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1 Introduction
In RAN1#82bis, working assumptions were agreed for 12 and 16 port CSI-RS construction for CDM-2 and CDM-4.  Final remaining details include:
· Mechanisms used to aggregate REs to form the 12 and 16 port CSI-RS resource

· If CDM-4 is mapped on 2 or 4 OFDM symbols (‘FDM/TDM’ or ‘TDM’)
· Port numbering

This paper discusses these remaining details.  Note that port numbering for CDM-2 is addressed in a companion paper [1].

2 Performance with Different CSI-RS Boosting
In this section, we evaluate the performance impact of applying different CSI-RS boosting to a 2D antenna array with 16 ports.  We compare the performance between the cases with full power boosting and the maximum 6dB power boost recommended by RAN4 [3].  For the simulations, we consider a 16 port 8x4 dual polarized array with 4x1 subarray virtualization (108 degree tilt), hence a 2x4 port layout.  Detailed simulation parameters are given in the appendix.

The results for the 3D-UMa and 3D-UMi scenarios at the very high 70% resource utilization are given in Table 1 REF _Ref427156615 \h 
 and Table 2, respectively.  These results show cell-edge throughput losses of 18-19% when using the 6 dB power boost when compared to the case with 9 dB boosting (“full boosting”) to compensate for the 3 dB loss in CSI-RS SINR with 16 vs. 8 ports.  The corresponding normalized user throughput losses are in the range of 8-10%. 

Because these gains are found only at very high system load and are notable, but not dramatic, modifying the CSI-RS patterns to improve eNB PA efficiency may not be essential.  However, we would note that a conservative RAN1 design may avoid the need for study in RAN4 if more than 6 dB CSI-RS boosting is found beneficial in RAN1 or in the RAN4 discussions of FD-MIMO performance requirements.

Observations: 

· Applying a 6dB power boost to CSI-RS REs results in performance losses of 18-19% in cell edge throughput and 8-10% in mean user throughput when compared to a fully boosted CSI-RS, for a 16 port CSI-RS configuration and at high system load (70% RU).

· Conservative designs for CSI-RS in RAN1 may avoid the need for RAN4 consideration of more than 6dB CSI-RS boosting.

Table 1: Performance comparison in 3D-UMa

	Reference resource utilization [%]
	70

	Reference offered traffic [bps/Hz/cell]
	1.641

	
	6dB boosting
	Full boosting

	Cell edge throughput [bps/Hz/user]
	0.260
	0.316

	Mean User Throughput [bps/Hz/user]
	1.683
	1.871

	Cell edge gain [%]
	-18
	0

	Mean user throughput gain [%]
	-10
	0


Table 2: Performance comparison in 3D-UMi

	Reference resource utilization [%]
	70

	Reference offered traffic [bps/Hz/cell]
	1.718

	
	6dB boosting
	Full boosting

	Cell edge throughput [bps/Hz/user]
	0.256
	0.316

	Mean User Throughput [bps/Hz/user]
	1.710
	1.867

	Cell edge gain [%]
	-19
	0

	Mean user throughput gain [%]
	-8
	0


3 CSI-RS Pattern Options for CDM-4
As discussed in [2], 3 possibilities to group 4 REs covered with a length 4 cover code are:
a. CDM-4 across 4 OFDM symbols

b. 2D CDM-4, where 2 adjacent OFDM symbols and 2 adjacent REs in these symbols are covered by the OCC.

c. 2D CDM-4, where 2 adjacent OFDM symbols and REs belonging to the 4 port Rel-12 CSI-RS in these symbols are covered by the OCC.

These options are illustrated in Figure 1 below.  In the figure, the 4 REs covered by the OCC have the same color and are numbered consecutively.  The numbering is for illustration, and does not necessarily reflect the port numbering.
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Figure 1: CSI-RS Design Options for CDM-4
The benefits and drawbacks of the different options may be summarized (further details available in [2]):

Table 3: CSI-RS CDM-4 Option Comparison

	Option
	Benefit
	Drawback

	Option a. (TDM)
	· If there are only 4 CSI-RS ports in an OFDM symbol, some better PA utilization (about 1.2 dB) 
	· Less efficient use of CSI-RS since 4 ports are spread across 4 symbols.
· CSI-RS RE locations different than ZP CSI-RS for 4 ports

· Less robust to time variation

· Fewer total number of resources as some resources in 2nd slot cannot be used

	Option b. (FDM, adjacent REs)
	· More efficient allocation of CSI-RS, since quadruplets can be in the same or in different symbols.

· Highly robust to delay spread

· Highly robust to Doppler
	· CSI-RS RE locations are different than 4 port NZP and ZP CSI-RS

	Option b. (FDM, 6 REs apart)
	· Best CSI-RS resource efficiency

· Quadruplets can be in the same or in different symbols.

· CSI-RS RE locations are the same as 4 port NZP and ZP CSI-RS

· Highly robust to Doppler
	· Less robust to delay spread


We observe that all 3 options have various drawbacks, but that the Options b. and c. are quite similar, and if the multipath performance of Option c. is sufficient, it can be specified instead of Option b.  On the other hand, Option c. does not always provide the maximum power utilization in all CSI-RS configurations, and so Option a. could be used in addition to Option b. or Option c.
We therefore consider the performance impact of multipath on Option b. vs. Option c.  Table 4 below contains initial simulation results on the system level performance impact of a 6 RE subcarrier spacing vs. using adjacent REs for CSI-RS with CDM-4 (Options c. and b. above, respectively).  For the simulations, we consider a 16 port 8x2 2D array with 2x1 (vertical) virtualization and 2 receive antennas.  The proposed FD-MIMO codebook [5] is used with Config 1.  A full buffer traffic model was used due to simulation time constraints.  Detailed simulation parameters are given in the Appendix.

In Table 4, we observe that the 6 RE separation of Option c. causes a small loss at the cell edge and essentially the same user throughput relative to the use of adjacent REs in Option b.  These initial results therefore suggest that if some small loss in cell edge gain is acceptable, Option c. can be considered.
Table 4: Performance of 6 RE vs. Adjacent CDM-4 FDM CSI-RS (Option c. vs.  Option b.)
	
	Option b.

(Baseline)
	Option c.

	Mean user throughput gain
	0%
	-0.4%

	Cell edge gain
	0%
	-2.3%


Given the above simulation results and observations, we observe:
Observations:

· FDM/TDM spreading (Options b. and Option c.)
· Are more beneficial with respect to CSI-RS resource efficiency
· Can have the same power utilization as pure TDM spreading (Option a.)
· Are more robust to Doppler than TDM
· TDM spreading (Option a.)

· Can have about 1.2 dB better power utilization than FDM/TDM if CSI-RS REs are in different symbols.

· FDM/TDM with 6 RE separation (Option c.) can be considered if some small loss in cell edge throughput is acceptable.

We therefore propose:
Proposals:

· FDM/TDM spreading is supported for CSI-RS CDM-4
· Either using legacy 4 port CSI-RS RE mappings (Option c.) or adjacent REs (Option b.) 

· TDM spreading for CSI-RS CDM-4 can be considered for support in addition to FDM/TDM spreading
4 CSI-RS Resource Allocation and CDM-4 Details
4.1 Resource Allocation Using Aggregated Resources

Working assumptions for CSI-RS construction for CDM-2 from RAN1#82bis aggregate the same size CSI-RS.  For 16 ports, CSI-RS REs of 2 or 8 ports configurations can be aggregated, while for 12 ports REs of 2 or 4 ports configurations can be aggregated.  Aggregating 2, 4, and 8 ports allows quite flexible and efficient CSI-RS resource allocation, as well as be forward compatible to more antenna configurations in later releases.
One straightforward alternative to allocate CSI-RS when the aggregated resources are the same size is to signal a bitmap of length equal to the total number of aggregated resources.  In the case of  RE aggregation, that may be used for 2 port CSI-RS in Rel-12 LTE (for instance with normal CP, 20 pairs for FDD and 32 pairs for TDD).  The bitmap then indicates to the UE whether an RE pair contains CSI-RS or not.  For example, a bitmap with 6 “ones” and the remaining bits “zero” indicates the NZP CSI-RS resources and that a 12-port CSI-RS resource has been configured.  

The aggregation of equal size resources also seems reasonable to use for CDM-4 CSI-RS resource construction as well.  In such an arrangement, quadruplets of neighboring CSI-RS (Option b. above) could be indicated with a bitmap, as shown in Figure 2 below.  Here, neighboring Rel-12 CSI-RS pairs in a symbol form a quadruplet.  The bitmap then indicates to the UE whether a quadruplet contains CSI-RS or not.  For example, a bitmap with 3 or 4 “ones” and the remaining bits “zero” indicates the NZP CSI-RS resources and that a 12-port or 16-port CSI-RS resource has been configured.  
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Figure 2: Aggregating Quadruplets of CDM-4 CSI-RS REs
Option c. can be supported in the same way, except that legacy 4 port CSI-RS REs locations are now aggregated, as shown in Figure 3.  Again, there are 10 quadruplet positions for FDD with normal CP, so a 10 bit bitmap with 3 or 4 non-zero positions could be used to allocate 12 or 16 port CSI-RS resources.
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Figure 3: Aggregating CSI-RS REs of Legacy 4 Port CSI-RS for CDM-4 CSI-RS REs

Instead of aggregating 4 REs at a time, we could consider aggregating 2 or 8 REs for CDM-4.  Aggregating an odd number of pairs of REs would mean that one RE pair could not have CDM-4.  Given that CDM-2 can be used to construct 12 and 16 port CSI-RS, it seems that aggregating 4 or 8 REs at a time is sufficient.  In this case, for Option b., if 2 port CSI-RS are aggregated, then they are aggregated in pairs that are in adjacent frequency.  Aggregating 8 REs can extended straightforwardly from Option c. by using 8 port CSI-RS resources and a 5 bit bitmap to indicate the occupied resources, as shown below.
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Figure 4: Aggregating CSI-RS REs of Legacy 8 Port CSI-RS for CDM-4 CSI-RS REs

Since there are only 5 different CSI-RS positions that can be aggregated, there can be fewer differences in frequency among the aggregated CSI-RS than when 4 port resources are aggregated.  Therefore, aggregations of 8 port resources may be more attractive to consider to use TDM as well as FDM/TDM.  It is straightforward to extend the bitmap approach to use both TDM and FDM/TDM.  If all aggregated resources are in OFDM symbols 9 and 10, then the OCC is applied according to Option b. or Option c.  However, if one of the aggregated resources is in symbols 5 and 6 or symbols 12 and 13, TDM is used.  One simple approach to define the TDM pattern is to assign each one of the 4 OCC sample indices to each OFDM symbol, as shown in Figure 5.  Here the TDM sample indices 0-3 are assigned to each of symbols 5, 6, 9, 10, respectively.  In this case, TDM can be applied over symbols 5,6,9,10 and symbols 9,10,11,12 but not 5,6,12,13.  Therefore, one case out of the 7 possible TDM pairings for 16 ports is precluded.  If it is desirable to support this special case, it is straightforward to have a separate mapping with the OCC sample indices 2,3 mapped to symbols 12,13 for only when the 8 port resources are indicated as occupying symbols 5,6 and 12,13. 
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Figure 5: TDM Pattern for 8 Port CSI-RS for CDM-4 CSI-RS REs

Observations:

· For CDM-4, aggregating groups of 4 REs appears sufficient

· For Option b: (N,K) = (8,2), (2,8) for 16 ports and (N,K) = (2,6) for 12 ports should be supported

· 2 port CSI-RS pairs of each quadruplet are constrained to be adjacent 

· For Option c: (N,K) = (4,4), (8,2) for 16 ports and (N,K) = (4,3) for 12 ports should be supported.

· Forming 12 or 16 port CDM-4 resources using FDM allows a wide variety of CSI-RS configurations

· Any 3 or 4 quadruplets out of 10 can be selected to form a 12 or 16 port CSI-RS configuration
· The CSI-RS quadruplets contain two Rel-12 CSI-RS port configurations, and so it is straightforward to mix CDM-4 and Rel-12 CDM-2 CSI-RS resources in a subframe.
4.2 Cover Code Design for CDM-4
One way to apply a length-4 OCC is to apply a 2 dimensional OCC in both time and frequency.  Here, CSI-RS RE quadruplets over which the length-4 OCC is applied can be in adjacent subcarriers and in adjacent OFDM symbols.  The time dimension of the 2D OCC uses a length-2 OCC across adjacent REs in time, where a sequence of [+1 +1] or [+1 -1] modulates the two REs of one subcarrier in adjacent OFDM symbols.  The frequency dimension of the 2D OCC also uses a sequence of [+1 +1] or [+1 -1], but modulates the two REs of one OFDM symbol in adjacent subcarriers. Therefore the 4 weight sequences corresponding to each of 4 CSI-RS ports multiplexed within a quadruplet may be expressed as:
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where the rows of the matrices correspond to the subcarrier index ‘k’ and the columns correspond to the OFDM symbol index ‘l’ in [4].
For TDM, the same 4 sequences can be used, except that they are expressed as vectors:
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Hence, we make the following proposals:
Proposals:

· 12 and 16 port CSI-RS resource is constructed by aggregating REs of equal size CSI-RS resources.

· Any combination of the aggregated REs/resources can be used to form 12 and 16 ports

· In the case of CDM-2:

· Confirm the working assumptions for CDM-2 that (N,K) = (8,2), (2,8) for 16 ports and (N,K) = (4,3), (2,6) for 12 ports

· In the case of CDM-4, when CSI-RS RE quadruplets are aggregated

· If the loss in cell edge throughput is determined to be negligible,

· The quadruplets occupy the REs in Rel-12 4 port CSI-RS (ie. adjacent symbols and 6 REs apart in frequency).

· Otherwise,

· The quadruplets are formed from REs that are in adjacent symbols and in adjacent REs of the symbol, 

· The quadruplets are at 10 fixed positions within an OFDM symbol

· Any 3 or 4 quadruplets can be combined to form 12 or 16 port CSI-RS resource

· In the case of CDM-4, if CSI-RS REs of 8 port Rel-12 CSI-RS are aggregated

· The OCC is applied across frequency and adjacent symbols at least for some aggregation combinations 

· If TDM is supported, OCC can instead be applied across 4 OFDM symbols when at most one of the aggregated resources is in OFDM symbols 9,10 or 5,6
4.3 Port Numbering for CDM-4
The port numbering technique method discussed in [1] in the context of CDM-2 can be used for the case of CDM-4 as well.  In this case, the Class A CSI-RS  port numbers,   
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	Equation 1



where 
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 is new port number allocated for the k:th component resource,  k = 0,…,K-1 is the k:th aggregated resource, [image: image12.png]


 is the legacy port number associated with each aggregated resource,  and N is the number of ports per aggregated resource.   This  CSI-RS port numbering scheme can be summarized in a table form as shown in Table 5 for (N,K) = (2,8) for 16 ports and (N,K) = (2,6) for 12 ports, and in Table 6 for (N,K) = (4,4), (8,2) for 16 ports and (N,K) = (4,3) for 12 ports.
Table 5: Port numbering of 12 and 16 CSI-RS  ports using aggregation of  CSI-RS resources of CDM-4 with N=2
	
	Aggregated CSI-RS Resource (k)  

	
	0
	1
	2
	3
	4
	5
	6
	7

	Port number of each component CSI-RS configuration (p)
	15
	16
	15
	16
	15
	16
	15
	16
	15
	16
	15
	16
	15
	16
	15
	16

	CSI-RS Port number (n)
	K=8, N=2
	15
	23
	16
	24
	17
	25
	18
	26
	19
	27
	20
	28
	21
	29
	22
	30

	
	K=6, N=2
	15
	21
	16
	22
	17
	23
	18
	24
	19
	25
	20
	26
	-
	-
	-
	-


Table 6: Port numbering of 12 and 16 CSI-RS  ports using aggregation of  CSI-RS resources for CDM-4 with N=4,8
	CSI-RS port number (n)
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30

	Port number of each component CSI-RS configuration (p)
	K=2, N=8 
	Aggregated resource (k)
	0
	15
	16
	17
	18
	-
	-
	-
	-
	19
	20
	21
	22
	-
	-
	-
	-

	
	
	
	1
	-
	-
	-
	-
	15
	16
	17
	18
	-
	-
	-
	-
	19
	20
	21
	22

	
	K=3, N=4 
	Aggregated resource (k)
	0
	15
	16
	-
	-
	-
	-
	-
	-
	17
	18
	-
	-
	-
	-
	-
	-

	
	
	
	1
	-
	-
	15
	16
	-
	-
	-
	-
	-
	-
	17
	18
	-
	-
	-
	-

	
	
	
	2
	-
	-
	-
	-
	15
	16
	-
	-
	-
	-
	-
	- 
	17
	18
	-
	-

	
	K=4, N=4
	Aggregated resource (k)
	0
	15
	16
	-
	-
	-
	-
	-
	-
	17
	18
	-
	-
	-
	-
	-
	-

	
	
	
	1
	-
	-
	15
	16
	-
	-
	-
	-
	-
	-
	17
	18-
	-
	-
	-
	-

	
	
	
	2
	-
	-
	-
	-
	15
	16
	-
	-
	-
	-
	-
	- 
	17
	18
	-
	-

	
	
	
	3
	
	
	
	
	
	
	15
	16
	-
	-
	-
	-
	-
	- 
	17
	18


A 16 port example with N=4, K=4 case using Option c. is shown in Figure 6. 
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Figure 6: An example of CSI-RS port numbering 16-port CDM-4 Option c. with aggregation of K=4 CSI-RS resources of N=4 ports each

5 Conclusion
This paper considers the design factors that should be taken into account when designing CSI-RS resources for FD-MIMO.  Our observations and proposals can be summarized:

Proposals:

· Confirm the working assumption to support 12 and 16 port CSI-RS with both CDM-4 and CDM-2 for FD-MIMO 

· CDM-4 is supported to ensure that eNB power amplifier requirements are not unduly impacted by FD-MIMO

· CDM-2 is supported to allow resource efficiency when legacy UEs are present.

· CDM-4 is used across pairs of REs in a symbol to enable the best performance 

· CSI-RS configurations with as few as 2 CSI-RS REs in an OFDM symbol are supported.

· Configurations with more than 2 REs per symbol are also supported to allow full power utilization when desired.

· Less preferably, CDM-4 with TDM across OFDM symbols can also be used

· TDM design should ensure full power utilization

· 12 and 16 port CSI-RS resource is constructed by aggregating REs of equal size CSI-RS resources.

· Any combination of the aggregated REs/resources can be used to form 12 and 16 ports

· In the case of CDM-2:

· Confirm the working assumptions for CDM-2 that (N,K) = (8,2), (2,8) for 16 ports and (N,K) = (4,3), (2,6) for 12 ports

· The port numbering method as described by Equation 1 is used for CDM-4.
· In the case of CDM-4, when CSI-RS RE quadruplets are aggregated

· If the loss in cell edge throughput is determined to be negligible,

· The quadruplets occupy the REs in Rel-12 4 port CSI-RS (ie. adjacent symbols and 6 REs apart in frequency).

· (N,K) = (4,4), (8,2) for 16 ports and (N,K) = (4,3) for 12 ports should be supported.
· Otherwise,

· The quadruplets are formed from REs that are in adjacent symbols and in adjacent REs of the symbol, 

· (N,K) = (8,2), (2,8) for 16 ports and (N,K) = (2,6) for 12 ports should be supported
· 2 port CSI-RS pairs of each quadruplet are constrained to be adjacent 

· The quadruplets are at 10 fixed positions within an OFDM symbol

· Any 3 or 4 quadruplets can be combined to form 12 or 16 port CSI-RS resource

· In the case of CDM-4, if CSI-RS REs of 8 port Rel-12 CSI-RS are aggregated:
· The OCC is applied across frequency and adjacent symbols at least for some aggregation combinations 
· If TDM is supported, OCC can instead be applied across 4 OFDM symbols when at most one of the aggregated resources is in OFDM symbols 9,10 or 5,6.
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7 Appendix

	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMa 500m ISD

	Antenna Configurations
	8x4 with 4x1 virt., UMa & UMi

8x2 with 2x1 virt., UMa

	Cell layout
	8x4: 1 vertical sector per azimuthal sector, 57 azimuthal sectors in total
8x2: 1 vertical sector per azimuthal sector, 21 azimuthal sectors in total

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi), 46 dBm (UMa) 

	Traffic model
	8x4: FTP Model 1, 500 kB packet size
8x2: Full buffer

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	CRS interference 
	Not modeled. Overhead accounted for 2 CRS ports.

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  

Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	CSI-RS beam selection margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS
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