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1 Introduction
Evaluating the need for defining additional CSI-RS ports is a key element of the EBF/FD-MIMO study.  In this paper, we consider the tradeoffs of defining more than 8 CSI-RS ports from performance benefit and complexity viewpoints.  The required number of CSI-RS ports and accuracy of various CSI-RS transmission alternatives are considered.  Also, the performance versus overhead and complexity of a 2D grid of beams codebook is analyzed.
2 Discussion 
Defining additional CSI-RS ports is motivated by improved performance from better channel state information at the eNB, but comes at the cost of additional complexity, primarily at the UE. Improved CSI is crucial for superior MU-MIMO performance as is shown in [1]. We consider this tradeoff in the following sections, addressing several alternatives for CSI-RS transmission.
2.1 CSI-RS transmission alternatives
There are several alternatives to transmitting CSI-RS and determining downlink channel state information.  We briefly summarize the performance implications of the alternatives below:
1. Direct measurement of full 3D channel with one CSI-RS mapped to each element

· The UE can measure the exact channel state in any given subframe, allowing it to determine CSI feedback using full channel state information as fast as possible.
· Measuring all elements is robust with respect to 3D propagation behavior.  Behavior such as specular reflections in dense urban environments can be accounted for in UE CSI feedback.
· Techniques such as MU-MIMO that may exploit higher resolution knowledge of channel state are straightforwardly supported.  

· Useful CSI can be obtained more or less instantaneously after a measurement has been triggered

· The overhead of using an excessive number of CSI-RS ports can nullify the throughput gains from accurate CSI measurement in some cases.  Therefore, the net gain (including overhead) of additional CSI-RS ports should be evaluated, as is discussed in more detail below.

2. Measurement of partial 3D channel with beamformed CSI-RS and fewer beams than elements
· The UE can determine the exact channel state for a given virtualization, selected by the eNB, and so CSI feedback can be accurate but the accuracy depends on how the well the eNB selects the beam and by how many beams the eNB can choose from.
· Using fewer beams than elements can reduce CSI-RS overhead, provided that UEs requiring CSI occupy a subset of the beams and appropriate mechanisms to share the CSI-RS resources among UEs are available. Fewer beams reduce the CSI accuracy, however.
· Beamforming can increase CSI-RS SINR over when elements are directly measured, which can increase CSI accuracy and coverage when antenna specific CSI-RS SINR is insufficient.

· Because a CSI in a beam is measured, the resulting channel may attenuate good paths that are outside the main lobe of the beam.  For example, specular reflections or angle spreads outside of the measured beams cannot be exploited in the CSI feedback and PDSCH transmission.

· Measuring an eNB selected subset of the array manifold leads to less channel state information and limits the benefit of non-codebook based precoding MU-MIMO, since such precoding requires more accurate CSI e.g. for “null-steering” .
3. Direct measurement of a subset of antenna elements with one CSI-RS mapped to each element, e.g. V / H measurements
· Measuring a subset of elements, such as along the vertical or horizontal axis of a 2D array does not allow the UE to measure the full 3D channel to be used for PDSCH transmission.  This results in reduced performance as shown in [2].
· CSI-RS overhead is reduced, and overhead reduction decreases as one axis grows larger than the other (the array becomes ‘less square’) [3].

Given the considerations above, we make the following observations with respect to performance:
Observations:

· Measurement of the full 3D channel to each antenna element is the most straightforward, accurate, and reliable way to obtain CSI.  However, the benefit of better CSI knowledge can be lost to CSI-RS overhead in the case of a large number of CSI-RS antenna ports.
· When CSI-RS overhead is excessive, or when reciprocity can be utilized, techniques that measure the exact channel state on a virtualized set of antenna elements, such as beamformed CSI-RS may be used. However, such techniques do not reduce overhead in all scenarios, and are not as accurate in some propagation environments. Moreover, many beams are needed to achieve a high quality CSI feedback and in environments with a large scan angle such as high rise scenarios.
· Methods that preclude direct measurement of all elements in the array such as 1Dx1D feedback have worse performance and fewer benefits than increasing the number of CSI-RS ports and/or using beamformed CSI-RS.
2.2 Performance with increased CSI-RS ports
In order to gauge the performance benefit of more CSI-RS ports, it is useful to consider their overhead.  The most straightforward way to support precoding for 2DAAs is to transmit a CSI-RS on each antenna element.  The approximate overhead from transmitting CSI-RS in this manner is shown in Table 1 below.  Here, we assume that 108 REs are available (assuming 3 symbols for PDCCH, 2 CRS ports, and 2 DMRS ports), 5 ms CSI-RS periodicity, and 1 or 3 cell reuse of CSI-RS.  As can be seen from the table, the straightforward use of CSI-RS can require significant overhead in large arrays.  However, whether the overhead is excessive depends on if the throughput gain from the increased number of ports exceeds the overhead or not.

Table 1: CSI-RS Overhead (5 ms periodicity)
	#CSI-RS Ports
	10
	20
	40
	64

	CSI-RS Overhead (1 cell reuse)
	1.9%
	3.7%
	7.4%
	12%

	CSI-RS Overhead (3 cell reuse)
	5.5%
	11.2%
	22.5%
	36%


Example performance gains from an increased number of antenna ports are shown in Tables 2, 3, and 4.  Further details on the simulations are in the Appendix.  Table 2 considers the benefit of codebook enhancements with 16 CSI-RS ports, whereas Table 3 and Table 4 show the gains from further increasing the codebook size to 32 CSI-RS ports.

In Table 2, we show the throughput gain when a scalable 2D Kronecker grid of beams codebook [4] is used with 16 CSI-RS ports, comparing it to the two horizontal sector Category 1 baseline [5].  An M=2, N=16 array configuration is used in a 3D UMi channel with SU-MIMO.  The 2D codebook provides 14-21% and 14-33% mean user throughput and cell edge user throughput, respectively.
Table 2: Throughput Gains of 2D Codebook Over Category 1
	2x16 antenna , UMi
	Cat.1
	2D CB
	Gains

	
	TXRUs
	16
	16
	

	Baseline

20% RU
	cell-edge UTP (bits/s/Hz/user)
	0.73
	0.97
	33%

	
	Mean UTP 
(bits/s/Hz/user)
	2.72
	3.10
	14%

	Baseline 
50% RU
	cell-edge UTP
(bits/s/Hz/user)
	0.28
	0.32
	14%

	
	Mean UTP
(bits/s/Hz/user)
	1.53
	1.85
	21%


Table 3 shows results for 16 and 32 CSI-RS ports for an M=8, N=4 array configuration in a 3D UMi channel with SU-MIMO.  Here, using 32 ports gains 5-17% and 27-40% mean and cell edge user throughput, respectively, over using a 16 port codebook.

Table 4 shows similar results, but using an M=2, N=16 array configuration instead of the 8x4 array.  Here, using 32 ports gains 13-28% and 39-81% mean and cell edge user throughput, respectively, over using a 16 port codebook.  

Table 3: Throughput Gains of 32 Over 16 TXRUs Using 2D Codebook with 8x4 Array
	8x4 antenna , UMi
	2D CB
	2D CB
	Gain

	TXRUs
	16
	32
	

	50% RU
	Cell-edge UTP (bits/s/Hz/user)
	0.56
	0.72
	27%

	
	Mean UTP 

(bits/s/Hz/user)
	2.41
	2.54
	5%

	70% RU
	Cell-edge UTP (bits/s/Hz/user)
	0.32
	0.46
	40%

	
	Mean UTP 

(bits/s/Hz/user)
	1.73
	2.02
	17%


Table 4: Throughput Gains of 32 Over 16 TXRUs Using 2D Codebook with 2x16 Array
	2x16 antenna , UMi
	2D CB
	2D CB
	Gain

	TXRUs
	16
	32
	

	50% RU
	Cell-edge UTP (bits/s/Hz/user)
	0.53
	0.73
	39%

	
	Mean UTP 

(bits/s/Hz/user)
	2.33
	2.63
	13%

	70% RU
	Cell-edge UTP (bits/s/Hz/user)
	0.26
	0.47
	81%

	
	Mean UTP 

(bits/s/Hz/user)
	1.68
	1.87
	28%


Observations:

· Using a scalable 2D codebook with 16 ports for SU-MIMO provides strong gains over a Category 1 baseline.
· Expanding the 2D codebook to 32 ports can provide even greater gains than using 16 ports.
· Further gains can be expected for 32 or more CSI-RS ports if CSI-RS overhead is reduced, e.g. by larger periodicity than 5ms, or when MU-MIMO is used.
Proposals:

· A scalable 2D codebook should be introduced, supporting at least 32 CSI-RS antenna with the maximal number of antenna ports per dimension of at least 16.

· Study further the benefit of up to 64 CSI-RS ports taking into account MU-MIMO scheduling and for larger CSI-RS periodicity. 

· The results and discussion in this subsection are captured in 36.897.

2.3 Complexity with increased CSI-RS ports
In this section, we roughly scope the UE complexity impact of increasing the number of CSI-RS ports.  The complexity from additional CSI-RS ports can be broken down into two primary components: channel estimation and CSI computation.  We consider these two aspects in turn:

2.3.1 Channel estimation 

Channel estimation complexity should be roughly linear with the number of resource elements a UE uses to compute the channel estimate.  Two and four port CRS have 16 and 24 REs per RB per subframe, respectively.  A UE should be able to use REs in each subframe in order to have sufficient PDSCH decoding performance e.g. at high speed.  Furthermore, UEs should be commonly capable of at least two port CRS-IC, and so will need to process channel estimates for at least 3 cells, totaling 48 REs per RB per subframe.  A 64 port CSI-RS with 5 ms periodicity has 12.8 REs per RB per subframe, which is less than even a two port CRS.  While the UE will need more peak processing power than 12.8 CSI-RS REs per RB per subframe, from at least an average processing power perspective this CSI-RS configuration does not appear especially taxing on UE channel estimation.  Finally, channel estimation for CSI does not need to be as accurate as for demodulation, so channel estimation for CSI-RS should be relatively less complex than for CRS for a given number of resource elements in the RS.
2.3.2 CSI computation 

CSI computation can also be broken down into two components: determining the PMI and computing the CQI for the effective channel formed with the PMI.  Assuming a grid of beams structure similar to Rel-10 is used, computing PMI is composed of GOB search and diversity element co-phasing.  The GOB search requires full complex multiplies, whereas the co-phasing only requires a modest number of complex operations (additions or multiply-accumulates, depending on the DSP architecture used).  Therefore, we can neglect the co-phasing part.

The GOB computations can be performed using FFTs.  Assuming a full 2D search is used, then the search complexity is on the order of O2MN/2 log2(O2MN) complex multiply-accumulates per effective channel computation per polarization, where M and N are the number of rows and columns in the array, and O is the oversampling factor for the number of beams (that is, there are OM and ON vertical and horizontal beams in the codebook, respectively).  If we assume a cross polarized array with 64 TXRUs, then MN=32.  With an oversampling factor of O=2, a 2D search of the entire codebook requires 128/2*log2(128)  = 448 CMACs.  Then assuming a 10 MHz carrier, and that the effective channel is computed for two receive antennas on every PRB and for each of two polarizations every 5 ms, then 448*2*50*2*200=17.9 MCMACs/s are required, which is well within current UE DSP capabilities of GMACs/s.  This does not take into account that only a few beams will tend to be strong or other optimizations, and so this amount of computation is probably quite pessimistic.
CQI computation determines the received SINR using the effective channel formed from the PMI hypothesis.  If CQI is calculated using the PMI producing the greatest received power, then a larger array should not increase CQI computation, since CQI is calculated on the effective channel after beamforming.  Even if multiple CQIs are calculated, calculating a distinct CQI for every PMI hypothesis is overkill, since only a small number of beams should have sufficiently high power to be reasonable candidates.  Consequently, it is not expected that increasing the number of beams should cause a great deal of extra UE CQI computation complexity.
Observations:

· Average computational effort from channel estimation from even 64 CSI-RS ports present every 5th subframe should be less than that required for 2 CRS ports in every subframe.

· PMI computation should be well within current UE DSP capabilities even for full 2D searches of a DFT grid of beams.

· CQI computation complexity is not expected to grow greatly with additional CSI-RS ports.

3 Conclusion
This contribution has considered the tradeoffs of defining more than 8 CSI-RS ports from performance benefit and complexity viewpoints.  Our observations can be summarized below.  
Observations:

· Non-precoded CSI-RS and beamformed CSI-RS are complementary solutions, and both are beneficial:
· Measurement of the full 3D channel to each antenna element is the most straightforward, accurate, and reliable way to obtain CSI.  However, the benefit of better CSI knowledge can be lost to CSI-RS overhead.

· When CSI-RS overhead is excessive, techniques such as beamformed CSI-RS may be used. However, such techniques do not reduce overhead in all scenarios, and are not as accurate in some propagation environments.

· There are significant net performance gains specifying more than up to 64 CSI-RS ports, depending on the scenario
· UE complexity is not expected to grow greatly from the use of even 64 CSI-RS ports.

Proposals:

· A scalable 2D codebook should be introduced, supporting at least 32 CSI-RS antenna with the maximal number of antenna ports per dimension of at least 16.

· Study further the benefit of up to 64 CSI-RS ports taking into account MU-MIMO scheduling and for larger CSI-RS periodicity. 

· The results and discussion in subsection 2.2 are captured in 36.897.
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5 Appendix

For the system simulations, these assumptions were used:

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Cell layout
	Category 1 baseline: 6 sectors / site, 57 cells
2D codebook: 3 sectors / site, 57 cells

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	Aperiodic mode 3-2

	Outer loop LA
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm 

	Traffic model
	Non-full buffer, 500 kB packet size

	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 antenna ports

	CSI-RS
	Overhead accounted for.  

Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT [4]

	HARQ
	Max 5 retransmissions

	Antenna Configurations & Virtualization
	M=2,N=16 Array with 2D Codebook:

16 TXRU: 2 elements vertical 122°, [1 1] horizontal

32 TXRU: 2 elements vertical 122°

M=8,N=4 Array with 2D Codebook:

16 TXRU: 4 elements vertical 108°

32 TXRU: 2 elements vertical 122°

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB



