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[bookmark: _Toc485373914][bookmark: _Toc485374052][bookmark: _Toc485375713][bookmark: _Toc485375858]Introduction
In this paper we discuss design criteria for CSI-RS for CSI acquisition, and we propose some designs. One criteria especially highlighted is the need for coexistence with RS types mapped to the same OFDM symbol. This constraint is also one important motivation for supporting an additional option for CSI-RS RE pattern based on a uniform RE level comb.

[bookmark: _Toc485373915][bookmark: _Toc485374053][bookmark: _Toc485375714][bookmark: _Toc485375859]Discussion on adjacent resource element patterns
There are several reasons for adopting a uniform RE mapping pattern across time for NR:
· A uniform pattern allows more opportunities to keep the REs within a CDM group as close together as possible in both time and frequency, this improves channel estimation performance (see more details on this below). A uniform pattern will also minimize the number of OFDM symbols needed for CSI-RS.
· A uniform pattern simplifies the channel estimator by minimizing the number of sets of channel estimator coefficients due to the regular pattern across time.
· A uniform pattern simplifies rate matching around the CSI-RS resource
· A uniform pattern results in a cleaner specification

[bookmark: _Toc485375860][bookmark: _Toc485416757]Specify CSI-RS with uniform pattern across all symbols where CSI-RS is mapped.
CSI-RS is likely to coexist with other RS in the same OFDM symbol, for example TRS and PTRS. It is desirable to allow for such coexistence without puncturing any RS – as such puncturing complicates receiver design and degrades channel estimator performance. If a CSI-RS pattern has a minimum number of adjacent REs of 4, then a coexisting pattern must allow for 4 consecutive unused subcarriers. This would be incompatible with likely designs for TRS  (note that a RE level comb structure was agreed for TRS in the RAN1#89 meeting). If a CSI-RS pattern has a minimum number of adjacent subcarriers of two, then coexistence with other RS on a RE-level comb with repetition factor of 4 may be supported – this may allow coexistence with TRS. See more detailed example in Section 2.1 
It is also clear that maximum power utilization is desirable for the CSI-RS ports. This has two consequences:
· When possible from an estimation quality perspective, any given CSI-RS port should be present in all symbols where CSI-RS is present. This speaks in favour on using time domain CDM (such as time direction OCC, T-OCC) as far as possible for CSI-RS ports (see proposal below). 
· The CSI-RS pattern should be designed to allow full power utilization for each port without requiring boosting any subcarrier more than 6dB.
The latter principle leads a need for introducing frequency domain CDM (such as F-OCC) in some of the configurations. From an estimation accuracy point of view one may observe that
[bookmark: _Toc485375715][bookmark: _Toc485416728]Frequency domain OCC over large frequency spans on a non-uniformly sampled (in frequency domain) RE pattern creates sensitivity to timing errors, and high delay spread– as this will lead to loss or orthogonality between the ports separated by the code.
The arguments on power boosting, coexistence and channel estimation accuracy leads us to the following proposal:
[bookmark: _Toc485375861][bookmark: _Toc485416758]For CSI-RS patterns with non-uniformly sampled (in frequency domain) RE mapping, design the RS such that the use of frequency domain OCC is limited to adjacent subcarriers with a span that is as short as possible given the maximum allowed power boosting.
A parallel estimation accuracy argument speaks in favour on keeping symbols for CSI-RS adjacent as far as possible - to preserve the orthogonality of the time domain OCC in the presence of Doppler. Hence we propose:
[bookmark: _Toc485375862][bookmark: _Toc485416759]Disallow CDM (T-OCC) across non-adjacent symbols.
Because of this and the need for T-OCC for full power utilization we propose:
[bookmark: _Toc485375863][bookmark: _Toc485416760]Allow N=4 adjacent symbols. Allow pair-wise adjacent symbols if needed to accommodate other RS. Disallow CDM (T-OCC) across non-adjacent symbols.
The agreed codebook design support 24 ports, hence CS-RS should also support it (See also [1]):
[bookmark: _Toc485375864][bookmark: _Toc485416761]Support 24 port CSI-RS for N = [2,4]
Evaluation results in section 4 below show that for low SNR, the loss in precoding performance due to channel estimation can be quite significant: on the order of 3dB at -5dB SNR. This motivates allowing for higher CSI-RS densities than D=1 RE/port/PRB. Note that for beam management, the density is inherently higher. Using the CSI-RS structure proposed in Section 3  this may be done without power boosting and with retained CSI-RS footprint – by reducing the number of ports multiplexed per comb.
[bookmark: _Toc485375865][bookmark: _Toc485416762]Support densities D>1 RE/port/PRB, possibly for a reduced number of ports only.
It is clear that data and its associated DMRS should be placed as close as possible in time. From that perspective, CSI-RS should be placed as late as possible in the subframe (end-loaded). To allow for feedback in the next possible UL transmission opportunity, while allowing sufficient  processing time, a front loaded option may also be necessary. Therefore we propose:
[bookmark: _Toc485375866][bookmark: _Toc485416763]Support at least front-loaded and end-loaded CSI-RS symbol locations.
When CSI-RS is mixed with data, it is desirable to have cubic metric of the symbol carrying CSI-RS to not exceed that of symbols carrying only data. This may be achieved with PN + QPSK sequences similar to those used for LTE DL RS. These kind of sequences also have other attractive properties, such as good correlation properties - hence we propose:
[bookmark: _Toc485375867][bookmark: _Toc485416764]Support at least a sequence design based on PN + QPSK sequences similar to LTE.
To keep scheduling flexibility, to allow both shared and dedicated CSI-RS and to support multi-point scenarios, we propose to allow the CSI-RS sequence to be UE specifically configured:
[bookmark: _Toc485375868][bookmark: _Toc485416765]Support UE specifically configured CSI-RS sequence seeds.

Detailed design proposal
As mentioned above, coexistence with other RS, such as TRS, that are present on a uniform comb may be an important design criterion for CSI-RS.  Figure 1 shows how 6 RE/PRB may be used for CSI-RS if CDM-2 over adjacent subcarriers is used if coexistence with another RS on a comb with RPF=4. This means that N=1 may be supported for X≤6 (under the coexistence constraint), assuming D=1 RE/port/PRB.
[image: ]
[bookmark: _Ref485369753]Figure 1	Example of a CSI-RS design based on CDM-2 over adjacent REs. An N=1, D=1 case is shown. Red REs (A) indicate the footprint of a single exemplary port, yellow REs (B,C) indicate footprint of all other ports.  The footprint of a coexisting RE level comb with RPF 4 is also included (blue).

Given the arguments and proposals in the preceding section we compile the following table for the span of frequency domain CDM, and the possibilities for coexistence with another RS mapped to a comb with RPF 4:
	Full power utilization, and limit of 6dB powerboosting
	
	Coexistence with 4 comb RS (Max FCDM indicated)
	

	F-CDM span (minimum)
	
	
	
	
	

	X
	N=1
	N=2
	N=4
	
	
	X
	N=1
	N=2
	N=4

	1
	1
	x
	x
	
	
	1
	yes (2)
	x
	x

	2
	1
	x
	x
	
	
	2
	yes (2)
	x
	x

	4
	1
	1
	x
	
	
	4
	yes (2)
	yes (2)
	x

	8
	2
	1
	x
	
	
	8
	no
	yes (2)
	x

	12
	4
	2
	x
	
	
	12
	no
	yes (2)
	x

	16
	x
	2
	1
	
	
	16
	x
	no
	yes (2)

	24
	x
	4
	2
	
	
	24
	x
	no
	yes (2)

	32
	x
	x
	2
	
	
	32
	x
	x
	No



Given the investigation above we conclude that with the proposed combinations of X and N, we can support coexistence with TRS on a comb with RPF for all number of ports for at least a subset of the possible number of symbols (N).
[bookmark: _Toc485375869][bookmark: _Toc485416766]For N = 1, D=1 support 2 as minimum number of adjacent REs for X = [2,4,8]. For N=1, D=1 support 4 as minimum number of adjacent REs for X = 12. For N = 2, D=1 support 2 as minimum number of adjacent REs for X = [4, 8, 12, 16]. For N=2, D=1, support 4 as minimum number of adjacent REs for X=24. For N = 4, D=1 support 2 as minimum number of adjacent Res for X = [16,24,32].
[bookmark: _Toc485373730][bookmark: _Toc485373785][bookmark: _Toc485373864][bookmark: _Toc485373883][bookmark: _Toc485373917][bookmark: _Toc485373989][bookmark: _Toc485374003][bookmark: _Toc485374055][bookmark: _Toc485375653][bookmark: _Toc485375716][bookmark: _Toc485375870][bookmark: _Toc485373731][bookmark: _Toc485373786][bookmark: _Toc485373865][bookmark: _Toc485373884][bookmark: _Toc485373918][bookmark: _Toc485373990][bookmark: _Toc485374004][bookmark: _Toc485374056][bookmark: _Toc485375654][bookmark: _Toc485375717][bookmark: _Toc485375871][bookmark: _Ref485133073][bookmark: _Toc485373919][bookmark: _Toc485374057][bookmark: _Toc485375718][bookmark: _Toc485375872]Discussion and evaluations for CSI-RS based on an RE level comb structure and CDM (cyclic shifts)
One conclusion drawn in the previous section is that coexistence with other RS defined on a uniform RE level comb may be important. This is possible in some scenarios with the adjacent RE mapping approach, as illustrated in the previous section. But the requirement to keep REs mapped to a single given port adjacent will limit the number of ports mapped to a single OFDM symbol. For example, in the tables in the previous section, one can see that with the adjacent RE design, it is not possible for 8 ports in N = 1 symbol to coexist with a 4 comb. Another option for CSI-RS design is to use uniform RE level combs together with a suitable CDM to multiplex ports. This approach is illustrated in Figure 2. Note, that in the example, with D=1 (RE/PRB/port), nine ports may be multiplexed with N=1. Eight ports may be multiplexed with D=1 for 6 of the ports and D=3/2 for two of the ports.
[image: ]
[bookmark: _Ref485370353]Figure 2	Examples of port multiplexing of CSI-RS using 3 regular combs with RPF 4. With D=1 RE/port/PRB, 3 ports may be multiplexed per comb using CDM. Here red REs (A) illustrate footprint of a single port, while yellow REs (combs E,F) illustrate footprint of other ports. 
[bookmark: _Toc485375719][bookmark: _Toc485416729]An RE level comb structure may allow an X=8 port CSI-RS mapped to a single symbol with D close to 1 even when coexistence with TRS is required (assuming TRS is on a comb with RPF 4).
Mapping RS, for a given port, on a regular RE-level comb structure allows for transform domain channel estimators, for example those based on the discrete cosine transform, DCT. The DCT estimator relies on the energy concentration properties of the transform and adaptively distinguishes between channel taps and noise. This may be done using little or no prior information on the channel characteristics. 
The DCT transform may be implemented using FFT, and hence interpolating across large bandwidths can be made very efficient, with the complexity growing as ~max(Mlog(M), Nlog(N)) rather than M*N, (N being the number of REs to base each channel estimate on, M the number of subcarriers to produce an estimate for).
Both these properties of the DCT/transform domain estimators are ideal matches to CSI-RS due to the wideband nature of the signal.
[bookmark: _Toc485375720][bookmark: _Toc485416730]An RE level comb structure for CSI-RS allows efficient use of FFT/DCT based channel estimators. Such estimators can work efficiently with little prior knowledge of the channel and with good properties in terms of computational complexity.
As have already been reflected in the discussion on TRS, a regular RE level comb structure is well suited for delay-spread and timing estimation. 
[bookmark: _Toc485375721][bookmark: _Toc485416731]An RE level comb structure for CSI-RS allows efficient timing and delay-spread estimation. 
[bookmark: _Toc485375722][bookmark: _Toc485416732]A CSI-RS structure based on long frequency domain CDM on top of a regular RE level comb may allow transmitting on a subset of the supported ports without affecting PSD on a subcarrier level.
The evaluations in section 4 show that 
[bookmark: _Toc485375723][bookmark: _Toc485416733]An RE level comb structure of the CSI-RS together with a DCT channel estimation may give significant performance improvements in terms of the channel estimator performance but also in terms of SINR obtained after applying beamforming based on the CSI-RS channel estimates. 
Using cyclic shift based CDM on a uniform RE-level comb allows good separation of ports also in scenarios with high delay spread. This is in contrast to F-OCC on a non-uniformly sampled (in frequency domain) pattern.
The above observations lead us to the following proposal:
[bookmark: _Toc485375873][bookmark: _Toc485416767]Adopt a CSI-RS pattern for CSI-acquisition based on RPF-4 RE-level combs complemented with cyclic shift based CDM. Use 3 combs for 8,16,32 ports, and 2 combs for 12,24 ports.
[bookmark: _Toc485373738][bookmark: _Toc485373788][bookmark: _Toc485373872][bookmark: _Toc485373886][bookmark: _Toc485373925][bookmark: _Toc485373992][bookmark: _Toc485374006][bookmark: _Toc485374058][bookmark: _Toc485375656][bookmark: _Toc485375724][bookmark: _Toc485375874][bookmark: _Ref485132883][bookmark: _Toc485373926][bookmark: _Toc485374059][bookmark: _Toc485375725][bookmark: _Toc485375875]Evaluations on CSI-RS patterns
[bookmark: _Toc485373927][bookmark: _Toc485374060]Evaluation methodology
A simplified evaluation methodology was used in which the channel was estimated (using the specified patterns and estimators, see section 4.2 ). The resulting channel estimate was then used to compute multi-user or single user precoders (depending on the scenario). The SINR obtained when applying this precoder was computed and used as evaluation metric, alongside the normalized MSE of the channel estimation.
While these performance evaluations are simplified (for example not reflecting the effect of feedback scheme and inter-cell interference etc), the purpose is to highlight the performance of the different options for RS and estimators, rather than computing system level performance in any absolute sense.
[bookmark: _Ref485122570][bookmark: _Toc485373928][bookmark: _Toc485374061]Evaluated options for CSI-RS patterns and estimators
Two options for channel estimators where tested: 
The DCT estimator has window selection based on an Aikake criterion. This estimator may be applied to patterns using a regular RE-level comb. The DCT estimator operates over the entire band assigned to CSI-RS, and does tap selection in the DCT domain. The DCT estimator uses no prior information of the channel delay-spread, other than assuming that the delay spread of the channel combined with the average delay is within the cyclic prefix of the numerology used.
The MMSE estimator implemented operates over bundles of 4 PRB – to limit complexity. The filtering is applied in the frequency domain, and filter coefficients are based on an MMSE criterion (assuming a box-shaped impulse response profile). The MMSE estimator makes use of prior knowledge of SNR, but assumes the delay-spread combined with average delay of the channel to be equal to the cyclic prefix. The latter design choice is motivated by the assumption that prior channel knowledge is not available when estimating channel based on CSI-RS.
For the evaluations where patterns using OCC is tested, the OCC is resolved prior to the frequency domain filtering. For the cyclic shift (CS) based patterns, the code resolution is inherent in the DCT estimation algorithm.
Figure 1 shows the patterns included in the study (they are selected to exemplify the basic OCC structures under discussion). The COMB_12 pattern does port separation using pure FDM (and would violate the power boosting constraints discussed above), the COMB_2_CS_6 pattern is based on a RPF2 comb and used cyclic shifts to multiplex the desired 6 ports per comb. The COMB_12 pattern was tested with both the MMSE channel estimator and with the DCT channel estimator, the COMB_2_CS_6 with the DCT estimator only, and the remaining patterns with the MMSE estimator only.


[bookmark: _Ref485122025][image: ]
Figure 3	Options for CSI-RS patterns (two OFDM symbols in a 12 subcarrier PRB is depicted). Red and blue show REs (span of CDM) used for two exemplary ports (out of 12). Yellow shows the total set of Res used for twelve ports. All patterns have the same density d=1RE/port/PRB, and are depicted for 12 ports.
[bookmark: _Toc485373929][bookmark: _Toc485374062]Evaluation parameters
The following evaluation parameters where used
	Numerology
	15kHz subcarrier spacing, normal cyclic prefix

	Bandwidth
	1200sc

	UE speed
	3kmph

	Channel model 
	5G-CDL, normalized gain

	UE positions
	Fixed across all drops

	Antenna arrangement
	12 co-pol elements (3GPP model), 0.5 lambda spaced

	Precoder computation
	SLNR (based on full channel estimates), one precoder per 12 sc

	Channel estimation, RS patterns
	See section 4.2. 12 layers, D=1RE/PRB/port

	Feedback delay, precoder codebook
	No delay, full (estimated) channel available when estimating precoder.



[bookmark: _Toc485373930][bookmark: _Toc485374063]Evaluation results
MSE of channel estimate for the single user case with the TDL-A channel model is shown in Figure 2. The performance gain of the DCT channel estimator over the MMSE estimator is clearly visible; it is partly driven by the energy concentration properties of the DCT, partly by the ability of the DCT estimator to adapt to SNR and delay profile of the channel. Figure 3 shows the performance gain in terms of loss in precoding efficiency due to channel estimation (compared to ideal channel estimation) – lower is better. Single user case is depicted. Clearly the performance gain of the RE level comb based patterns carry over to an SINR gain.
Figure 4 shows the SINR after precoding for the different options for RS pattern and estimators. Here a multi-user scenario is evaluated. Figure 5 shows results from the same evaluation in terms of SINR loss due to channel estimation (compared to ideal channel knowledge). Also here, the gain in channel estimator performance carries over to an SINR gain.
[image: ]
[bookmark: _Ref485126730]Figure 4	Normalized (with true channel) mean square error of the channel estimates as a function of SNR for TDL-A (200ns DS) for the tested RS patterns and estimators.
[image: ]
[bookmark: _Ref485126737]Figure 5	SNR loss due to channel estimation as a function of SNR. TDL-A (200ns DS) channel model, single user case. The graph shows SINR loss when channel estimate is used to compute precoder compared to SINR when ideal channel knowledge was used to compute precoder.

[image: ]
[bookmark: _Ref485127069]Figure 6	Loss in terms of SINR after precoding based of channel estimated from CSI-RS compared to precoding based on genie channel estimate. CDL channel model, two users, normalized channel gain, 12 sc per precoder.
[bookmark: _GoBack]
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[bookmark: _Ref485127070]Figure 7	Loss in terms of SINR after precoding based of channel estimated from CSI-RS compared to precoding based on genie channel estimate. CDL channel model, two users, normalized channel gain, 12 sc per precoder. Note that the non-monotonical decay of the error due to channel estimation is due to increased tendency of the SLNR precoder towards null-forming for higher SNR.
[bookmark: _Toc485373931][bookmark: _Toc485374064][bookmark: _Toc485375726][bookmark: _Toc485375876]Conclusion
In this paper we observed the following:

Observation 1	Frequency domain OCC over large frequency spans on a non-uniformly sampled (in frequency domain) RE pattern creates sensitivity to timing errors, and high delay spread– as this will lead to loss or orthogonality between the ports separated by the code.
Observation 2	An RE level comb structure may allow an X=8 port CSI-RS mapped to a single symbol with D close to 1 even when coexistence with TRS is required (assuming TRS is on a comb with RPF 4).
Observation 3	An RE level comb structure for CSI-RS allows efficient use of FFT/DCT based channel estimators. Such estimators can work efficiently with little prior knowledge of the channel and with good properties in terms of computational complexity.
Observation 4	An RE level comb structure for CSI-RS allows efficient timing and delay-spread estimation.
Observation 5	A CSI-RS structure based on long frequency domain CDM on top of a regular RE level comb may allow transmitting on a subset of the supported ports without affecting PSD on a subcarrier level.
Observation 6	An RE level comb structure of the CSI-RS together with a DCT channel estimation may give significant performance improvements in terms of the channel estimator performance but also in terms of SINR obtained after applying beamforming based on the CSI-RS channel estimates.

Based on the discussion in this contribution we propose the following:
Proposal 1	Specify CSI-RS with uniform pattern across all symbols where CSI-RS is mapped.
Proposal 2	For CSI-RS patterns with non-uniformly sampled (in frequency domain) RE mapping, design the RS such that the use of frequency domain OCC is limited to adjacent subcarriers with a span that is as short as possible given the maximum allowed power boosting.
Proposal 3	Disallow CDM (T-OCC) across non-adjacent symbols.
Proposal 4	Allow N=4 adjacent symbols. Allow pair-wise adjacent symbols if needed to accommodate other RS. Disallow CDM (T-OCC) across non-adjacent symbols.
Proposal 5	Support 24 port CSI-RS for N = [2,4]
Proposal 6	Support densities D>1 RE/port/PRB, possibly for a reduced number of ports only.
Proposal 7	Support at least front-loaded and end-loaded CSI-RS symbol locations.
Proposal 8	Support at least a sequence design based on PN + QPSK sequences similar to LTE.
Proposal 9	Support UE specifically configured CSI-RS sequence seeds.
Proposal 10	For N = 1, D=1 support 2 as minimum number of adjacent REs for X = [2,4,8]. For N=1, D=1 support 4 as minimum number of adjacent REs for X = 12. For N = 2, D=1 support 2 as minimum number of adjacent REs for X = [4, 8, 12, 16]. For N=2, D=1, support 4 as minimum number of adjacent REs for X=24. For N = 4, D=1 support 2 as minimum number of adjacent Res for X = [16,24,32].
Proposal 11	Adopt a CSI-RS pattern for CSI-acquisition based on RPF-4 RE-level combs complemented with cyclic shift based CDM. Use 3 combs for 8,16,32 ports, and 2 combs for 12,24 ports.

[bookmark: _In-sequence_SDU_delivery][bookmark: _Toc485373932][bookmark: _Toc485374065][bookmark: _Toc485375727][bookmark: _Toc485375877]References
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