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Introduction
According to the NR WID [1], RAN1 should specify Type I codebook-based CSI acquisition:
Downlink and uplink functionality related to multi-antenna transmission/reception enabling closed loop and open/semi-open loop transmissions, beam management, interference measurement, Type I codebook-based CSI acquisition and Type II CSI acquisition as well as CSI acquisition for reciprocity-based operation, the associated reference signal designs, and related quasi-colocation assumptions.
Further, in RAN1#88 and RAN1#87-AH, the following agreements regarding Type I codebooks have been made:
Agreements:
· For Type I for single panel case with two-stage, i.e. W1W2, codebook-based PMI feedback, 
· Bi in W1 consists of a set of L DFT beams 
· Select from following alternatives:
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        Alt4: , B as Alt 3
· Other alternatives are not precluded
· Note: the above matrices are constructed with 2D DFT precoders
· W2 is constructed, by down-selecting from following alternatives: 
· Alt 1: co-phasing only; beam selected wideband (in W1). 
· Alt 2: basis combination coefficient based on L basis based W1
· Alt 3: beam selection and co-phasing from L-beam based W1
· Alt 4: LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook) (NOTE: W1 and W2 are derived from different set of CSI-RS resources)
· Other alternatives are not precluded

· For Type I single panel codebook,
· For W1, also consider:
Alt 5:  , ;
· At least for rank 1 and rank 2, candidate DFT beam number in B (or Bi) in W1 is L=1, 2, 4 and/or 7 (other values are not precluded), if applicable
· FFS: whether or not down-selection of the L values
· FFS: configurability of L value
· For L>1, if supported:
· Alt. a: free selection of L beams by UE
· Alt. b: at least one beam group pattern is defined
· FFS: whether or not down selection of the patterns
· FFS: configurability of the patterns
· FFS: beam pattern is reported by UE
· Alt. c: selection of L beams by gNB
· FFS: signaling details
· For L>1, if supported:
· FFS: whether L beam selection is the same for rank 1 and rank 2 (nested property) or it is different
· For L=1, if supported:

In this contribution, we further discuss the different options for Type I CSI feedback and present a codebook design proposal. We emphasize that different codebook modes and LTE eMIMO-Types should be avoided in NR and that a unified codebook formulation avoiding Class A / B distinction should be supported.
Unified codebook formulation
With the introduction of the new codebooks in the LTE Rel-13 FD-MIMO work item, essentially four different types of DL codebook “categories” were supported in LTE, namely
· Class A 2D/1D DFT port combining codebooks for 8-16 ports
· Which further has four different codebook Configs
· Class B K=1 with legacy 2-8TX port combining codebooks
· I.e. the Rel-8 2TX, Rel-8 4TX Householder, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks
· Class B K=1 with alternative port selection codebook for 2-8 ports
· Class B K > 1 with CSI-RS resource selection 
· Where the legacy port combining codebooks are applied within a CSI-RS resource
The number of codebooks was further increased in LTE Rel-14 with the introduction of the advanced CSI codebook as well as the extension of Class A codebooks to support up to 32 antenna ports. 
Thus, there are quite many different codebook categories in LTE, some which have a similar structure and have overlapping functionality. This is in part due to that the codebooks were added sequentially in different releases. For NR, as all the Type I codebooks are to be added at once, there is thus an opportunity to simplify the specification/implementation, extract the relevant functionality and prune away unnecessary redundancies in the specification. 
A first observation is that the Class A DFT codebooks can be extended to support a lower number of ports (similarly to how the LTE advanced CSI codebook supports 4-32 ports with the same structure), as the legacy codebooks anyway are implementations of a dual-polarized DFT codebooks. Thus, the allowed port combinations for the “Class A” codebook could be extended to include  which means that special port combining codebooks for 2-8 ports does not need to be specified in NR. Further, for more than 2 ports, it is well known that DFT codebooks gives better precoding performance than unstructured codebooks such as the Householder codebook for antenna arrays consisting of closely spaced cross-poles, which is by far the most common antenna setup environed for NR deployments, implying that an unstructured DL codebook may not be needed for NR.
A second observation is that the port selection with Class B K=1 and the resource selection with Class B K>1 implement the same functionality (at least for rank ) as it does not fundamentally matter if e.g. 2 out of 8 ports are selected within a CSI-RS resource or if one out of four 2-port CSI-RS resources are selected. The only difference being that CRI is reported on a wideband basis in LTE, while port selection with the K=1 codebook may be done on a subband basis. However, in NR, it is not certain that subband beam/port selection should be supported at all, as is further discussed in Section 3, and if it is supported, it could be implemented via frequency-selective CRI reporting.
Observations:
· The Rel-13/14 Class A codebooks as well as the Rel-8 2TX, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks are all implementations of dual-polarized DFT codebooks and can be implemented with a common codebook structure.
· 4TX DFT codebook is generally known to outperform the 4TX Householder codebook for cross-polarized antenna setups, which is the antenna setup environed for NR deployments, therefore a DL Householder codebook may not be needed in NR
· Class B K=1 port selection codebook implements the same functionality as Class B K>1 resource selection with port combining within the CSI-RS resource
Based on these observations, we propose that a unified codebook structure that avoids a Class A / B distinction is used for NR. 
Proposals:
· A unified codebook structure is used for single-panel Type I CSI feedback in NR where precoder determination consists of
· Resource selection: UE selects at out of  configured/indicated CSI-RS resources
· Port combination: UE combines the ports within the selected CSI-RS resource using the Type I dual-polarized DFT codebook applicable for 2-32 antenna ports
· Port selection codebooks are not supported; beam selection is handled via CSI-RS resource selection
Thus, the basic mode of operation for precoder determination in NR should be similar to the LTE Class B K>1 case, but where the number of CSI-RS resources can be equal to one and where a “Class A”-like codebook is used to combine the ports within the resource. 
Type I Codebook details
In this section, we express our view on the remaining details of the Type I single-panel codebook and discuss the different alternatives.
Clarifying scope of Type I CSI feedback
It is agreed in NR to support both Type I and Type II CSI feedback. In order to make use of Type I and II feedback definitions, it is first useful to discuss the motivations for defining these two types.  
SU-MIMO does not require extremely high resolution CSI feedback, as can be seen from the modest gains of the subband beam selection in Configs 2-4 over Config 1 in the Rel-13 Class A codebooks, and discussed in more detail below. This is because SU-MIMO principally relies on the UE to suppress inter-layer interference as the total transmission rank never is larger than the number of receive antennas, meaning that those degrees of freedom can be used to suppress the interfering streams.
NR will have a very wide variety of UE types and capabilities, from certain MTC devices that are very sensitive to complexity and power consumption, to high performance eMBB devices targeting very large user throughputs.  This also motivates the differentiation between Type I and II.
On the other hand, high resolution CSI feedback is quite beneficial for MU-MIMO operation, as can be seen from the Rel-14 advanced CSI studies [2].  Since MU-MIMO uses multiple antennas at eNB to spatially suppress interference to different UEs, this higher resolution CSI feedback enables more precise nullforming at eNB, thereby substantially improving MU-MIMO performance.  Furthermore, such high resolution feedback needs to be frequency selective in order to provide the best performance [3].  In order to avoid very high overhead from this frequency selective feedback, long term channel properties can be used.  A high resolution version of the W1/W2 framework used in Rel-10 through Rel-13 is well suited to this task, wherein wideband reduced space channel approximation / parameterizations are combined using multiple non-zero amplitude combining weights.  This approach has been adopted for LTE Rel-14 advanced CSI, and is described in detail in [4].
Observations:
Type I CSI feedback should: 
· Be optimized for SU-MIMO operation.
· Require low overhead 
· Be usable for devices requiring simpler CSI computation
Type II CSI feedback should: 
· Be optimized for MU-MIMO operation
· Require more overhead, but efficiently represent the channel
· Wideband, long term channel knowledge should be used to reduce overhead
· Provide accurate subband approximations of the channel
It has already been agreed that precoders for Type II CSI feedback should be based on linear combination of beams, similar to the LTE Rel-14 advanced CSI codebook. But it has not yet been settled whether Type I codebooks can be based on linear combination of beams or if they should be based on beam selection, although most companies have the latter in mind. In our view, the scope of Type I feedback should be clarified in RAN1#88b so that progress can be made on the detailed codebook design. Therefore, we propose:
Proposal:
· Type I CSI feedback is based on beam selection while Type II CSI feedback is based on beam combination
W1 alternatives 
The identified alternatives for W1 in RAN1#87-AH and RAN1#88 fall in three categories:
1. W1 with ‘Hadamard’ construction (Alts. 1 and 2)
In these alternatives, the number of beams in W1 is doubled, and the polarizations within a first set of beams is combined with 0° phase, while the second set is combined at 180° phase.  This wideband cophasing and expanded size of W1 has the potential to provide more degrees of freedom in the beam selection and cophasing.  However, at least one extra bit is required in W2 for beam selection due to the doubling of the number of beams.  Furthermore, fading across polarizations tends to be frequency selective, and so the use of wideband cophasing may have limited benefit in addition to subband cophasing. 

We investigate the need for wideband co-phasing in our other contribution [6], and show that there is no performance benefit of wideband cophasing for Type feedback compared to LTE Rel-13/14 W1 design.

2. Rel-13 style construction (Alt. 3 and Alt. 5)
These alternatives use the Rel-13 codebook approach where each column in W1 correspond to a DFT beam on a single polarization, and polarization co-phasing is performed per-subband in W1 rather than on a wideband basis. This alternative also includes the L=1 case with single beam in W1:    In Alt.3, the same beam groups are used for both polarizations, while for Alt. 5, different beam groups can be used. In the Rel-13 FD-MIMO discussions, it was observed that using different beams for different polarizations did not bring any significant gain over using the same beam for both polarizations, but it further complicated the design. Thus, Alt. 5 bring no additional benefit over Alt. 3 in our view.
3. Antenna grouping (Alt. 4)
This approach splits W1 into 4 block diagonal elements from the 2 used in Alt. 3 (and in Rel-13).  This may improve performance as compared to Alt.3 if beams are more decorrelated, perhaps in larger arrays or with high angle spread in sufficiently large arrays.  Since the precoder is calculated using , this doubling of the number of columns of W1 doubles the number of rows W2.  Since W2 is reported per subband, the overhead for W2 could double, and the computational complexity grow substantially, unless there is some constraint such that certain portions of W2 are combined wideband.  

This beam splitting design and its use case are quite similar to the multi-panel use case, where beams may be co-phased across panels. Essentially, a multi-panel codebook design is applied on a single panel with this alternative.  In [5], we found that, for the multi-panel case, a codebook assuming spatially separated panels with wideband cophasing of beams across panels was sufficient to provide notable gains over a single panel codebook design with the same number of antenna ports On the other hand, subband cophasing of all beams would approximately double PMI overhead, as discussed above.  Such a doubling of overhead would then be about the same amount of overhead as required for Type II CSI, and therefore such a multibeam design should be considered in the context of Type II.

Observations:
· W1 Alts. 1 and 2 (W1 with ‘Hadamard’ construction) 
· Strives to increase performance with wideband cophasing
· Increases the size of W1, which likely increases subband reporting overhead.
· W1 Alts. 3 and 5 (‘Rel-13 style’ W1) 
· Minimizes W2 overhead and CSI complexity
· Alt. 5 can use different beams for different polarizations, unclear benefit over Alt. 3
· W1 Alt. 4 (‘Antenna grouping) 
· Attempts to exploit decorrelated beams to improve performance
· Could double CSI reporting overhead if subband cophasing is used
· Should be designed for multi-panel operation
Based on these observations, we propose that Type I W1 codebook for single-panel operation is based on Rel-13 design principles using Alt. 3. As further discussed below, we see no need for subband beam selection, and so, a single beam can be selected in W1 for ranks 1-2.
Proposal:
· Type I single-panel W1 codebook is based on Alt. 3
· For ranks 1-2, L= 1 and 
· For rank > 2, L= and 
Subband beam selection
In the LTE Class A codebook, Configs 2-4 implements subband beam selection by first selecting a group of  beams in W1 and then selecting one of the four beams in W2 on a per subband basis while Config 1 uses only wideband beam selection, i.e. . It was observed in the Rel-13 discussions that the different codebook Configs performed rather similar. That is, Config 1 without subband beam selection perform similar to Configs 2-4 with subband beam selection. For NR, a number of different beam patterns for both  for subband beam selection have been proposed as is illustrated in Figure 1 below. Furthermore, there are proposals of supporting configuration of arbitrary beam patterns as well as UE selection of beam pattern or arbitrary selection of beams to form a beam group. While such a flexibility in beam selection certainly is motivated for Type II CSI feedback with beam combination, where appropriate beam choices can yield a large performance gain, it does not seem motivated for Type I feedback, as the gains from subband beam selection are limited. 
Further, if gNB configures the UE with one of multiple patterns, it needs some way of determining what the appropriate pattern should be. While allowing configurability of beam patterns could be theoretically motivated by that UEs experience different angular spread, it is unclear how the gNB could utilize this in practice and configure an appropriate beam pattern for each UE, i.e. based on what information. How should the gNB determine if Pattern 2-2 or 2-3 is optimal? Proponents of multiple beam patterns should clarify how this determination step should be done.
Observations:
· Increased overhead and complexity of subband beam selection should be motivated by a significant performance gain
· Unclear how gNB should determine preferred beam pattern for each UE if multiple beam patterns are supported
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[bookmark: _Ref477870461]Figure 1: Illustration of beam group patterns
[bookmark: _Ref477950166]Table 1: W2 overhead for simulated schemes
	Number of beams in W1
	W2 rank 2 overhead for 20 MHz BW

	1
	13 bits

	2
	26 bits

	4
	39 bits



To quantify the gains of subband beam selection over wideband beam selection, we have performed simulations comparing the identified beam patterns for L= 2&4 beams with a baseline beam pattern without subband beam selection, ‘Pattern 1-1’. We have further evaluated the case where the UE can dynamically select the optimal beam pattern out of any of Patterns 4-1, 4-2, 4-3, and 4-4 in each CSI report, effectively increasing the W1 codebook size with a factor 4. The simulated patterns are illustrated in Figure 1 below while the corresponding W2 overhead is shown in Table 1. The codebook for all simulated patterns use an oversampling of , the beam spacing within a group  (i.e. considering adjacent beams rather than orthogonal beams) while the beam group spacing (i.e. considering overlapping beam groups, so that effective oversampling rate is not reduced). The simulations are performed in the 3GPP 3D UMi scenario with 16TX, according to the simulation assumptions in the Appendix.
As the performance differences with subband beam selection is rather limited, it is important to also include the margin of error in the simulation results in order to determine if the performance difference is statistically significant or not, so that correct conclusions can be drawn. We therefore propose that the following evaluation methodology should be adopted by RAN1, when appropriate:
Proposal:
· In order to determine if a small performance difference is statistically significant or just a random variation due to insufficient statistics, the number of simulated users and drops as well as an estimated error margin should be presented.

In these simulations, the FTP1 traffic model with 100 kB packet size has been used and each scheme is simulated using 10 drops, where each drop contains 5000 users. The margin of error in the mean and 5th percentile user throughput is estimated by calculating the standard deviation of these metrics across the multiple drops. The resulting performance is presented in  Table 2. We first observe that the margin of error is around 0.5% for mean user throughput and 1-2% for cell edge user throughput, even with this many simulated users (50 000 users). If the number of drops would have been lower, the margin of error would have been even higher. 
All simulated systems perform similar and the differences in performance lie within a few percent. However, when analyzing the results further, one can see a statistically significant trend, albeit small. It seems that the performance is actually slightly reduced with subband beam selection, and beam selection using 4 beams yields a larger loss than with 2 beams, especially on the cell edge. This result is counter-intuitive, since subband beam selection increases the degrees of freedom compared to the wideband beam selection in Pattern 1-1, and the Pattern 1-1 codebook is actually comprised in the Pattern 2-x and Pattern 4-x codebooks. Increasing the number of precoder hypotheses should not decrease precoding gain. However, this is not the source of the performance loss, rather it’s due to second order system level effects. In Figure 2, a C.D.F. of the standard deviation of interference variations between the time a CQI report is calculated and the time it’s used for setting the link adaptation of PDSCH, the so called “flashlight interference” is shown. A large value means that the interference level is varying more rapidly, and so, the CQI is more likely to be outdated and cause incorrect link adaption, possibly leading to incorrectly decoded PDSCH and re-transmission. As can be seen, the interference variations are larger with subband beam selection than without subband beam selection. This makes sense, as the beam chosen by the UE can vary over the subbands, and frequency-selective scheduling based on PF-metric is used, meaning that UEs can be scheduled with different beams in different subframes if the subband allocations changes. As UE typically performs at least some averaging of interference across frequency, this means that the variability is increased. The result of increased flashlight interference and the corresponding increased link adaptation errors can be observed in the increased SINR offset off the outer loop LA, which is shown in Figure 3.
Thus, it does not seem motivated to support subband beam selection, as this feature actually leads to reduced performance while it at the same time increased the overhead: W2 overhead increases with 300% for the 4-x patterns over Pattern 1-1, as is shown in  Table 1 above.


[bookmark: _Ref477951442]Table 2: Comparison of subband beam switching with 16TX for 3GPP 3D UMi, 50% target RU
	Scheme
	Average user throughput [bps/Hz/cell]
	
	Cell edge user throughput [bps/Hz/cell]

	
	Mean
	Std
	Gain 
	
	Mean
	Std
	Gain 

	1: UMi, Type I CB Pattern: 1-1
(no subband beam switching)
	2,341768
	0,3%
	0,00%
	
	0,567497
	1,0%
	0,00%

	2: UMi, Type I CB Pattern: 2-1
	2,330073
	0,5%
	-0,50%
	
	0,546171
	1,3%
	-3,80%

	3: UMi, Type I CB Pattern: 2-2
	2,322805
	0,4%
	-0,80%
	
	0,54956
	1,7%
	-3,20%

	4: UMi, Type I CB Pattern: 2-3
	2,343604
	0,2%
	0,10%
	
	0,551173
	1,0%
	-2,90%

	5: UMi, Type I CB Pattern: 2-4
	2,332857
	0,5%
	-0,40%
	
	0,549802
	2,0%
	-3,10%

	6: UMi, Type I CB Pattern: 4-1
	2,326648
	0,5%
	-0,60%
	
	0,531736
	1,8%
	-6,30%

	7: UMi, Type I CB Pattern: 4-2
	2,272835
	0,4%
	-2,90%
	
	0,53059
	1,3%
	-6,50%

	8: UMi, Type I CB Pattern: 4-3
	2,290781
	0,6%
	-2,20%
	
	0,545436
	1,5%
	-3,90%

	9: UMi, Type I CB Pattern: 4-4
	2,264449
	0,5%
	-3,30%
	
	0,524397
	1,5%
	-7,60%

	10: UMi, Type I CB Pattern 4-(1-4) Dynamic selection
	TBD
	TBD
	TBD
	
	TBD
	TBD
	TBD




Observations:
· Margin of error is around 0.5% for mean user throughput and 1-2% for cell edge user throughput, for 50000 simulated users
· Subband beam selection leads to a statistically significant performance loss due to increased interference variations between the time a CQI report is calculated and the time it’s used for PDSCH link adaptation, leading to increased link adaptation errors
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[bookmark: _Ref478115933]Figure 2: C.D.F of standard deviation of interference variations for the simulated codebook patterns. Subband beam selection leads to increased interference variations.
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[bookmark: _Ref478115944]Figure 3: C.D.F of outer loop LA SINR offset for the simulated codebook patterns. Subband beam selection leads to increased OLLA SINR offset.
We thus make the following proposal:
Proposal:
· Beam selection is wideband for Type I CSI feedback. Subband beam selection is not supported.
Changes in Type I CSI vs. LTE Rel-13/14
To summarize the detailed codebook design for Type I single-panel codebook, LTE Class A Config 1 without beam selection can be reused, with the following modifications:
1. Additional (N1,N2) combinations are needed to {2,4,8,12,16,24,32,} ports in NR.
a. 2 ports can be supported by using Config 1’s W2, without defining a W1
b. For >2 ports, Config 1 can be straightforwardly extended to support all (N1,1) and (N1,N2>1) combinations for 2*N1*N2=P ports
i. New (N1,N2) values = {(1,1),(2,1),(4,1),(6,1)} are needed
ii. For rank r>2, adjacent orthogonal beams along i1and/or i2 are used
2. Rank 2 cophasing can be optimized
a. Config 1 uses QPSK cophasing, which does not provide better performance than BPSK

Proposals:
· Type I DFT codebook uses Rel-14 eFD-MIMO Config 1, except:
· All (N1,1) and (N1,N2>1) combinations are supported for P=2*N1*N2 CSI-RS port codebook
· Ranks {1,2,3,4,5-8} have {2,1,1,1,0} bit cophasing for single panel case
· W1 is not defined for a 2 port CSI-RS codebook

Conclusion
In this contribution, we have discussed Type I CSI feedback and presented our view on the corresponding codebooks designs. The following observations have been made:
Observations:
· The Rel-13/14 Class A codebooks as well as the Rel-8 2TX, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks are all implementations of dual-polarized DFT codebooks and can be implemented with a common codebook structure.
· 4TX DFT codebook is generally known to outperform the 4TX Householder codebook for cross-polarized antenna setups, which is the antenna setup environed for NR deployments, therefore a DL Householder codebook may not be needed in NR
· Class B K=1 port selection codebook implements the same functionality as Class B K>1 resource selection with port combining within the CSI-RS resource
· Increased overhead and complexity of subband beam selection should be motivated by a significant performance gain
· Unclear how gNB should determine preferred beam pattern for each UE if multiple beam patterns are supported
· Margin of error is around 0.5% for mean user throughput and 1-2% for cell edge user throughput, for 50000 simulated users
· Subband beam selection leads to a statistically significant performance loss due to increased interference variations between the time a CQI report is calculated and the time it’s used for PDSCH link adaptation, leading to increased link adaptation errors

Leading to the following proposals:
Proposals:
· A unified codebook structure is used for single-panel Type I CSI feedback in NR where precoder determination consists of
· Resource selection: UE selects at out of  configured/indicated CSI-RS resources
· Port combination: UE combines the ports within the selected CSI-RS resource using the Type I dual-polarized DFT codebook applicable for 2-32 antenna ports
· Port selection codebooks are not supported; beam selection is handled via CSI-RS resource selection
· Type I CSI feedback is based on beam selection while Type II CSI feedback is based on beam combination
· Type I single-panel W1 codebook is based on Alt. 3
· For ranks 1-2, L= 1 and 
· For rank > 2, L= and 
· In order to determine if a small performance gain is statistically significant or just a random variation due to insufficient statistics, the number of simulated users and drops as well as an estimated error margin should be presented.
· Beam selection is wideband for Type I CSI feedback. Subband beam selection is not supported.
· Type I DFT codebook uses Rel-14 eFD-MIMO Config 1, except:
· All (N1,1) and (N1,N2>1) combinations are supported for P=2*N1*N2 CSI-RS port codebook
· Ranks {1,2,3,4,5-8} have {2,1,1,1,0} bit cophasing for single panel case
· W1 is not defined for a 2 port CSI-RS codebook
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Appendix

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	16 ports:  8x4 with 4x1 virtualization (108 deg tilt)


	Cell layout
	57 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),

	Traffic model
	FTP Model 1, 100 kB packet size
5000 users/ drop
10 drops
50% target RU

	UE Rx antenna
	2 cross-pol antennas

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	Codebook
	As indicated

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB
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