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1 Introduction
In this paper, we compare the non-precoded and beamformed CSI-RS enhancements from an operation perspective. The purpose is to give some guidance on the content of a Rel.13 work item on FD-MIMO.
2 Discussion
Last meeting some high level descriptions on possible enhancements for the codebook based (non-precoded CSI-RS) mode and the beamformed CSI-RS mode
 of FD-MIMO was agreed to be inserted in the TR. Here we will discuss the beamformed mode and the codebook mode separately and then make a comparison.

2.1 Beamformed CSI-RS mode

The different steps for beamformed mode can in principle be summarized as:

1. eNB makes a decision, based on measurements or other side information, which beams to activate
2. eNB transmit CSI-RS in activated beams

3. UE measures CSI-RS and selects one or multiple beams 
4. UE feeds back CSI information for the selected beams and possibly beam selection information 
The benefit of this mode is that CSI-RS can be transmitted exactly as the PDSCH, so the CSI-RS can benefit from the array gain and have thus good SINR in general. How the beams are formed and even the array configuration or shape is transparent to the UE and thus to the specifications. It is thus easy to achieve coverage and it implies low UE complexity since the number of CSI-RS channel estimates can be kept low, even as low as two (one port per polarization) even though the number of TXRU at the eNB is large. The complexity of this mode lies in the eNB, in the first step in the list above, where the eNB should decide on the beamforming weights to use for the UE. There are several proposals on how the eNB acquires this information:
· By utilizing long term or short term reciprocity

· By existing CSI-RSRP feedback (DRS)

· By a new L1 CSI-RSRP feedback (e.g. L1 DRS feedback)

· By a new hybrid operation where UE occasionally report CSI based on the full channel matrix

None of these alternatives will work in every scenario. For instance, utilizing short term reciprocity requires first of all the existence of an uplink. This is not always the case, there may be downlink only carriers defined, there are TDD carrier aggregation combinations where the SCell does not support uplink transmissions. Moreover, there may not be sufficient power in the UE to transmit SRS efficiently on all configured carriers to utilize reciprocity. Very commonly, the UE has more receive branches than transmit branches, in which case only the partial downlink channel can be obtained from uplink measurements. Utilizing reciprocity also puts higher demand on the calibration of receive and transmit paths of the hardware, which may not be desirable to implement in all types of eNBs, due to cost and complexity. 

Using long term reciprocity, and the DRS approaches, incurs a delay of at least 40 ms and for DRS additional overhead, especially if the number of active beams is large in the cell. A hybrid approach seems promising, but the benefits of coverage extension would be lost for the full matrix measurements, so this needs to be further investigated.   
Some robustness to mismatches in the beam selection at the eNB is achieved by transmitting a set of beams to the UE and let the UE select beam(s) from this set. This would improve link adaptation and improve the performance at increased mobility.  The drawback is the additional CSI-RS overhead, since each added beam requires additional CSI-RS ports. It is therefore useful if CSI-RS can be reused in time, and shared by multiple UEs. This would keep the CSI-RS overhead low, particularly in cells where only one or a few UEs are actively receiving PDSCH simultaneously (while others are idling). This is the so called CSI-RS pooling approach and requires the ability to disable CSI-RS channel interpolation and IMR averaging across subframes in the UE. To have even more flexibility, the CSI-RS, or equivalently, the beams, to report CSI on can be dynamically indicated in the DCI message. 
Observation: While the main benefit of the beamformed CSI-RS mode is the large degree of transparency supporting arbitrary large arrays and array shapes, it also puts larger demands on eNB implementation, since the eNB is responsible for the UE specific beam shaping. Issues to resolve are the RS overhead, robustness to mobility, traffic and channel dynamics. Although this mode is basically supported by Rel.12 operation (c.f. Cat.2 baseline), significant work is needed in a work item phase to resolve these issues and ensure high quality FD-MIMO performance. 

2.2 Codebook (non-precoded CSI-RS) mode

This mode is a continuation of existing LTE closed loop precoding using the factorized precoder structure 
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 and the different proposed schemes provides different details in how to describe the two matrices respectively. The benefits are:

· Robustness, since this is the well known closed loop operation 
· Low complexity for eNB, no need for eNB to acquire side information to shape beams 
· Plug and play, quick setup using RRC and then MIMO operation can begin 

· High resolution of feedback possible, including subband feedback, as it depends only on CSI definition/codebook 
· Higher rank SU-MIMO feedback is straightforwardly supported  

An issue is the CSI-RS coverage, since the full MIMO channel is measured, RS power boosting or RS muting in interfering cells may be needed to ensure good coverage in e.g. macro cells. Another issue is UE complexity if the dimensions of the MIMO channel are large. Currently, Rel.11 UEs support measurements of 3x8=24 CSI-RS antenna ports per receive antenna so no more than 64 port measurement is likely to be feasible, for a two RX UEs in the Rel.13 or 14 time frame. Another potential drawback is the CSI feedback overhead. But since a richer channel feedback (higher spatial resolution) is targeted compared to the beamformed CSI-RS mode, it is natural that the feedback overhead is also more costly. If each dimension uses four times higher spatial oversampling compared to the beamformed CSI-RS mode, then 2 additional feedback bits is needed for the codebook based mode, per dimension.
A drawback is that the CSI feedback codebook is designed for a certain antenna array and different sites may have different AAS solutions. To circumvent this drawback, a flexible codebook is needed, in the number of antenna ports in two dimensions (e.g. vertical and horizontal). See [1]. 
2.3 Comparison of the two modes

The two modes are complementary, and both are needed depending on the deployment scenario, the implementation such as the array size, array shape, analog or digital implementation, the characteristics of the traffic etc. In addition, whether TDD or FDD is used also plays an important role. The codebook mode works equally well in both FDD and TDD since is it closed loop. The beamformed mode has some benefits in TDD as reciprocity may be used in some cases, and part of the beam shaping is standard transparent, which gives a lot of flexibility but also increased eNB complexity to ensure robustness.
To get the full benefit of the beamformed mode, UE specific 2D beamforming is needed. The “Cat.2-like” beamformed mode with a few vertical beam sectors and a horizontal codebook in each sector gives poor channel feedback resolution in the vertical dimension. It may support one dimensional higher rank SU-MIMO decently (by the horizontal codebook), but it does not efficiently support MU-MIMO with UE specific beam shaping (e.g. SLNR or ZF precoding) due to the poor resolution. 
Observation: The “Cat.2-like” beamformed mode with vertical beam sectors which are adaptively selected by the UE have a vertical resolution of 4 or 8 beams. This should be compared to the codebook mode which has 32 beams vertically (assuming 8 vertical ports + DFT + oversampling 4). These modes are thus in principle similar but where the codebook approach provides a much richer channel feedback while the beamformed mode may provide better coverage. 

Hence, to have high MU-MIMO performance gains, a rich channel feedback is needed [2] and thus the codebook approach has a big advantage over the beamformed approach. When the number of TXRU gets even larger (64 or more), the beamwidth of UE specific beamforming is so narrow, that MU-MIMO may work well without interference suppression transmit precoder. In this respect, the codebook approach seems more promising for MU-MIMO operation in the near future, with eNB implementations having a moderate number of TXRUs.   
3 Performance comparison

The beamformed CSI-RS mode has been compared with the non-precoded CSI-RS (2D codebook) mode using a 4x4 and an 8x2 antenna configuration. As discussed in the previous section, the 2D codebook has a much higher spatial resolution, as seen in Figure 1 below. On the other hand, the beamformed CSI-RS has higher CSI-RS SINR. 
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Figure 1 Example of a set of elevation beams for 2D codebook mode (green) and beamformed CSI-RS mode (blue), for the 8x1 array configuration with 2x1 subarray. The spatial oversampling factor is 4 and 1 respectively. X-axis is angle in degrees, Y-axis is dB. 
In these evaluations, an enhanced beamformed CSI-RS scheme has been used, where the UE dynamically feeds back the desired beam, and for that beam report “normal” Rel.12 CSI. For the 4x4 array configuration, 122 and 130 degree tilt was used for UMa and UMi respectively.  In Table 1 below, the CSI feedback overhead is compared. In the evaluation beamformed CSI-RS, a beam indicator (BI) is assumed which selects the preferred beam from the set of orthogonal vertical beams. Hence, the oversampling factor is 1 in vertical while a codebook is used horizontally, having spatial oversampling factor of 4. The 2D codebook uses spatial oversampling factor 4 in both dimensions in these evaluations.  Note that the CSI-RS overhead is the same for the two modes.
It was further assumed that the BI and the corresponding W1 are wideband and 2 bits per subband was used for polarization co-phasing in both modes. It is observed that the PUSCH Mode 3-2 CSI feedback is approximately equal, the difference in CSI overhead is only 4-5%. The reason is that the beam selection is wideband, so a large beam selection codebook does not severely impact the CSI feedback overhead.    
Table 1 Comparing PMI feedback overhead between beamformed and codebook based modes, for 8x2 and 4x4 array with 16 TXRU 
	
	Vertical spatial oversampling
	Horizontal spatial oversampling
	Number of CSI feedback bits to select beam (BI / W1) 
	Number of CSI feedback bits to for co-polarization, per subband (W2)
	Total PMI overhead (13 subbands)

	Non-precoded CSI-RS, 8x2
	4
	4
	4*4*2*4=128 beams → 7 bits
	2 bits
	33 bits

	Beamformed CSI-RS, 8x2 
	1
	4
	1*4*2*4=32 beams → 5 bits
	2 bits
	31 bits

	Non-precoded CSI-RS, 4x4
	4
	4
	4*2*4*4=128 beams → 7 bits
	2 bits
	33 bits

	Beamformed CSI-RS, 4x4 
	1
	4
	1*2*4*4=32 beams → 5 bits
	2 bits
	31 bits


The results are shown in Figure 2 below for RU values of 20, 50 and 70% and 4x4 array.  At medium load, the codebook based mode has 30% higher cell edge and around 10% higher mean user throughput compared to the beamformed CSI-RS mode in both UMa and UMi.
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Figure 2 Performance gain (%) of 2D codebook mode over enhanced beamformed CSI-RS mode for the 4x4 array configuration using a 2x1 sub-array. The used RU are 20, 50 and 70%.
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Figure 3 Performance gain (%) of 2D codebook mode over enhanced beamformed CSI-RS mode for the 8x2 array configuration using a 2x1 sub-array. The used RU are 20, 50 and 69 %.
For the 8x2 array configuration, 122 and 130 degree tilt was used for UMa and UMi respectively.  The results are shown in Figure 3 above. At medium load, the codebook based mode has 57% higher cell edge and around 18% higher mean user throughput compared to the beamformed CSI-RS mode in UMa. For UMi, the gains are also significant, but lower than in UMa. 

Observation: With similar feedback overhead, same CSI-RS overhead and in case of 16 TXRU, the non-precoded CSI-RS mode significantly outperforms beamformed CSI-RS mode, despite the lack of beamforming gain on CSI-RS. One reason is the higher granularity in the CSI feedback.

It should be noted that these performance evaluations were made using array configurations favorable for 2D codebook mode. The number of TXRU was 16, so the RS overhead for the non-precoded CSI-RS is comparably low while the codebook provides possibility for a very high spatial resolution feedback. The CSI feedback overhead are comparable, since the beam selection feedback is wideband in both modes. 

If the number of TXRU is increased further, the CSI-RS overhead increases significantly and the benefit of a codebook mode reduces. Reciprocity based methods then become increasingly attractive.  With an increased number of TXRUs, the possibility for advanced beamforming (e.g. for MU-MIMO) increases and then the codebook based approach has limitations in link adaptation accuracy since the UE can only report CQI for a precoder belonging to the specified codebook.  
4 Conclusion

Based on the discussion in this contribution, we conclude that both the beamformed CSI-RS and the non-precoded CSI-RS enhancements need to be specified. The codebook based enhancements seems most relevant for near future deployments, it is robust and it supports TDD and FDD equally well. Moreover it is a straightforward extension to the existing MIMO CSI feedback framework.  Performance wise, the 2D codebook seem to have a significant benefit over beamformed CSI-RS mode, for at least two configurations using 16 TXRU, with same RS and similar CSI feedback overhead. 

Enhancements for the beamformed CSI-RS mode are not as critical in our view and could be addressed in a later release. Our recommendation is thus as follows.
Proposal: Support at least non-precoded CSI-RS mode enhancements in Rel.13

5 References

[1] R1-153169 “Flexible support of antenna arrays for FD-MIMO”, Ericsson, 3GPP TSG RAN1 Meeting #81, Fukuoka, Japan, May 25-29, 2015
[2] R1-153165 “MU-MIMO performance of non-precoded CSI-RS enhancements”, Ericsson, 3GPP TSG RAN1 Meeting #81, Fukuoka, Japan, May 25-29, 2015
[3] R1-151926, “2D Codebook with KP structure and associated feedback”, Ericsson, 3GPP TSG RAN1 Meeting #80bis, Belgrade, Serbia, 20-24 April 2015
6 Appendix:  Simulation Assumptions

Table 9: Simulation assumptions
	Carrier frequency 
	2 GHz 

	Bandwidth 
	10 MHz 

	Scenarios 
	3D UMi 200m ISD, 3D UMa 500m ISD 

	Cell layout 
	19 sites, 3 sectors per site 

	Wrapping 
	Radio distance based 

	UE receiver 
	MMSE-IRC 

	UE Rx antenna
	2 Rx: 1 pair of corss-polarized antennas (0 and 90 degrees)

4 Rx: 2 pairs of  cross-polarized antennas   with 0.5 lambda spacing

	CSI periodicity 
	5 ms 

	CSI delay 
	5 ms 

	CSI mode 
	Aperiodic mode 3-2 

	Outer loop LA 
	Yes, 10% BLER target 

	eNB Tx power 
	41 dBm UMi, 46dBm UMa 

	Traffic model 
	FTP Model 1, 500 kB packet size 

	UE speed 
	3 km/h 

	UE noise figure 
	9dB 

	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 

	2D Codebook 
	Enhanced beamformed CSI-RS: 

· 2D Grid of Beams based on DFT [3] with over sampling factor of 1 in vertical;
2D CB:

· 2D Grid of Beams based on DFT [3] with over sampling factor of 4;

	HARQ 
	Max 5 retransmissions 

	Antenna spacing 
	0.8 lambda in vertical, 0.5 lambda in horizontal 

	Handover margin 
	3 dB


� Note that the beamformed CSI-RS mode may also contain a codebook, e.g. for polarization co-phasing feedback.
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