots or 4 slots). Detailed simulation parameters are in Table 1 in Appendix.
In Figure 1, with RV pattern {0, 2, 3, 1}, frequency hopping with intervals of 2 slots and 4 slots outperform the Rel-15 inter-slot frequency hopping by 0.5 dB. With the Rel-15 frequency hopping, RV0 and RV3, which carry systematic bits and are more crucial to decoding, are transmitted in the same hopping position. But with intervals of 2 slots and 4 slots, the two RVs spread evenly on both hopping positions and therefore are more robust against frequency-selective fading. Figure 2 shows Rel-15 and Rel-17 frequency hopping patterns have similar performance with RV pattern {0, 3, 0, 3}. The reason is that RV0 and RV3 are transmitted evenly on two hopping positions irrespective of frequency hopping patterns. 
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[bookmark: OLE_LINK6]Figure 1, different frequency hopping patterns for PUSCH repetition Type A with RV pattern {0, 2, 3,1}
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[bookmark: _Hlk100927224]Figure 2, different frequency hopping patterns for PUSCH repetition Type A with RV pattern {0, 3, 0, 3}
The differences in performance can be also understood through Figure 3 below. For the {0,2,3,1} RV sequences on the left, it can be seen that Rel-15 hopping RVs 0 and 3 that carry systematic bits are on hopping offset #0, whereas RVs 1 and 2 that do not carry systematic bits are on offset #1, which leads to an imbalance of frequency hopping gain. Considering the RV {0,3,0,3} sequences on the right, RVs 0 and 3 are only carried on one offset, whereas for Rel-17 hopping, they are mixed among the hops. The Rel-17 hopping only provides a slight gain from its better balance, since RVs 0 and 3 have a similar distribution of systematic and parity bits for this RV sequence.
[image: ]	[image: ]
Figure 3, Rel-15 and Rel-17 FDD frequency hopping patterns with available slot counting

· [bookmark: _Hlk101703805]Rel-17 multi-slot frequency hopping with frequency hopping intervals of 2 slots or 4 slots outperforms the legacy Rel-15/16 inter-slot frequency hopping by 0.5 dB for PUSCH repetitions with RV pattern {0, 2, 3,1} in FDD.
1.1.2 For PUSCH Repetition Type A in TDD
The unbalanced frequency domain distribution of decoding-essential RVs intertwines with the non-consecutive UL slots and irregularly transmitted RVs determined by physical slot index in TDD. Figure 4 illustrates RV distribution across hopping positions for TDD pattern DDDSUDDSUU and PUSCH repetition Type A based on physical slot counting with K=16. The Rel-15 inter-slot frequency hopping causes a general 4 : 2 ratio of two hops among 6 actual PUSCH transmissions, and RV0 and RV3 locate in one hopping position. The Rel-17 frequency hopping pattern with a frequency hopping interval of 10 slots has a general 3: 3 ratio, but the same RV in one hop. An interval of 5 slots has a balanced RV0 and RV3 between two hops, though it is unbalanced for all repetitions.
[image: ]
Figure 4, Rel-15 and Rel-17 TDD frequency hopping patterns with physical slot counting
If available slot counting is used, a more equal distribution of the RVs can be achieved, and better performance can be expected with {0,2,1,3} RV sequences, as shown in Figure 5.  Unfortunately, the Rel-15 hopping pattern even with available slot counting still has imbalanced RV distributions among hops, as can be seen in Figure 5 below, as well as an unequal number of slots per hopping offset. On the other hand, if the Rel-17 hopping sequences are used (in this example with a 10 slot hopping interval), the best balance for the number of transmissions per hopping offset and for the RVs across the hopping offsets can be achieved. 
Figure 5-1 shows the performance of hopping configurations illustrated in Figure 5. For PUSCH repetition Type A based on available slot counting with K=4, Rel-17 frequency hopping with interval of 10 slots outperforms Rel-15 inter-slot frequency hopping by 0.3dB. The gain is a bit smaller than the 0.5dB in FDD, probably due to reduced diversity gains from frequency hopping given 4 Rx for TDD compared to 2 Rx with FDD. Overall, we observe that the ability of Rel-17 multi-slot frequency hopping to counteract Rel-15/16 inter-slot frequency hopping’s problem of unbalanced frequency hops in TDD complements the gains from the better RV determination from available slot counting.

[image: ]
Figure 5, Rel-15 and Rel-17 TDD frequency hopping patterns with available slot counting
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Figure 5-1, different frequency hopping patterns for PUSCH repetition Type A based on available slots in TDD

· [bookmark: _Hlk101703811]Rel-17 multi-slot frequency hopping can solve Rel-15/16 inter-slot frequency hopping’s problem of unbalanced frequency hops in TDD and complements the gains from the better RV determination from available slot counting.
[bookmark: _Hlk101703818]Proposal 1
· Allow the Rel-17 inter-slot frequency hopping pattern to be configured regardless of if DMRS bundling is configured.
[bookmark: _Ref68169350]Rel-17 multi-slot frequency hopping with more than two hopping positions
It was agreed in RAN1#108 that no more than two frequency hopping positions will be supported in Rel-17, in our understanding due to time limitations in the work item. Since adding a hopping position to the legacy Rel-15/16 inter-slot frequency hopping or the Rel-17 hopping pattern is relatively straightforward to specify and adds very little to UE complexity, it is worth reviewing the gains of an additional hopping offset.
Conclusion
For frequency hopping for PUCCH/PUSCH repetitions with DMRS bundling, in Rel-17, there is no consensus to increase the number of frequency offset over what are supported in Rel-15/16.
1.1.3 In combination with Rel-17 multi-slot frequency hopping
The inter-slot frequency hopping performance can be enhanced by increasing the number of repetitions per hop (as discussed in 2.1) and the number of hopping positions. Examples of the Rel-17 frequency hopping pattern with two and three hopping positions for TDD pattern (DDDSUDDDUU) are illustrated as follows for TDD with eight PUSCH repetitions based on available slots:
Alt1 (2 hops):
[image: ]

[bookmark: OLE_LINK15]Alt2 (3 hops): 3 hop positions with interval of 5 slots bring more frequency selectivity, in addition to the balanced time domain distribution
[image: ]
[bookmark: _Hlk83976454]Performance comparison between the two alternatives is shown in Figure 6, at 4GHz, for 30 ns delay spread and 3 km/h UE speed. More simulation details can be found in Table 1. About 0.5dB gain @ 10% BLER and 1 dB gain @1% BLER can be obtained from an additional hopping position in the aggregation slots. 

· [bookmark: _Hlk101703826]An additional hopping position can bring a diversity gain of about 0.5 dB @ 10% BLER and 1 dB @ 1% BLER for repetition Type A.
 [image: ]
[bookmark: _Ref83924796]Figure 6, BLER performance for different numbers of hopping positions with FH interval without JCE
1.1.4 In combination with the legacy Rel-15/16 inter-slot frequency hopping
The above shows the use of additional hopping position in combination with the Rel-17 frequency hopping pattern, where the frequency hopping interval is at least two slots. Now we consider the additional hopping position applied to Rel-15 inter-slot frequency hopping, namely a UE hops among the three hops in every slot. 
Figure 7 shows the performance of different numbers of hopping positions for TBoMS. In this case, the UE is allocated two PRBs and a single TBoMS over four slots together with four repetitions without DMRS bundling. We simulated a hopping pattern with two hopping positions (as in Rel-15/16) and three hopping positions (the hopping offset determined by mod(slot index, 3)). For three hopping positions, the hopping offset is 24 PRBs. For two hopping positions, the hopping offset is 48 PRBs. Comparing the curves at 10% and 1% BLER, we observe that using one more frequency hopping position can bring 0.7 dB and 1.4 dB additional frequency hopping gain, respectively, in this scenario. 
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Figure 7, different frequency hopping positions for TBoMS with repetition

· [bookmark: _Hlk101703832]One more frequency hopping position can bring a better performance for four repetitions of a TBoMS over four slots.
· In the 700 MHz scenario simulated, gains of 0.7 dB at 10% BLER and 1.4 dB at 1% BLER were observed
[bookmark: _Hlk101544052]Given the strong gains found when used with TBoMS as well as for repetition Type A, more than two hopping positions should be supported for both PUSCH repetition Type A and TBoMS.
Proposal 2:
· [bookmark: _Hlk101703837]Support more than two hopping positions in future work in RAN1 for both PUSCH repetition Type A and TBoMS.
Summary
In this contribution, we investigated the performance of Rel-17 frequency hopping pattern originally developed for joint channel estimation applications but used without DMRS bundling.  We also studied the performance benefit of more than two frequency hopping positions vs. the two positions that are supported by Rel-15/16. We make the following observations and proposals:
Observations:
1. Rel-17 multi-slot frequency hopping with frequency hopping intervals of 2 slots or 4 slots outperforms the legacy Rel-15/16 inter-slot frequency hopping by 0.5 dB for PUSCH repetitions with RV pattern {0, 2, 3,1} in FDD.
2. Rel-17 multi-slot frequency hopping can solve Rel-15/16 inter-slot frequency hopping’s problem of unbalanced frequency hops in TDD and complements the gains from the better RV determination from available slot counting.
3. An additional hopping position can bring a diversity gain of about 0.5 dB @ 10% BLER and 1 dB @ 1% BLER for repetition Type A.
4. One more frequency hopping position can bring a better performance for four repetitions of a TBoMS over four slots.
· In the 700 MHz scenario simulated, gains of 0.7 dB at 10% BLER and 1.4 dB at 1% BLER were observed
Proposals:
1. [bookmark: _Hlk101703848]Allow the Rel-17 inter-slot frequency hopping pattern to be configured regardless of if DMRS bundling is configured.
2. [bookmark: OLE_LINK8]Support more than two hopping positions in future work in RAN1 for both PUSCH repetition Type A and TBoMS.
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Appendix: Simulation parameters
Table 1: Simulation parameters
	System
	Carrier frequency: 700MHz/4 GHz
SCS: 15 kHz SCS/30kHz 
Mode: FDD/TDD
Waveform: DFT-s-OFDM
TDD format: DDDSUDDSUU

	UE speed
	3 km/h

	MCS table
	Table 1 for PUSCH with transform precoding (q=2)

	MCS index
	4

	DMRS configuration
	Type 1, with 2 DMRS symbols per slot

	PUSCH duration
	14 symbols

	Channel
	TDL-C (NLoS), medium correlation

	Antennas
	1T2R for FDD/1T4R for TDD

	Function
	Disable HARQ and Link adaptation

	Impairments
	0.10 ppm CFO (70 Hz)


	Receiver
	Practical 
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