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Introduction
Up until RAN1#88, the following agreement was made:
Agreements:
· For the DL, NR supports configurable PRG size for data DMRS
· FFS: Signaling for the configuration of PRG size (semi-static or dynamic)
· FFS: available options/schemes.
· FFS: continuous precoding in time domain for DMRS channel estimation with the following examples:
· Semi-static measurement window
· Dynamic indication of precoding sets
· Support of continuous precoding when gNB supports slot aggregation
· Contiguous time allocations 
Agreements:
· At least for DL, study PRB bundling with configurable PRG sizes, at least including following aspects
· The size of PRG may or may not be fixed
· The size of PRG may or may not be system bandwidth dependent 
· PRG may consist of all scheduled PRBs
Agreements (UL):
· Support PRB bundling for CP-OFDM
· Study configurability of PRG size for CP-OFDM
· Study the PRG size


[bookmark: _Ref178064866]In this contribution we discuss the performance benefits with phase alignment and PRB bundling size of the whole allocation bandwidth. We further discuss why this should not exclude high frequency domain resolution in the pre-coding when using CSI reporting. Further, we describe the implications of phase alignment and that these implications also imply performance benefits with Comb type DMRS and time domain (e.g. FFT-based) channel estimation. Observe that the benefit with time domain channel estimation is due to the limits in practical filters for frequency domain estimation rather than any fundamental advantage with time domain channel estimation.
Discussion
General observations on the pre-coding granularity
In general, the pre-coding granularity and configuration should adopt to different scenarios and use cases. It is important in these discussions to differentiate between the purposes of pre-coding. Some of these are well covered, and easily understood. One such purpose of pre-coding is to align the set of TX antennas to achieve coherent accumulation at the receiver and another purpose is to suppress or null interference. Traditionally this has been done using a fixed pre-coder per PRB-bundle. Hence to get good alignment over the allocation bandwidth, a higher frequency resolution and hence smaller PRB-bundle size will be important.
[bookmark: _Toc477871018]High frequency domain resolution of pre-coder configuration is beneficial for pre-coding gain in terms of TX beam-forming gain and interference suppression.
Changes in pre-coding at PRB-bundle borders can lead to discontinuity in the effective channel. One way of handling the discontinuity is to force the RX chain to treat each PRB-bundle separately when it comes to channel estimation, which then limit the maximum processing gain and introduce edge effects.
[bookmark: _Toc477871019]Forcing channel estimation to work on small blocks limit processing gain in estimation and introduce edge effects. 
These two initial observations are general and valid for LTE, where code-book based precoding is used. We will now consider why there may be a change when we consider NR and the use of large scale DL MU-MIMO. In particular, for reciprocity operation we have a very good DL channel knowledge available at the transmitter for advanced pre-coding calculation, e.g., continuous phase pre-coders. From the perspective of reciprocity based operation, it is important not to limit the achievable performance by invoking a PRB-bundling limitation in the channel estimation.  Instead, we should strive for enabling the performance advantages of reciprocity based precoding, as compared to code-book CSI feedback operation, in NR.
[bookmark: _Toc477871020]Reciprocity operation enable continuous phase pre-coder selection without any discontinuity in the effective channel.
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, for example, when performing intra- or inter-node mobility. In these type mobility cases the SNR operating point is also typically low and channel estimation can be quite limiting. Hence for these transmissions having the option to use large frequency domain filtering is important for performance.
[bookmark: _Toc481496733][bookmark: _Toc481496801][bookmark: _Toc481496960][bookmark: _Toc481586699][bookmark: _Toc481588239]Support dynamically indicating in DCI that the UE can perform full-bandwidth interpolation in the DL channel estimation.
We can also deduce that when the base-station is using a closed-loop pre-coding scheme this has been configured and hence is known by the UE. Hence when PRG size is invoked it can be implicitly derived from the closed-loop CSI procedure.
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
[bookmark: _GoBack]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 [3]. It should be noted that this is under quite other 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 PRB bundling, i.e., not being able to exploit the increased frequency correlation.
[bookmark: _Toc477871021]Proper phase continuity in pre-coding can significantly reduce the delay spread of the effective channel.
[bookmark: _Toc477871022]Small PRB bundling 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 . 
[bookmark: _Toc477871023]FFT based channel estimation is computationally efficient for large PRB-bundling 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.
[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 DL MU-MIMO multiplexing on DM-RS.
 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 PRB-bundling.
[bookmark: _Toc477865187][bookmark: _Toc477865616][bookmark: _Toc477869200][bookmark: _Toc477870235][bookmark: _Toc477871028][bookmark: _Toc478038715][bookmark: _Toc478039224][bookmark: _Toc478039242][bookmark: _Toc478133711][bookmark: _Toc481496735][bookmark: _Toc481496803][bookmark: _Toc481496962][bookmark: _Toc481586700][bookmark: _Toc481588240]NR DMRS design should support the use of time domain channel estimators without any restriction in frequency domain filtering from PRB-bundling.
Performance gains in non-reciprocity operation
When the performance gains achievable from the phase continuity obtainable from reciprocity operation has been established, the natural question is how to achieve these gains using CSI reporting. The first observation is that the phase continuity is separable from phase alignment of the TX antennas needed to achieve beam-forming gains and interference suppression. This due to that the property of two vectors being orthogonal is not destroyed by a phase rotation of one of the vectors, nor is the property of the two vectors being parallel destroyed.
[bookmark: _Toc477871026]If we know that  , then this implies that  , i.e. phase does not affect orthogonality.
It is then observed that after achieving coherent accumulation from all TX antennas, there is a remaining effective channel with an effective phase. This effective phase can thus be manipulated freely using an extra phase-component. This separation and resulting lower phase variance can also be exploited to make the pre-coder reporting more efficient [2].
If the gains from phase continuity in channel estimation is large, as we have shown above, there is basically two components needed. The first is the mentioned phase alignment between pre-coders for different frequency positions and the other is to remove any remaining discontinuity in the frequency resources between two phase aligned pre-coders. 
Clearly there is a trade-off in the gains from frequency selective pre-coding, the reporting overhead from additional phase-information. But to properly evaluate different options the impact on the channel estimation must also be captured e.g. wide-band pre-coding and reciprocity operation has an channel estimation advantage due to the potential increase in processing gain.
[bookmark: _Toc481496736][bookmark: _Toc481496804][bookmark: _Toc481496963][bookmark: _Toc481586701][bookmark: _Toc481588241]In evaluations of different pre-coding schemes PRB bundling implications and the impact on channel estimation performance must be captured in-order to reach correct conclusions.
UL considerations on pre-coding and channel estimation
When the UE becomes more capable with respect to beam-forming and pre-coding the observations above translates also to the UL. But due to time-miss alignment between UEs the decrease in delay-spread will primarily significantly decrease the leakage between users in the channel estimation, although the effective number of multiplexed users cannot be increased if the time miss-alignment is the limiting factor.
But the base-station must be able to rely on that the UEs use proper continuous pre-coding, as a single UE can potentially create leakage to all other co-scheduled users using poor pre-coding. This is true both if you view the total UE frequency allocation or view each PRB bundle separately.
Proper pre-coding behaviour is UL from all UEs is needed in UL to not impair other users channel estimation in UL MU-MIMO operation.
[bookmark: _Toc481496805][bookmark: _Toc481496964][bookmark: _Toc481586702][bookmark: _Toc481588242]Investigate the UL MU-MIMO performance impact from UE pre-coding phase impairments.

Proposals
Based on the discussion in this contribution we propose the following:
Proposal 1	Support dynamically indicating in DCI that the UE can perform full-bandwidth interpolation in the DL channel estimation.
Proposal 2	NR DMRS design should support the use of time domain channel estimators without any restriction in frequency domain filtering from PRB-bundling.
Proposal 3	In evaluations of different pre-coding schemes the impact on channel estimation performance must be captured in-order to reach correct conclusions.
Proposal 4	Investigate the UL MU-MIMO performance impact from UE pre-coding phase impairments.
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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


