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Introduction
Up until RAN1#89, the following agreement was made:
Agreements:
· For DL data transmission
· PRB bundling size include (including possible downselection)
· Case 1: value(s) based on RBG
· FFS RBG/k, where k is integer, FFS the value(s) of k
· FFS m * RBG, where m is integer, FFS whether m is always equal to 1
· Case 2: other values based on bandwidth part, and/or scheduled bandwidth and/or UE capability etc.
· E.g., Consecutive scheduled bandwidth 
· FFS restrictions
· E.g., Values equal or larger than scheduled BW
· FFS restrictions 
· FFS other cases;
· FFS the relationship between above values with e.g. DMRS patterns
· FFS UE feedback assisted PRB bundling size with respect to UE complexity, feedback overhead increase and performance gains.
· FFS joint or separate indication of PRB bundling size on data and DMRS

[bookmark: _Ref178064866]In this contribution, we discuss the performance benefits of not restricting the operation of the channel estimator to too small PRB bundling-size. We further discuss why the definition and signalling of the PRG groups should be updated compared to LTE.
Discussion
General observations on the pre-coding granularity
In general, the pre-coding granularity and configuration should adopt to different scenarios and use cases. In NR there are some new considerations for how this should be done. On major performance enabler for NR is reciprocity based DL MU-MIMO. In this case SRS can be used to derive detailed channel knowledge about the DL channel. Hence the pre-coder can change per sub-carrier enabling high pre-coding gain and also a decrease in effective delay spread of the pre-coded channel, as discussed more later.
Hence despite the pre-coder changing per sub-carrier the effective channel is continuous and the UE can filter the channel over a large frequency allocation spanning a set of different or even continuously changing pre-coders. From the point of view of the UE it is therefore not important knowing how large set of subcarriers use the same pre-coder rather the UE needs to know how to restrict the channel filtering to avoid filtering over discontinuities in the effective channel.
[bookmark: _Toc477871020]Reciprocity operation enable continuous pre-coder selection without any discontinuity in the effective channel.
[bookmark: _Toc477871018]The LTE definition of PRG as a set of PRB were the base-station uses the same precoder is not applicable for reciprocity operation.
[bookmark: _Toc485027795][bookmark: _Toc485034245][bookmark: _Toc485039395][bookmark: _Toc485042029][bookmark: _Toc485125578][bookmark: _Toc485294312][bookmark: _Toc485294359][bookmark: _Toc485294383][bookmark: _Toc485294427][bookmark: _Toc485294446][bookmark: _Toc485306456][bookmark: _Toc485371542][bookmark: _Toc485372709][bookmark: _Toc485387201]In NR define a PRG as the set of PRBs for which the UE can assume that the effective channel is sufficiently continuous to filter across in the channel estimator.
Even in the case of reciprocity operation there can be a need for PRB bundle sizes smaller than the complete allocation bandwidth. There can be, for example, changes due to that the co-scheduled users changes across the scheduled bandwidth and thus changes the pre-coding. Another case is if frequency hopping is used across multiple slots on SRS, thus leading to CSI of different age on different parts of the bandwidth.
This can be seen as a special case of what happens for different frequency granularity in the CSI reporting where the subband granularity also leads to a natural PRG size depending on the CSI procedure. Observe that for the interference case any interfering user needs also to be configured with a compatible CSI procedure enabling the joint pre-coder selection.
[bookmark: _Toc485027796][bookmark: _Toc485034246][bookmark: _Toc485039396][bookmark: _Toc485042030][bookmark: _Toc485125579][bookmark: _Toc485294313][bookmark: _Toc485294360][bookmark: _Toc485294384][bookmark: _Toc485294428][bookmark: _Toc485294447][bookmark: _Toc485306457][bookmark: _Toc485371543][bookmark: _Toc485372710][bookmark: _Toc485387202]In NR enable that the PRG size can adapt to the CSI acquisition procedure and thus also the subband configuration and QCL assumptions.
In the case of UE UL beam-forming the UE UL beam-forming can also be a source to discontinuity in the DL channel in case of reciprocity operation. In order for the base-station to be able to guarantee a sufficiently continuous channel over a PRG in case of transparent UE SRS beam-forming the UE needs to receive the DL MU-MIMO transmission using the same pre-coder (spatial-filtering) as used to transmit the SRS.
[bookmark: _Toc485125580][bookmark: _Toc485027797][bookmark: _Toc485034247][bookmark: _Toc485039397][bookmark: _Toc485042031][bookmark: _Toc485294314][bookmark: _Toc485294361][bookmark: _Toc485294385][bookmark: _Toc485294429][bookmark: _Toc485294448][bookmark: _Toc485306458][bookmark: _Toc485371544][bookmark: _Toc485372711][bookmark: _Toc485387203]NR supports that a DL transmission is received using the same spatial filtering as the one used for the transmission of an indicated SRS.
We can further observe that for some use cases the transmitter could switch from a closed loop pre-coding scheme to open-loop beam-forming (i.e. TS 38.211-specification transparent precoder cycling), for example, when performing intra- or inter-node mobility. In these mobility cases the SNR operating point is typically low and channel estimation performance can be quite limiting. Hence having the option to use large frequency domain filtering is important for performance. The details of the content of DCI to allow switching is to be decided later, but we can agree on the following proposal.
[bookmark: _Toc481496733][bookmark: _Toc481496801][bookmark: _Toc481496960][bookmark: _Toc481586699][bookmark: _Toc481588239][bookmark: _Toc485027798][bookmark: _Toc485034248][bookmark: _Toc485039398][bookmark: _Toc485042032][bookmark: _Toc485125581][bookmark: _Toc485294315][bookmark: _Toc485294362][bookmark: _Toc485294386][bookmark: _Toc485294430][bookmark: _Toc485294449][bookmark: _Toc485306459][bookmark: _Toc485371545][bookmark: _Toc485372712][bookmark: _Toc485387204]Support dynamically indicating PRG size in PDSCH scheduling DCI, details are FFS.

Reciprocity and phase continuity in pre-coder selection
In the case of reciprocity operation, a multitude of advanced pre-coding procedures are possible. These gives performance advantages in terms of increasing signal strength and/or in suppressing interference. Another big advantage that is less discussed is the advantage in channel estimation performance. As an example, we consider a simple case with phase only pre-coding and transmission over a TDL_A channel. In this case, we will consider the actual channel and the effective channel after precoding, as depicted in Figure 1.
[image: ]
[bookmark: _Ref477433798]Figure 1: Delay spread impact from phase continuous - phase only pre-coding
The difference between the two cases is then roughly that the pre-coded channel has half the RMS delay-spread compared to the non-precoded channel. Hence there is a potential for around 3 dB increase in processing gain for the pre-coded channel in the channel estimation. Observe that a 3 dB gain is equivalent to that the frequency domain filter is twice as long. This is then a conservative example of the pre-coding effect, in academic literature effect in the order of 20 dB has been described, see for example [2]. It should be noted that this number was obtained under quite different assumptions than the 3 dB described here. In practice, for a somewhat large antenna array, the effect will probably be somewhere in-between these two values. Hence the channel estimator can be hindered to harvest the additional processing gain due to a too restrictive PRG-size, i.e., not being able to exploit the increased coherence bandwidth.
[bookmark: _Toc477871021]Proper phase continuity in pre-coding can significantly reduce the delay spread of the effective channel.
[bookmark: _Toc477871022]A too small PRG size can hinder the performance gains in channel estimation enabled by the smaller delay spread.
The larger filter size in frequency domain can also be significantly costly in terms of computations. The FFT transform has a smaller complexity increase for large bandwidths, since the complexity scales as . But on the other hand you typically need a larger FFT e.g. you need a n=2k which increases overhead. But this is insignificant already for small PRG group size like 8 PRB where although 96 needs a 128 FFT there is still roughly a factor 5 more calculations needed using frequency domain convolution for a comparable frequency domain estimator (i.e. using a good filter-kernel). 
[bookmark: _Toc477871023]FFT based channel estimation is computationally efficient for large PRG-size and large frequency domain filters.
Hence for reciprocity operation a DMRS patterns using time domain cyclic shift resolution is a good candidate, i.e. a frequency domain comb rather than an LTE DL-DMRS type structure with OCC, as depicted in Figure 2.
[image: ]
[bookmark: _Ref477866863]Figure 2: Time or frequency domain resolution of orthogonality DMRS example
It can further be observe that proper pre-coding with a resulting lower delay spread will also increase the orthogonality between users on the DM-RS. Hence potentially enabling large number of multiplexed users by, e.g. using more cyclic shifts. The same observation is also true for the UL on SRS, when the UE is performing beam-forming.
[bookmark: _Toc477871024]Reciprocity operation is more suited for time domain channel estimation due to the decrease in delay spread of the effective channel.
Lower effective delay spread from pre-coding can enable larger MU-MIMO multiplexing on DM-RS and SRS.
 Performance impact from PRB bundling limitations
In large scale MU-MIMO capacity scenarios (i.e. high load), we will typically not only see a smaller delay spread as described in the previous section, but also that the number of multiplexed users is determined so that the SINR is maintained in a good but quite low range, e.g. 0-15 dB. Hence in this scenario the channel estimation performance is important for reciprocity operation. We now consider both the impact of time domain channel estimation and the effect of PRB-bundling in the following examples. First we consider the impact of PRB-bundling when communicating over channels of 300 ns and 30 ns RMS delay spread, as depicted in Figure 3, where the relative channel estimation error is shown. The simulation assumptions for the plots is found in the Appendix. 
[image: ][image: ]
[bookmark: _Ref477769535]Figure 3: 4 PRB bundling impact 300 ns (left) and 30 ns RMS delay spread (right).
In the figure to the left, we see that at 300 ns RMS delay spread the advantage of going from a PRB bundling size of 4 to 32 is around 1.5 dB with a frequency domain LMMSE estimator. In the right hand figure, we see that the gain in the case with 30 ns delay spread is around 3.8 dB. We see clearly that going to smaller delay spreads scales the behaviour, meaning that the gain going from 4 to 8 PRBs in bundling size for 300 ns, is smaller than going from 16 to 32 PRBs in bundling size in the case of 30 ns. Both slightly less than 1 dB. But as we have previously argued, for small delay spreads, the increased filter length adds to the frequency domain implementation challenges, and also changes the optimal DMRS pattern. 
[image: ]
[bookmark: _Ref478042252]Figure 4: Small delay spread impact on time vs frequency domain estimation
For the case of 30 ns delay spread, throughput results obtained using frequency and time domain channel estimation can be seen in Figure 4. These results, along with more results and simulation assumptions are available in [1]. A seen from the figure, there is a clear advantage for the time-domain estimation solution using an DMRS pattern suited for this purpose, which offers around 1 dB advantage at low to medium SNR. The goal should thus be to enable both high resolution in the precoding while maintaining this advantage in channel estimation.
[bookmark: _Toc477871025]Large performance gains are expected for reciprocity operation if DM-RS allows time domain channel estimation without restrictions from a too small PRG-size.
UL considerations on pre-coding and channel estimation
When the UE becomes more capable with respect to beam-forming and pre-coding all the observations above also translates to the UL. One significant difference to the DL is that miss-behaving UEs can cause interference leakage between users in the channel estimation at the base station. Especially using poor filtering strategies on CSI-RS reception in the UE if the UE performs reciprocity based UL beam-forming (i.e. non-codebook based UL MIMO).
Hence the base-station must be able to rely on that all the UEs use the correct pre-coding procedure, as a single UE can potentially kill the performance by creating leakage to all other co-scheduled users. This is true both if you view the total UE frequency allocation or view each PRG separately.
Proper pre-coding behaviour in UL from all UEs is needed to not impair other users channel estimation in UL MU-MIMO operation.

Proposals
Based on the discussion in this contribution we propose the following:
Proposal 1	In NR define a PRG as the set of PRBs for which the UE can assume that the effective channel is sufficiently continuous to filter across in the channel estimator.
Proposal 2	In NR enable that the PRG size can adapt to the CSI acquisition procedure and thus also the subband configuration and QCL assumptions.
Proposal 3	NR supports that a DL transmission is received using the same spatial filtering as the one used for the transmission of an indicated SRS.
Proposal 4	Support dynamically indicating PRG size in PDSCH scheduling DCI, details are FFS.

[bookmark: _In-sequence_SDU_delivery]References
R1-1705903, “Evaluation results for DL DMRS”, Ericsson
S. Wyne et al, ”Beamforming Effects on Measured mm-Wave Channel Characteristics”, IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 10, NO. 11, NOVEMBER 2011

Appendix
Simulation Parameters: 
	Parameter
	Value

	Channel Model
	CDL-A

	Numerology
	15KHz

	Carrier frequency
	4GHz

	Transmission Slot Length
	14 symbols, with first 2 symbols reserved for PDCCH

	Transmission mode
	FDD

	Number of UE
	1

	UE speed
	3km/h

	Delay spread
	300ns 

	Allocated bandwidth
	32 PRBs

	Link Adaptation
	Disabled

	Antenna configuration
	8Tx, 8Rx

	MIMO Layers
	4

	DMRS Pattern
	FDM factor 4 (Comb-4) at symbol 3, 4 orthogonal DMRS Port 

	Channel estimator
	LMMSE
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CDL-A; Ds = 30ns; Tx 8, Rx 8 

Pattern-2, LMMSE, QAM16, cr=0.5

Pattern-2, LMMSE, QAM16, cr = 0.75

Pattern-2, LMMSE, QAM64, cr=5/6

Pattern-1, DCT, QAM16, cr = 0.5

Pattern-1, DCT, QAM16, cr = 0.75

Pattern-1, DCT, QAM16, cr =5/6


