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1. Introduction
In relation to 8Tx downlink SU-MIMO, the following decisions were made in RAN1#57 [1, 2]:
· Codeword-to-layer mapping

· Codebook-based precoding feedback for single cell SU-MIMO as working assumption

· Continue discussion in relation to COMP feedback, MU-MIMO discussion

· Continue discussion about possibility of not having codebook-based precoding feedback

· TXD with 8 antennas for single cell operation

· PDCCH, PDSCH to Rel-10 UE in non-MBSFN subframes: Rel-8 TXD with 2 or 4 TX antennas used via standard-transparent virtualization

· PDSCH to Rel-10 UE in MBSFN subframes: continue discussion

· Alt1: no TXD transmission

· Alt2: Rel-8 TXD with DRS

· Alt3: Rel-8 TXD with Rel-8 CRS in control region only

· Layer shifting

· Continue discussion

· Per-PRB pair-based DRS design still seems appropriate

· Take into account the performance aspect related to interpolation of channel estimate across RBs 

· Need for indication of precoding granularity?  

· 8TX antenna SU-MIMO without PMI feedback

· Continue discussion
In this contribution, we discuss several of the above open design issues for 8Tx DL SU-MIMO:

· Codebook-based precoding feedback for single-cell operation (closed-loop spatial multiplexing):

· 8Tx SU-MIMO without PMI feedback (open-loop spatial multiplexing)
2. Closed-Loop Spatial Multiplexing

The main component for enabling closed-loop spatial multiplexing is an 8Tx codebook. A good starting guideline for 8Tx codebook design is given in [3] along with some design examples in [4 – 6]. In particular:

· The codebook structure should be chosen such that it allows efficient precoder selection. This includes properties such as finite alphabet (for low bitwidth multiplication) and nested property (reuse of computation and avoiding large matrix inverse). 

· Note that nested property is also needed to ensure a satisfactory support for rank override. Here, the same definition of nested property as that for the 4Tx Rel-8 codebook is used [7]. That is, for each pre-coder matrix in a certain rank (2, 3, … , 8), there exists at least one corresponding column subset in all the codebooks of the lower ranks. As a consequence, the codebooks for different ranks must be jointly designed. Furthermore, nested property can be exploited to reduce the computational complexity involved in precoder selection (e.g. SINR calculation can take advantage of the nested structure to avoid excessive number of matrix inversions).
· The codebook should be designed to perform reasonably well in relevant channel conditions and antenna configuration. Note that such scenarios are intended for evaluation only without precluding any particular deployment scenarios.
· The codebook size should be minimized as much as possible. The size of 16 elements per supported rank (total size ≤ 128) seems to be a reasonable starting point. However, the possibility of larger codebook should also be explored (e.g. total size ≤ 256). 
· Applicability for MU-MIMO – especially in single-cell scenario – is also a relevant factor. In this case, the codebook should perform well in closely-spaced (e.g. /2-spaced) antenna array. Here, including DFT vectors into the rank-1 codebook seems beneficial as argued in, e.g. [12].
The first two bullets are quite self-explanatory. We discuss the third, fourth, and fifth bullets below. 
2.1. Evaluation Scenario
The same guideline as that for UL SU-MIMO codebook can be followed [1]. To avoid designing the codebook for particular spatial correlation profile, the normalized system-level SCM should be used for codebook selection. Scenarios such as Urban Macro or Urban Micro may be reused although the local area scenario is more relevant for 8Tx transmission. This can be a point for further discussion.
The relevant antenna configurations – especially at the eNB – need to be carefully considered. 
· At the eNB, dual-polarized antenna array seems inevitable. Hence, it seems reasonable to assume four uniformly-spaced pairs of dual-polarized antennas. To introduce significant amount of scattering, the spacing of 4 can be assumed. For beamforming-type application, the spacing of /2 may also need to be evaluated. 
· Similarly, dual-polarized antenna array seems relevant at the UE side although it is unclear if the 4-pair ULA model can be used. Since the throughput performance is less sensitive to the receive antenna correlation, it is simpler to assume the four-pair dual-polarized model with the inter-pair spacing of /2.  
For non-uniform antenna configurations such as dual-polarized arrays, the antenna element indexing is crucial since it may heavily affect the performance due to the non-uniform correlation profile. This contribution assumes the following antenna indexing.  Figure 1 depicts the indexing which we assume in this contribution. The antenna indexing is used to enumerate the spatial channel coefficients 
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where n and m are the receiver and transmitter antenna indices, respectively. Observe that the indexing for the 4 pairs of cross-polarized antennas (Figure 1(b).) represents the grouping of two antennas with the same polarization which tend to be more correlated. This is analogous to the indexing of 4 pairs of ULA in Figure 1(a).
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Figure 1. Antenna indexing
2.2.  Codebook Size

Different codebook sizes have been suggested [3 – 6]. As an example, we take the design proposed by Samsung in [4] with the total size of 116. For a given rank, the codebook size is 16 except for rank-8. 
Typically, antenna selection or virtual antenna selection (VAS) is used as a reference design. In this case, the total size of VAS is 255 with different sizes across different ranks. Note that this is larger than Samsung’s codebook. The sizes of the two codebooks are compared in Table 1. Note that VAS utilizes significantly more matrices compared to Samsung’s codebook except for rank-1, 7, and 8.
Table 1. Codebook size

	Size
	Virtual AS
	Samsung [4]

	Rank = 1
	8
	16

	Rank = 2
	28
	16

	Rank = 3
	56
	16

	Rank = 4
	70
	16

	Rank = 5
	56
	16

	Rank = 6
	28
	16

	Rank = 7
	8
	16

	Rank = 8
	1
	4

	Total
	255 (8 bits)
	116 (7 bits)


The two codebooks are compared in terms of the average throughput performance. The results are depicted in Figure 2 with the relative performance in Figure 3. The simulation assumptions are given in the Appendix. VAS uses 8-DFT matrix as the basis for virtualization.
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Figure 2. Performance of Samsung’s 7-bit codebook and 8-bit virtual antenna selection.
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Figure 3. Relative performance of Samsung’s 7-bit codebook to 8-bit VAS
The following can be observed:
· In the 8x4 scenario, Samsung’s codebook shows better performance for the low to moderate-high geometry region (up to 10dB). This can be explained by its larger (and perhaps more efficient) rank-1 codebook. For a better picture, the rank distribution versus geometry is depicted in Figure 4. It can be observed that rank-1 is still used quite frequently up to 10dB.  Note also that at -5dB geometry, data transmission is possible only 60% of the time with rank-1. Other ranks cannot be used.  
· In the 8x8 scenario, Samsung’s codebook is worse than VAS by at most 5%. This can be attributed to the smaller codebook size. The difference in performance decreases for higher geometry. It can also be observed that Samsung’s codebook is slightly better than VAS at 40dB which can be explained by its larger rank-8 codebook. Such tendency is also seen at -5dB geometry since transmission is possible almost all the time and some higher-rank transmissions (other than rank-1) are possible. 
Overall, it seems more beneficial to distribute the number of matrices more uniformly compared to that in VAS – especially for the lower ranks. As VAS can be used as a baseline design, the total size for the 8Tx codebook can be limited to 256 which results in an 8-bit PMI+RI.  
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Figure 4.Rank distribution vs. geometry: each curve represents a rank value
It was also mentioned that the codebook should allow good support for MU-MIMO transmission (especially for the single-cell scenario). Since MU-MIMO is typically associated with closely-spaced ULA (with inter-element spacing of /2), including several 8-DFT vectors into the rank-1 codebook is beneficial. The following guideline can be used
· To allow minimum spatial sampling, eight primary 8-DFT vectors 
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 should at least be included in the rank-1 codebook.

· Analogous to the 4Tx Rel-8 design, eight additional 8-DFT vectors (the primary 8-DFT vectors scaled by 
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) can also be included. 
2.3. Transformed Codebook
In [8], the idea of transformed codebook (called adaptive codebook) was proposed. Here, an additional linear transformation (precoding) is introduced to the precoded data symbols. Hence, the effective precoding matrix can be written as follows where T denotes the additional precoding:
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Such additional linear transformation is adapted in a long-term basis and responsive to long-term spatial channel statistics. Overall, this scheme could be instrumental in allowing a single 8Tx codebook to perform reasonably well in variety of eNB antenna configurations (and thus avoids the need for multiple codebooks). Although 4 pairs of dual-polarized antennas seem to be the reasonable eNB antenna configuration, other configuration cannot be precluded in actual deployment. With 8 antennas at the eNB, the number of variations in the possible antenna configuration is significantly higher compared to, e.g. 4Tx. 
There are two alternatives to implement transformed (adaptive) codebook:
· Alt1: Cell-specific and standard-transparent. The same T is used for all the UEs in the cell (including the CSI-RS). This assumes that the part of long-term spatial characteristics that determines the system performance is almost the same across different UEs and dependent solely on the eNB antenna configuration.
· In this case, there is no need for the UE to report any particular parameter to the eNB. In fact, it is possible to measure the long-term spatial channel correlation from UL transmission such as the SRS. This is possible since the long-term channel statistics tend to be reciprocal (see, e.g. [9] for detailed analysis). This also holds for FDD as long as the UL and DL frequencies are relatively close.
· Hence, this scheme becomes standard-transparent which can be thought as an extension of the virtual antenna transformation. That is, it becomes an eNB implementation issue. 
· Alt2: UE-specific with specification support. T is UE-specific. This is assumes that the part of long-term spatial characteristics that determines the system performance may widely vary across different UEs, e.g. AoD/AoA, angular spread. 
· It is also possible to exploit reciprocity analogous to that in Alt1 (since SRS is UE-specific) [9]. Hence, there is no need for any UE reporting. However, if such reciprocity-based estimation is proven unreliable, UE needs to report a recommended choice of T to the eNB.
· However, the UE needs to know T for PMI computation although the demodulation RS is UE-specific. This is because T cannot be applied to the CSI-RS. Hence, the eNB needs to signal the choice of T to the UE via a sparse transmission on the DL control channel(s) or higher-layer (RRC) signalling. This seems to be needed since the UE cannot assume that the eNB always follows the UE recommendation.
Due to the extra signalling required for Alt2, it seems natural to suggest that significant gain needs to be demonstrated for Alt2 over Alt1.  

Note also that similar discussion took place (cell-specific vs. UE-specific) for the small-delay CDD although the deciding factor was frequency-selectivity of the channel (see, e.g. [10, 11]).  
3. Open-Loop Spatial Multiplexing
To justify the support for open-loop spatial multiplexing (OL SM), the following factors need to be considered:

· 8Tx DL SU-MIMO should be targeted to local area setups and low mobility applications 

· The CSI-RS which is used for measurements related to UE reporting is transmitted sparsely in the time-domain. Hence, the support for high-mobility scenario is severely limited. 
· ≥4-layer transmission relies heavily on sophisticated UE form factors (e.g. laptops). Furthermore, the gain of 8Tx transmission with smaller number of layers (<4 layers) heavily depends on a number of factors including the availability of accurate channel estimates, spatial channel models, control signaling overhead, and efficient precoding design. 
· OL SM finds its main application in high speed scenario. Hence, the need for OL SM is unclear and 8Tx OL SM is a capacity-optimization feature at best. Although using open-loop SM could be beneficial when the reliability of PMI feedback is of question, such applicability may be quite limited.
· As pointed out during the discussion in RAN1#57, the Rel-8 4Tx OL SM scheme cannot be reused for LTE-A due to conflict between precoder cycling across sub-carriers and the support of UE-specific RS for demodulation. 
Considering the above factors, supporting a newly-defined and highly-optimized OL SM may be difficult to justify. At the same time, an OL SM scheme can be directly obtained from the already-supported CL SM setup by simply selecting the precoder matrix at the eNB in a predetermined fashion (e.g. fixed via codebook subset restriction or cycled based on a predetermined pattern). Hence, the closed-loop or open-loop configuration is simply the manner of precoder selection mechanism. This is possible since the current DL RS paradigm for 8Tx LTE-A relies on the UE-specific RS for demodulation. In this case, the transmit PMI does not need to be indicated in the DL grant regardless whether the 8Tx SM is configured as closed-loop or open-loop.
Note that this does not preclude the possibility of defining a specialized UE reporting for OL SM (e.g. without PMI). Hence, configuring a UE for OL SM is simply a matter of configuring the UE reporting mode.  

4. Conclusion

This contribution addressed several aspects of supporting 8Tx DL SU-MIMO. The following recommendations were made: 
· Decide on channel conditions and antenna configurations for codebook evaluation. The use of dual-polarized antennas is suggested, e.g. four pairs of uniformly-spaced dual-polarized antennas at the eNB with 4 inter-pair spacing.
· 8-bit virtual antenna selection as the reference codebook for further comparison. It is suggested that:
· The total codebook size (across rank-1 to rank-8) does not exceed 256.  
· The selected codebook size is more uniform compared to VAS especially for the lower ranks (e.g. 1 to 4). Smaller codebook sizes can be used for the higher ranks.
· Rank-1 codebook includes several 8-DFT vectors to allow satisfactory performance for MU-MIMO with closely-spaced ULA configurations.
· Transformed (adaptive) codebook could be beneficial for ensuring reasonable performance in different channel scenarios and antenna configurations without the need for supporting more than one codebook. 
· The cell-specific and standard-transparent implementation should be used as a baseline to evaluate other non-standard-transparent (UE-specific) transformed codebook schemes. 
· The need for a newly-defined open-loop spatial multiplexing scheme is difficult to justify. It is proposed that open-loop spatial multiplexing be obtained from closed-loop via a non-channel-dependent precoder selection.
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Appendix: Simulation Assumptions

Table 1. Simulation assumptions

	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of OFDM symbols per TTI
	12

	Antennas Configurations
	8x4, 8x8 

	UE speed and fading model
	3 Kmph

	Channel models and antenna configurations
	System-level SCM Urban Macro:

· Tx (eNB): 4 pairs of XP antennas separated by 4
· Rx (UE): 2 or 4 pairs of XP antennas separated by 

	Center frequency
	2GHz

	BLER target for 1st transmission
	10%

	MCS Set
	28-level MCS with QPSK, 16QAM, and 64QAM

	Allocated RBs
	4

	Precoding granularity
	4 RBs

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3 (total of 4 transmissions)

	Number of HARQ processes
	8

	Processing delay 
	4 ms

	Receiver
	MMSE
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