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1 Introduction
Evaluating the benefit and feasibility of 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, CSI-RS coverage, and complexity viewpoints.  The performance gains of a 2D grid of beams codebook with more than 8 CSI-RS ports are given, considering the impact of CSI-RS channel estimation error. Also, the complexity and memory requirements of a 2D grid of beams codebook are analyzed.  Finally, CSI-RS resource design issues with more than 8 CSI-RS ports are considered.  
2 Performance with increased CSI-RS ports including CSI-RS impairments
2.1 Gains from increased CSI-RS ports and 2D GOB codebook
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 1 considers the benefit of codebook enhancements with 16 CSI-RS ports, whereas Table 2 and Table 3 show the gains from further increasing the codebook size to 32 CSI-RS ports.

In Table 1, we show the throughput gain when a scalable 2D Kronecker grid of beams codebook [1] is used with 16 CSI-RS ports, comparing it to the two horizontal sector Category 1 baseline [2] (the best performing baseline for this configuration).  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 gains, respectively.
Table 1: 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 2 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 3 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 2: 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 3: 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. 

2.2 Impact of CSI-RS channel estimation error

As the size of a 2DAA increases, the amount of power on each element of the array generally decreases, and so the SINR of each CSI-RS may also decrease.  In this section we provide some initial results on the performance impact of limited CSI-RS power on a 2DAA.  We compare the throughput when CSI-RS RE power is not split among CSI-RS ports (‘fully boosted’) to when CSI-RS RE power is boosted by the 6 dB that is in line with current CSI-RS designs.  A 16 TXRU M=8, N=4 array with groups of 4 vertical elements virtualized together using a DFT beam with 108° tilt is simulated.  Detailed simulation parameters are given in the Appendix.
The resulting changes in normalized user throughput and cell edge user throughput relative to the fully boosted CSI-RS case are given in Table 4.  We observe that  there is a change of about 0.5% normalized user throughput and 5% cell edge throughput between the fully and 6 dB boosted CSI-RS cases.  These losses are substantially less than the gains generally observed from the use of 2D codebooks over baseline schemes, for example the 14-21% mean user throughput gain and 14-33% cell edge user throughput gain observed in Table 1 above .
Table 4: Throughput with Fully Boosted and 6 dB Boosted CSI-RS
 in UMi for a 16 Port, M=8, N=4 Array

	Boosting
	Normalized user 
throughput gain (%)
	Cell edge user 
throughput gain (%)

	Full power boosting per CSI-RS port 
	0%
	0%

	6 dB boost per CSI-RS port
	-0.4%
	-4.8%


Observation:

· CSI-RS channel estimation error does not appear to significantly affect throughput for at least 16 CSI-RS ports.
3 Complexity with increased CSI-RS ports
In this section, we roughly scope the UE complexity and memory storage 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:

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.
Memory requirements for channel estimation of 64 CSI-RS ports and 2 receive antennas on a 10 MHz carrier with a frequency domain granularity of 1 PRB are on the order of (64 ports)*(2 RX)*(50 PRBs)*(4 bytes)= 26 kB, assuming 4 bytes per complex number.  By contrast, channel estimation for NAICS requires that each PDSCH RE on the serving and interfering cells is interpolated (to allow cancellation of interference to the serving PDSCH), and typically requires that at least one subframe’s worth of memory is used for CRS averaging.  Therefore, NAICS with 2 interfering cells with 2 CRS ports each for a 10 MHz carrier and 2 receive antennas can require (3 cells)*(2 CRS)*(2 subframes)*(50 PRBs)*(2 RX)*(140 REs)*(4 bytes)=672 kB, assuming 140 PDSCH REs per PRB.  On the other hand, if on-the-fly interpolation is used, only measurements of the CRS REs may be needed, although this will increase processing requirements if the receiver needs the recalculate the channel estimates.  In this case, (3 cells)*(2 CRS)*(2 subframes)*(50 PRBs)*(2 RX)*(16 REs)*(4 bytes)=77 kB.  Therefore, depending on receiver implementation, channel estimation memory requirements for 64 port FD-MIMO is on the order of 3 to 25 times less than that needed for NAICS.
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 CMACs)*(2 pol.)*(50 PRBs)*(2 RX)/(5 ms)=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.
As far as memory requirements, a 2D FFT with dimensions OM and ON that uses in-place operations will require storage of O2MN complex numbers.  The 64 port, 10 MHz, 2 polarization, 2 receive antenna example above therefore would require (50 PRBs)*(2 pol.)*(2 RX)*(4*32 numbers)*(4 bytes)= 102 kB, assuming 4 bytes per complex number.  This also does not seem especially taxing on current UE capabilities. 
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.

· Memory requirements for both CSI-RS channel estimation and PMI computation also well within current UE DSP capabilities, and are only a fraction of the memory requirements for a NAICS UEs.
· CQI computation complexity is not expected to grow greatly with additional CSI-RS ports.

4 CSI-RS resource design issues with more than 8 CSI-RS ports

While the detailed design of CSI-RS for more than 8 CSI-RS ports should be left for a work item, it is worth considering the feasibility and high level design issues of CSI-RS resources for more than 8 CSI-RS ports. 
We first observe that there are 40 available CSI-RS REs per PRB per subframe.  Therefore, the current CSI-RS periodicities and CSI-RS RE mappings need not change for up to 40 CSI-RS ports.  However, assuming no additional REs are defined for CSI-RS, carrying more CSI-RS ports in the same amount of time/frequency resources will require NZP CSI-RS configurations to be less dense in the frequency domain, or spread across subframes, or some combination of the two.  These less frequency dense or more time spread configurations will likely require more effort to design and specify.  Defining additional REs for CSI-RS will also require more effort.
We next observe that current CSI-RS configurations only occupy adjacent OFDM symbols.  Holding to this constraint would mean that only 24 of the 40 REs (those in symbols 9 and 10) could be used for CSI-RS port mappings with more than 8 ports.  This use of adjacent symbols allows the best separability of CDM’d CSI-RS port pairs, since any phase change between the two symbols due to Doppler shift or local oscillator phase drift is minimized.  However, we note that the Rel-10 DMRS design already maps 4 ports across symbols 5, 6, 12, and 13 using a length 4 cover code.  Especially since CSI-RS channel estimation does not need to be as accurate as for DMRS, mapping CSI-RS to non-adjacent OFDM symbols is clearly feasible.
The current cover code length of 2 allows 3 dB SINR gain for CSI-RS ports without increasing the peak power requirements of the eNB power amplifiers.  While our results above show no need for boosting beyond 6 dB with at least 16 CSI-RS ports, using a longer cover code could potentially allow the eNB to have better power efficiency.  Therefore, the use of longer cover codes for CSI-RS could be further considered.

Another key aspect is how to support CSI-RS configurations with numbers of ports that are not a power of two.  This can be straightforwardly supported by signaling combinations of existing CSI-RS port configurations.  
Observations:

· Up to 40 CSI-RS ports can straightforwardly synthesized from existing CSI-RS resources within a subframe 
· Using CSI-RS in non-adjacent symbols is feasible.

· If needed, e.g. for more than 16 CSI-RS ports, longer CDM sequences than 2 may be considered to allow the eNB to have better power efficiency.

· More than 40 ports will require extra design effort, but there are no technical ‘show-stoppers’ to such a design.
5 Conclusion
This contribution has considered the tradeoffs of defining more than 8 CSI-RS ports from performance benefit, CSI-RS channel estimation error, and complexity viewpoints. Our observations can be summarized below.  
Observations:

· When CSI-RS channel estimation error and overhead are included, there are significant net performance gains to specifying at least 32 CSI-RS ports.
· UE computational complexity and memory requirements are not expected to grow greatly from the use of even 64 CSI-RS ports.

· While CSI-RS port designs for up to 40 ports can straightforwardly synthesized from existing CSI-RS resources, more than 40 ports will require extra design effort.

Proposals:

· A scalable 2D codebook should be introduced, supporting an increased number of CSI-RS ports

· The framework should be flexible, allowing extension in future releases. 
· Details are in [3]
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7 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
	For throughput study: Non-full buffer, 500 kB packet size

For CSI-RS boosting test: Full buffer traffic, 5 UEs/cell

	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 [1]

	HARQ
	Max 5 retransmissions

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

16 TXRU: 2 elements vertical 130°, [1 1] horizontal

32 TXRU: 2 elements vertical 130°

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

16 TXRU: 4 elements vertical 108°

32 TXRU: 2 elements vertical 130°

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB



