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Introduction
In RAN1#87ah-NR, the following agreement was made:
Agreements:
· The CSI-RS RE mapping pattern of one N-port CSI-RS resource is composed of one or multiple CSI-RS RE mapping patterns of CSI-RS resources of equal or smaller number of ports, [e.g., 2, 4, or 8]
· A CSI-RS RE mapping  pattern is defined within a slot
· FFS: A CSI-RS RE mapping  pattern can span multiple configurable consecutive/non-consecutive OFDM symbols 
· FFS on mapping of ports to the CSI-RS RE mapping pattern
· Density per port in terms of RE per port per PRB is configurable supports for density greater than 1 is not precluded

In [1] we proposed a flexible CSI-RS design that covers both CSI acquisition (like in LTE) and beam management (new aspect in NR, not considered in LTE). In this contribution we elaborate on some of the details of the design taking into account the above agreement.
[bookmark: _Ref178064866]Discussion
In LTE, as the standard evolved over various releases the maximum number of ports per CSI-RS resource grew from 8 in Rel-12 to 16 in Rel-13 to 32 in Rel-14. To avoid large specification impact and to maintain backwards compatibility, larger CSI-RS resources in later releases were always defined as an aggregation of smaller CSI-RS resources from Rel-12. For example, to build a 16 port resource, two 8-port resources were aggregated. Furthermore, up to and including Rel-13, the default CSI-RS density was always 1 RE/port/RB, meaning that the number of REs for an X port resource was always X in each PRB.
Since NR starts from a clean slate, it is not necessary to inherit from LTE the notion of aggregating multiple smaller CSI-RS resources to form a larger CSI-RS resource. What can be done instead, is to first define a resource element (RE) mapping pattern for a desired CSI-RS resource and then assign port numbers to that RE mapping pattern. This is not to say that the RE mapping pattern itself cannot be built up from smaller RE mapping patterns (as per the above agreement), but the notion of resource aggregation itself is not needed. In fact, in this contribution we show how various RE mapping patterns can be built from a basic 2-RE mapping pattern. Moreover, we show that how the ports are assigned to the RE mapping pattern can be used as a tool to control the CSI-RS density as required by previous agreements on configurable CSI-RS density. We present examples of port mappings that achieve this goal for 1,2,4,8,12,16,24, and 32-port CSI-RS resources.
[bookmark: _Toc473809189]In NR it is not necessary to inherit from LTE the notion of aggregating multiple smaller CSI-RS resources to form a larger CSI-RS resource.
1, 2, 4, 8 & 12-port CSI-RS Resources
In NR, it is desirable to minimize the number of OFDM symbols occupied by a CSI-RS resource. This is motivated by the fact that NR supports slots with as few as 7 symbols (half the number of symbols than in an LTE TTI) and several of these symbols are already occupied by downlink control, uplink control, DMRS, and guard symbols in the case of TDD. This leaves relatively few symbols for CSI-RS. Another design goal is that NR supports densities at least as large as the default density of D = 1 RE/port/RB used in LTE, thus enabling channel estimation performance on par with LTE. To satisfy these design goals, we propose that the RE mapping pattern for 1, 2, 4, 8, and 12 port CSI-RS resources consist of at least a single OFDM symbol. Figure 1 shows such a single-symbol RE mapping pattern for the case when all 12 REs within every PRB are occupied by CSI-RS symbols. Since a PRB consists of 12 subcarriers, the goal of supporting density D = 1 RE/port/RB is satisfied for the case of the 12-port CSI-RS resource.

[image: ]
[bookmark: _Ref473733918]Figure 1: Single-symbol RE mapping pattern with all 12 REs occupied per PRB for 1, 2, 4, 8, and 12-port CSI-RS resources.
The port number assignment scheme used in Figure 1 keeps the port numbers corresponding to the two different polarizations of the same dual-polarized antenna element in adjacent REs in frequency (e.g., (1,7), (2,8), … for the 12 port case). Such an assignment scheme may be desirable when it comes to multi-symbol CSI-RS resources, e.g., for 16, 24, and 32 ports. Other port number assignment schemes are of course possible, and this issue should be studied further.
As can be seen in Figure 1, the assignment of port numbers to a fully occupied PRB leads to densities D > 1 for CSI-RS resources with fewer than 12 ports. This may be beneficial for NR where the sub carrier spacing can become quite large (up to 480 kHz). For highly frequency selective channels, larger densities may be required to ensure that the channel for each port is sampled sufficiently often within the channel coherence bandwidth to ensure good channel estimation performance. While Figure 1 shows density values up to D = 12, it should be studied what exact values should be supported.
To reduce the density for CSI-RS resources with fewer than 12 ports, an RE mapping pattern with fewer occupied REs in each PRB may be used. Figure 2 shows examples where 8 out of the 12 REs are occupied by CSI-RS symbols. This gives a density of D = 1 for the 8-port CSI-RS resource and densities of up to D = 8 for CSI-RS resources with fewer than 8-ports. Figure 3(a) shows a further density reduction by using an RE mapping pattern using 4 out of the 12 REs. This gives a density of D = 1 for the 4-port resource and densities of up to D = 4 for resources with fewer than 4 ports. This can be extended one step further as in Figure 3(b) through an RE mapping pattern using only 2 out of the 12 REs, resulting in density of D = 1 for the 2-port resource.
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[bookmark: _Ref473746888][bookmark: _Ref473795331]Figure 2: Single-symbol RE mapping pattern with 8 out of 12 REs occupied per PRB for 1, 2, 4, and 8-port CSI-RS resources.
[bookmark: _Ref473747395][image: ]
	(a)	(b)
Figure 3: Single-symbol RE mapping pattern with (a) 4 out of 12 REs occupied per PRB for 1, 2, 4-port CSI-RS resources, and (b) 2 out of 12 REs occupied per PRB for 1 and 2-port CSI-RS resources.
This flexible port assignment scheme with configurable densities of D ≥ 1 motivates the definition of a basic 2-RE mapping pattern (a 2-RE unit) such that a larger mapping pattern is comprised of one or more of the basic 2-RE units as per the agreement from the last meeting. From a rate matching perspective it is desirable to have the same RE mapping pattern in all PRBs of the configured CSI-RS bandwidth (partial or full BW as per previous agreements). Figure 1, Figure 2, and Figure 3 have precisely this property. Hence a single-symbol RE mapping pattern for an N-port CSI-RS resource may be described by M 2-RE mapping patterns where M = 1, 2, 4, or 6. The above examples show the case where the M units are contiguous in frequency. In general, non-contiguous could be supported. In either case a length-6 bitmap b can be used to indicate the location of the M units within a PRB. For example in Figure 2, M = 4 and b = [1 1 1 1 0 0] where the 1’s indicate an occupied RE unit and the zeros an unused RE unit for this resource (could be used by other CSI-RS resources, e.g., for other users).
[bookmark: _Toc473809192][bookmark: _Toc473810229]For an N-port CSI-RS resource, the RE mapping pattern per PRB per OFDM symbol consists of M 2-RE mapping patterns where M = 1, 2, 4, or 6. The RE mapping pattern per PRB is replicated across all PRBs within the configured CSI-RS bandwidth.
16 & 24-port CSI-RS Resources
In order to achieve a density of at least D = 1 RE/port/RB for the case of 16 and 24 port CSI-RS resources, two OFDM symbols must be used. Figure 4(a) shows example RE mapping patterns for 16 ports with either 8 out of 12 REs per PRB occupied giving density D = 1 RE/port/PRB or all 12 REs occupied giving density D = 1.5 RE/port/PRB. Figure 4(b) shows an RE mapping pattern for 24 ports with all REs occupied giving a density of D = 1. In both cases consecutive OFDM symbols are illustrated. As indicated in the above agreement, it is FFS whether the RE mapping pattern can span multiple configurable consecutive or non-consecutive OFDM symbols.
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	(a)	(b)
[bookmark: _Ref473752781]Figure 4: Two-symbol RE mapping pattern for (a) 16-port CSI-RS resource with either 8 out of 12 or all 12 REs occupied per PRB, and (b) 24-port CSI-RS resource with all 12 REs occupied per PRB.
An important aspect of the above patterns is that when a multi-symbol CSI-RS resource is defined, the RE mapping pattern per PRB should be the same in each OFDM symbol. This is beneficial such that if orthogonal cover codes (OCC) are applied to support code division multiplexing (CDM) or ports in the resource, the REs within a CDM group are as close as possible in time and frequency, mitigating any orthogonality loss due to time selective and/or frequency selective fading. One such CDM group for the case of length-4 OCC codes is shown in Figure 4(b). Moreover, having a uniform pattern in both time and frequency simplifies the channel estimator in the UE in terms of the number of the number of sets of channel estimator coefficients that need to be generated/stored.
Note that in Figure 4, consecutive OFDM symbols are illustrated. As indicated in the above agreement, it is FFS whether the RE mapping pattern can span multiple configurable consecutive or non-consecutive OFDM symbols. In either case, however, a uniform RE mapping pattern spanning L symbols can be described fully by a length-6 bitmap b with M non-zero entries indicating the location of the M 2-RE units within a PRB and a length-L vector x indicating the OFDM symbol locations of the CSI-RS resource.
[bookmark: _Toc473810230][bookmark: _Toc473809194]For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, the RE mapping pattern per PRB is replicated across all L symbols.
[bookmark: _Toc473809195][bookmark: _Toc473810231]For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, the N port numbers are assigned to the RE mapping pattern with the constraint that N ≤ 2ML resulting in port densities D ≥ 1 RE/port/RB. Allowed density values are FFS.
32-port CSI-RS Resources
In order to achieve a density of at least D = 1 RE/port/RB for the case of a 32 port CSI-RS resources, four OFDM symbols must be used. Strictly speaking, 3 symbols could be used since there are 36 REs per PRB within 3 OFDM symbols. However, this would greatly complicate the formation of CDM groups which are based on OCC codes with lengths that are a power of 2, e.g., 2, 4, and 8. Hence we propose that 4 symbols are used for 32 port CSI-RS resources. Assuming a uniform RE mapping pattern in both time and frequency, example RE mapping pattern and port numbering assignments are shown in Figure 5. Again, consecutive OFDM symbols are illustrated; however, non-consecutive symbols can be considered.
[bookmark: _Toc473810232][bookmark: _Toc473809196]For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, at least the following combinations are supported: L = 1 for N = 1, 2, 4, 8, 12; L = 2 for N = 16, 24; and L = 4 for N = 32.
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[bookmark: _Ref473756432]Figure 5: Four-symbol RE mapping pattern for a 32-port CSI-RS resource with either 8 out of 12 or all 12 REs occupied per PRB.
Configurable Density in the Frequency Domain
[bookmark: _GoBack]While support for densities of D ≥ 1 can be beneficial as described above, it is also beneficial in certain scenarios to reduce the CSI-RS density, i.e., support D < 1. Such overhead reduction is also agreed to be supported in LTE Rel-14, e.g., for the case of a large number of ports in Class A, e.g., 20, 24, 28, 32. Overhead reduction may be achieved in a simple way by RE-level decimation of the RE mapping patterns shown in previous examples thereby creating comb (IFDMA) patterns with configurable repetition factor (RPF). The port number assignment is done before the decimation step, so frequency domain density reduction does not affect how the port numbers are assigned to the RE mapping pattern. This is illustrated in Figure 6 below for the example of RPF 2. Only the RE patterns from Figure 1, Figure 4, and Figure 5 for the full RE occupancy case (M = 6)  are shown, since only those lead to the comb pattern after decimation. Clearly, the density is reduced by a factor of RPF. This gives the opportunity of creating RPF different orthogonal combs by introducing a frequency domain offset of O REs where O = 0, 1, …, SF – 1 to the patterns shown in Figure 6. For example, different orthogonal combs may be used to create a reuse pattern between cells in order to boost CSI-RS SINR, particularly for the larger number of ports, e.g. 16, 24, 32. Moreover, the comb patterns (IFDMA) for the case of a single-symbol CSI-RS resource are particularly useful for beam sweeping applications. Separate single-symbol CSI-RS resources can be defined in several symbols within a slot, where each resource corresponds to a different gNB Tx beam. By leaving the REs empty between CSI-RS REs, one achieves a time domain waverform that repeats RPF times within each OFDM symbol. This gives the opportunity for the UE to try RPF different Rx beams within each OFDM symbol while the gNB Tx beam is held constant.
[bookmark: _Toc473809197][bookmark: _Toc473810233]NR supports configurable CSI-RS density in the frequency domain via RE level decimation of the RE mapping patterns to create frequency domain comb (IFDMA) structures allowing densities D < 1 RE/port/RB. Allowed RPF values are FFS. 
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[bookmark: _Ref471537064]Figure 6: RPF 2 comb patterns for N = 1, 2, 4, 8, 12, 16, 24, and 32 port CSI-RS resources. The port density is reduced by a factor of RPF compared to the full occupancy (M = 6) RE mapping patterns shown in previous 
Conclusions
In this contribution we made the following observation:
Observation 1	In NR it is not necessary to inherit from LTE the notion of aggregating multiple smaller CSI-RS resources to form a larger CSI-RS resource.

Based on the discussion in this contribution we propose the following:
Proposal 1	For an N-port CSI-RS resource, the RE mapping pattern per PRB per OFDM symbol consists of M 2-RE mapping patterns where M = 1, 2, 4, or 6. The RE mapping pattern per PRB is replicated across all PRBs within the configured CSI-RS bandwidth.
Proposal 2	For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, the RE mapping pattern per PRB is replicated across all L symbols.
Proposal 3	For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, the N port numbers are assigned to the RE mapping pattern with the constraint that N ≤ 2ML resulting in port densities D ≥ 1 RE/port/RB. Allowed density values are FFS.
Proposal 4	For an N-port CSI-RS resource with RE mapping pattern spanning L OFDM symbols, at least the following combinations are supported: L = 1 for N = 1, 2, 4, 8, 12; L = 2 for N = 16, 24; and L = 4 for N = 32.
Proposal 5	NR supports configurable CSI-RS density in the frequency domain via RE level decimation of the RE mapping patterns to create frequency domain comb (IFDMA) structures allowing densities D < 1 RE/port/RB. Allowed RPF values are FFS.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref473724543]R1-1700766 “On CSI-RS Design,” Ericsson, RAN1#87ah-NR, January 2017.
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