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1. Introduction
In this paper we describe two potential items for TEI NR Rel-17
· Improved Frequency-Domain Interleaving
· Enhancements to Short PUCCH Format
1. TEI17 Item #1: Improved Frequency-Domain Interleaving
Starting from NR Rel-15, it was identified that at large BWs and high data rates and high rank, several codeblocks (~12) can be mapped onto any single OFDM symbol. When this happens, even though interleaving exists within any given code block, the frequency diversity of each codeblookc can be relatively small since each CB occupies only a small set of PRBs. VRB-to-PRB interleaved mapping was introduced to distribute codeblocks across frequency. 
[image: ]
Unfortunately, several limitations of the NR Rel-15 VRB-to-PRB solution were identified in practice:
· Small performance gains are observed since CBs are only distributed along two sub-bands that are diverse in frequency. Much larger gains can be achieved with higher-depth interleavers having more diversity. 
· VRB-to-PRB interleaved mapping is happening within the BWP and not within the UE’s scheduled allocation which limits the ability to multiplex UE’s with different BWP configurations. VRB-to-PRB mapping may preclude coexistence of different UE’s with BWP switching for power savings. 
· There is no mode of CSI reporting which assumes VRB-To-PRB interleaved mapping, while dynamic switching between the interleaved and non-interleaved mapping is specified. The scheduler does not have an indication from the UE whether, in any given conditions, it will be beneficial to dynamically switch ON/OFF the interleaved mapping. 

As a simple simulation example, we consider the case of high throughput / high spectral efficiency (where the interleaving was supposed to provide most of the gains):  Rank 4, 100MHz BW, 30kHz SCS, TDL-A 30 nsec with MCS 13, 19 which correspond to the following cases:

	MCS
	Rate
	Modulation Order
	# of CBs
	# of CBs / Symbol

	19
	0.85
	6
	79
	7.9

	13
	0.55
	6
	51
	5.1



The gains in SINR over NR Rel-15 options to reach 90% throughput is shown below: 

	Interleaver
	Delta in dB, MCS = 19, MMSE
	Delta in dB, MCS = 13, MMSE

	Rel-15  (No-ILV)
	0
	0

	Rel-15  (VRB2PRB ILV)
	1.0
	0.6

	8-Row
	6.5
	2.8



Based on the above observations, we make the following proposals:

Proposal 1: For the VRB-To-PRB interleaved mapping:
· Increase the depth of the interleaver (e.g. 4 or 8 rows instead of 2 rows in NR Rel-15) 
· Perform the interleaved mapping within the scheduled allocations and not within the active BWP
· Introduce a CSI reporting configuration where the UE is expected to compute CQI under the assumption of interleaved mapping.

1. TEI17 Item #2: Enhancements to Short PUCCH Format
Short PUCCH format, specifically, PUCCH Format 2 spans one to two OFDM symbols and is restricted to use CP-OFDM waveform. The table below summarizes the configurations available for various PUCCH formats. The lack of DFT-S-OFDM support for short PUCCH Format is a significant shortcoming that we wish to address.
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Table 1 Configurations for different PUCCH Formats

Short PUCCH formats have found significant use in FR2 deployments where a large number of analog antenna beams are used to serve users in uplink/downlink. Due to large number of antenna beams, long PUCCH formats are not favored since it’s easier to support beam sweeping operations using short PUCCH formats. Further since certain beams are intended to provide cell-edge coverage while certain beams are intended for cell-center UEs, beam-specific PUCCH configurations are ideally desired. However, defining beam-specific PUCCH formats is a tedious effort and adds to overall network configuration complexity. Therefore, short PUCCH formats are typically configured across all beams. Additional details on these aspects are presented in [1].
Further, with uplink being a typical bottleneck in NR deployments, it is worth considering enhancements that help improve uplink control coverage. It is well known that DFT-S-OFDM waveforms have a smaller PAPR compared to CP-OFDM, and this enables them to be transmitted at a higher power. 
Using power class 3 UE as a motivating example, Table 6.2.2-1 of 38.101-1 as provided in Table 2 specifies a set of power reduction values dependent on RB allocation and modulation order for power class 3 UEs. The power back off values are then used by the UE to calculate the lower bound on its  value. 
[bookmark: _Ref40451204]Table 2 MPR Table from 38.101-1
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Note that DFT-S-OFDM with pi/2 BPSK has two sets of values defined, one for the case where the 0 dB MPR is in reference to 23 dBm and another where the 0 dB MPR is in reference to 26 dBm. This change in reference power to 26 dBm is permitted when UE is operating in TDD mode with less than 40% of the slots in a radio frame being used for uplink transmission. 
It is thus seen that for a wide range of RB allocations, DFT-S-OFDM waveforms can be transmitted at a transmit power that is 2 dB higher than that possible for CP-OFDM waveforms. This motivates us to make the following proposal:

Proposal 2: Support transmitting PUCCH Format 2 using DFT-S-OFDM waveform.
Introducing DFT-S-OFDM for short PUCCH format requires a careful consideration of how the resources are split between DMRS and data. To support single symbol PUCCH transmission, it is required that DMRS and data be multiplexed on the same symbol. One option is to multiplex DMRS and data in time domain before the DFT operation [2], [3].
Transmit-side operations
The proposed scheme multiplexes data and reference signal within one symbol duration by virtual TDM. The time domain signal before DFT-spread and the transmitter block diagram is shown in Figure 1.
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[bookmark: _Ref478050957]Figure 1. Transmitter for Virtual TDM of Reference Signal and Data
The first part of the pre DFT-spread time-domain signal is the reference signal. It is preferable for the reference signal to have low PAPR property on both time and frequency domain to keep the PAPR of the final DFT-s-OFDM waveform low and at the same time make the frequency domain channel estimation efficient. 
To reduce inter-symbol interference, an additional virtual CP for reference signal can be optionally added at the beginning of the pre DFT-spread time-domain signal by copying the last symbols of the reference signal. 
The reference signal symbols are followed by data symbols to form the pre DFT-spread time domain sequence. The pre DFT-s sequence  goes through the conventional DFT-s-OFDM waveform synthesis to generate the final time domain waveform.
Denote the signals in Figure 1 as follows:
 : pre DFT-s Reference signal with length 
 : pre DFT-s Data signal with length 
 : pre DFT-s Virtual Cyclic Prefix for Reference Signal with length 
 : pre DFT-s Time-domain signal with length 
From the above discussion, we can see that  should be , and  should be
.
Receive-side operations
Figure 2 shows the receiver block diagram for the virtual TDM shown in Figure 1. Except the channel estimation block, the receiver is essentially equivalent to the conventional DFT-s-OFDM receiver. After FFT and tone demapper, the extracted tones are equalized and go through IDFT to obtain M time domain symbols. Then,  data symbols are extracted for the decoding.
[image: ][bookmark: _Ref478050810]Figure 2. Receiver for Virtual TDM of Reference Signal and Data


There can be multiple options for the channel estimator. Figure 3 shows a channel estimator for the virtual TDM of reference signal and data. After FFT and tone demapper, the extracted tones go through IDFT to obtain M time domain symbols. Denote the discrete-time equivalent channel between the Tx antenna and Rx antenna for the M time domain symbols as . When the CP length for Reference signal  is chosen longer than the propagation delay of , the reference signal is protected from inter-symbol interference and circular convolution is preserved. Therefore, the extracted RS symbols in Figure 3 can be represented as  where  denotes the -point circular convolution. The channel  can be obtained by converting the extracted reference signal symbols to frequency domain by -point DFT. Finally, the estimated channel for  tones can be upsampled by a factor of  to obtain the channel estimation for  tones, which can be used for the channel equalization in the receiver of Figure 2.
[image: ][bookmark: _Ref478107237]Figure 3. Channel Estimator for Virtual TDM of Reference Signal and Data – Option A.


Alternatively, the upsampling block can be further removed by using -point DFT. Figure 4 shows an alternative option for the channel estimator. The extracted tones go through -point IDFT to obtain  time domain symbols. Then, the data symbols are replaced by zeros, and the modified  time domain symbols converted to the frequency domain by -point DFT. Finally, the  channel tones can be estimated in the frequency domain.
[image: ][bookmark: _Ref478109111]Figure 4. Channel Estimator for Virtual TDM of Reference Signal and Data – Option B.


Clearly, this proposed transmission scheme can provide the multiplexing of reference signal and data with arbitrary pilot ratio while keeping the low PAPR property of DFT-s-OFDM waveform. 
Simulation Results
In this section, we simulate and compare the link performances of the proposed virtual TDM scheme and compare with that of OFDM where the reference signal and data is FDMed.
Figure 5 presents two plots that illustrate the characteristics and the performance of the DFT-S-OFDM waveform. First, Figure 5 shows that DFT-s-OFDM waveform has at least 2 to 2.5 dB PAPR gain over CP-OFDM --- this is a reasonably well known result. Second, Figure 5 also shows that when comparing the link level performance between CP-OFDM (with data-RS FDM) and DFT-S-OFDM, it is observed that there is little to no difference at least for small payloads. For the link level performance, a three-bit payload is considered, and transmitted over 2 RB. The additional virtual CP length for RS is set to be zero, and the pilot ratio is chosen as 50% for both cases. Thus, taking both these observations into account, we see that the proposed scheme can provide up to 2 dB better performance than a CP-OFDM-based approach. 
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[bookmark: _Ref68606046][bookmark: _Ref68606037]Figure 5 PAPR for CP-OFDM and DFT-s-OFDM waveforms (on the left) and link level performance comparison between DFT-S-OFDM and CP-OFDM (on the right).

Based on the discussion above and the simulation results, we make the following proposal:
Proposal 3: Consider pre-DFT data-DMRS multiplexing to enable DFT-S-OFDM waveform for PUCCH Format 2.
1. Conclusions
We make the following proposals.

TEI17 Item #1: On improved frequency-domain interleaving:

Proposal 1: For the VRB-To-PRB interleaved mapping:
· Increase the depth of the interleaver (e.g. 4 or 8 rows instead of 2 rows in NR Rel-15) 
· Perform the interleaved mapping within the scheduled allocations and not within the active BWP
· Introduce a CSI reporting configuration where the UE is expected to compute CQI under the assumption of interleaved mapping.

TEI17 Item #2: On Short PUCCH Enhancements:

Proposal 2: Support transmitting PUCCH Format 2 using DFT-S-OFDM waveform.
Proposal 3: Consider pre-DFT data-DMRS multiplexing to enable DFT-S-OFDM waveform for PUCCH Format 2.
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p p ormat 0 0 p 0 0 0
Waveform CGS seq CGS seq DFT-S-OFDM
Starting symbol 0-13 0-10 0-13 0-10 0-10

Idx starting PRB 0-274 0-274 0-274 0-274 0-274
#PRBs 1 (not configurable) 1 (not configurable) 1-16 1-6, 8—1106, 12, 15, 1 (not configurable)
FH flag Yes (only for 2-symbol) Yes Yes (only for 2-symbol) Yes Yes
Freq resource of 2" hop if FH 0-274 0-274 0-274 0-274 0-274
Idx of initial cyclic shift 0-11 0-11 N/A 0O (not configurable) 0,3,6,9*
Idx of time-domain OCC N/A 0-6 N/A N/A N/A
Length pre-DFT OCC N/A N/A N/A N/A 2,4

Idx pre-DFT OCC N/A N/A N/A N/A 0,1,2,3
Number of slots (semi-statically N/A 1,2,4,8 N/A 1,2,4,8 1,2,4,8

configured)
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Table 6.2.2-1 Maximum power reduction (MPR) for power class 3

] MPR (dB)
Modulation Edge RB allocations Outer RB allocations Inner RB allocations
. <3.5! <1.2! <0.2!
Pi/2 BPSK <052 <0.52 02
QPSK <1 0
DFT-s-OFDM 16 QAM <2 <1
64 QAM <25
256 QAM <45
QPSK <3 <15
16 QAM <3 <2
CP-OFDM 64 QAM <35
256 QAM <6.5
NOTE 1: Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability
powerBoosting-pi2BPSK and if the |E powerBoostPi2BPSK is set to 1 and 40 % or less slots in radio frame are used for
UL transmission for bands n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 26 dBm.
NOTE 2: Applicable for UE operating in FDD mode, or in TDD mode in bands other than n40, n41, n77, n78 and n79 with Pi/2
BPSK modulation and if the |E powerBoostPi2BPSK is set to 0 and if more than 40 % of slots in radio frame are used
for UL transmission for bands n40, n41, n77, n78 and n79.
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