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1. Introduction

In TR36.913 [1], it is stated that LTE-Advanced should support higher downlink peak and sector throughput than LTE Rel-8. This requirement calls for an investigation of potential enhancements to SU and MU-MIMO operations and the development of air-interface specifications to support the associated enhancements. 
It is recognized that SU/MU-MIMO operation and its optimization involves many interconnected factors. At a very coarse and high level, MIMO operation consists of a set of supported transmission and corresponding receiver schemes and the associated link adaptation functionalities (measurements, selection/decision assistance, and feedback).  Each operation step is executed via the control/feedback mechanisms defined in the standards.

In this contribution, we would like to discuss the two areas of enhancements – 8-Tx eNB and MU-MIMO optimization. The contribution assumes a context of single-point (SP) SU/MU operations, even though similar study topics and challenges are shared with coordinated multi-point (MP) operation [11]. Indeed in many cases, both scenarios should be considered simultaneously given their inter-connection and the potential tradeoff involved. Nevertheless, for the sake of clarity in discussion, it is useful to proceed with discussion separately in SP and MP contexts, before discussing them in a combined context. 
2. eNB and UE Configurations : Background
In Release 8 of LTE, downlink MIMO transmission already supports up to 4 transmit antennas at eNB and either 2 or 4 Rx antennas at UE, more specifically:
· 1 or 2-stream (per UE) for 2 Rx antennas, and 1,2, 3, or 4 streams (per UE) for 4 Rx antennas in SU-MIMO
· 1-stream (per UE) in MU-MIMO

It is envisioned that in LTE-Advanced the following optional advanced eNB and UE implementation may become feasible:
· 8 transmit antenna eNB with 8 PAs (likely also mean 8 receive antennas in uplink reception)
· Up to 4 transmit antennas with <=4 PAs)
3. Enhancement #1: 8-antenna eNB 
When an operator chooses to initially deploy eNBs with 8-antenna (also 8-PA) support, or decides to migrate from 2/4-antenna (PA) eNB, the envisioned technical benefits, which exist in theory but may not be achieved, may include:

1. Larger “beamforming”
 gain to a UE in SU-MIMO under the same total transmit power: The gain at link-level is reflected as the lower SNR required to attain the same FER. At the system level, it is also reflected as lowered average interference to other cells. As a result, sector and cell-edge throughput will be improved.

2. Better support of MU-MIMO: Up to 8 spatial streams of data can be supported in theory, whether they are targeted for one UE (requiring 8-Rx UE) or more typically multiple UEs (e.g., up to 4 UEs with each having 2-Rx and supporting 2 streams). In a more practical operation scenario where <8 streams (e.g., 4 streams) are sent from the eNB, an enhanced MU-MIMO scheme with 8 antennas at the eNB still should support MU-MIMO (e.g., 2 UE with each being rank-2 for a total of 4 streams) with better performance than the case of only 4 antennas (See related MU-MIMO enhancement discussion later). The above two benefits directly translate into much increased throughput.

3. More receive antennas for UL reception: This benefit comes almost as a side product of the slightly increased cost of more transceivers. However, the benefit on UL reception may turn out to one of the biggest reasons for deploying an 8-antenna eNB.

4. Reduced PA size individually is achieved when the number of PAs is doubled and the total output power is kept the same. Whether there is a cost advantage is debatable, but the implementation can choose to halve the individual PA size or otherwise double the total TX power.

However, the challenge of unleashing the 8-antenna eNB potential lies in the support of legacy Rel-8 UEs that are  designed to support up to 4-Tx only, except for the case where the required UE support is agnostic to the number of antennas. For example, in TDD operation beamforming operation relies on UE sounding and channel reciprocity and user-specific reference symbols (RS), also referred to as dedicated RS (i.e., DRS) as opposed to cell-specific RS (also known as common RS or CRS). 
In our view, a few guidelines on 8-Tx support should be observed in the standards development:
· 8-antenna eNB should support Release 8 UEs with minimal, if any, performance impact, and with improved performance compared to 4-Tx downlink transmission if possible
Release 8 UE is not capable of estimating 8 channels in PDCCH decoding or PMI-based closed-loop operation for PDSCH. From the R8 UE perspective, 8-antenna eNB must be able to function as a “legacy” eNB with up to 4 antennas. As an example, an antenna virtualization scheme can be exploited to make 8 antennas be seen as 4 at the UE, for example, by forming 4 pairs of antennas and using a CDD scheme to combine pairs of antennas. An antenna virtualization scheme is preferred over the alternative of turning off the other 4 antennas which has inefficient power utilization. Utilizing all PA power for non-precoding transmission is important, such as in PDCCH and PMCH reception. Legacy UEs will estimate channels from the 4 virtual antenna ports for both data demodulation (if user-specific RS is not used) and link adaptation support (CQI, PMI, etc.)
Given that 8-Tx precoding can better “shape the beam-pattern” to deliver more energy to the target UE while mitigating the interference to other UEs, it is desirable for legacy UEs to also enjoy the potential performance gain over 4-Tx precoding. However, it is not an easy task to derive, if possible, optimal 8-Tx antenna weights, given UEs have observability of up to only 4 antennas (virtual ones for example) and the recommended PMI is based on the 4 virtual antennas as well.      

· 8-antenna eNB needs to support a  mixture of LTE-A and Rel-8 
One of the challenges for RS design in LTE-A for 8-antenna operation is the backwards compatibility issue, i.e., the best operational practice for a 8-antenna eNB to serve a mixture of LTE-A and Rel-8 UEs, in which case the provisioning of additional RSs becomes critical. 

In order to optimize 8-Tx MIMO operation in FDD that cannot rely on channel reciprocity as opposed to TDD, the easiest design is a simple extension of the current design, i.e., to provide cell-specific RS so that UE can estimate all the 8 channels. Then a new code book is designed for LTE-A UE to assist the precoding operation. However, Rel-8 UE cannot estimate 8 channels even if additional RSs are available. Hence, when an 8-antenna eNB must be able to serve a mixture of LTE-A and Rel-8 UEs, it becomes critical to look for the best way to provide additional RSs while minimizing the impact on Rel-8 UEs. Some performance degradation at legacy Rel-8 UEs may be inevitable especially since Rel-8 UE will not be able to anticipate certain data subcarriers being used as RS instead. A few RS design options are considered in a companion contribution [4].
· Additional pilot overhead incurred by enabling more optimal 8-Tx operation for LTE-A UEs should be minimized
As noted previously, a straightforward design to support 8-antenna operation for LTE-A UEs is the extension of existing 4-Tx CRS design and 4-Tx precoding codebook to 8-Tx. This is a CRS-centric design philosophy where CRSs are provided with sufficient density such that a UE can derive, for data demodulation, the effective channel based on the CRS and also the applied transmission scheme such as precoding weights in the form of PMI. The same CRSs are also used for measurements and link adaptation (e.g., CQI, PMI, etc.). Provisioning of 4-Tx cell-specific RS in the current release has about 14% overhead. This is a fixed CRS overhead with possible additional overhead incurred if DRS are also used. Therefore, the provisioning of 8-Tx CRS will come with a much increased system overhead if a simple extension of the same CRS-centric philosophy is adopted. 

In the other DRS-centric design philosophy, DRS with sufficient density are provided for data demodulation, but low-density CRS may still be present for measurement purposes only or decoding of common control traffic.  Note that cell-specific RS are used for two purposes: receiver channel estimation for data demodulation (if not using user-specific RS) and for measurement and reporting (e.g., CQI, PMI, etc.) and common control message. The above two different design philosophies have pros and cons (see below). It is useful, at least for LTE-A operation, to re-assess the two design philosophies in the 8-antenna context, even though backwards compatibility requirement mandates, at least partially, a fall-back to the existing CRS-based design.    
	
	Pros
	Cons

	CRS-based 
	· Enable “decent” channel estimation to eNB antennas, covering entire bands (two band edges) and subframe

· One set of RS for both purposes: demodulation and measurement 

· Fixed RS overhead regardless of rank and number of UEs
	· Overhead when signalling the transmission scheme (e.g., precoding) such that UE can construct its effective channel
· Limitation of allowed precoding weights to a codebook, thus performance degradation
· RS cannot benefit from the increased SNR seen by UE on its data burst that enjoys a higher total transmit power and a precoding gain 

	DRS-based
	· RS also benefit from the increased SNR seen by UE on its data burst 
· eNB can tailor precoding weights to individual UE or groups of UEs more flexibly without subject to any constraint

· Overhead for low-rank transmission is generally low 

· Allows greater flexibility in eNB implementation. eNB may potentially use different antenna ports, antenna array techniques and co-ordinated MIMO modes using parameters and methods blind to the UE. 
	· FDD operation still requires CRS for UE to assist precoding, even though pilot density can be much lower if CRS is not used for demodulation

· Channel estimation quality suffers from the “subband-edge” effect

· RS overhead increases with the rank of transmission and it can lead to more total overhead than CRS at high rank transmission. 


In light of the complexity of the problem, it is important to approach the problem in a structured manner to allow us to make decisions/assumptions on the most important things that further development of details hinges on. 

Recommendation:
Decide and agree on 8-antenna operation scenarios and requirements (including frame structures) when serving Rel-8 UE only, or LTE-A UEs only, or their mixture. The discussion should precede the detailed discussion on optimized operation for LTE-A only.
4. Enhancement #2: MU-MIMO Optimization  
MU-MIMO in the current release supports 1-stream transmission of up to 4 UEs simultaneously, but the UE reports PMI and CQI in the SU-MIMO context only. The feedback and signaling are currently not separately optimized for MU-MIMO and this was found to be acceptable with Rel-8 study assumptions. However, in light of some of the preceding discussion, this may have to be revisited for LTE-A. A few potential enhancements were already proposed before during Rel-8 specification development [2]
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[3]:
1. PMI of the other UEs are signaled to each UE to enable interference cancellation reception, especially when a single-stream transmission is performed to two UEs, each with 2 Rx antennas.
2. Even for rank-1 transmission, UE feeds back rank-2 PMI that includes a preferred paring precoding vector and also at the same time reporting the CQI assuming the interference as a result of the recommended pairing.

These enhancement proposals were based on the performance gain observed by making UE aware of the MU context, during link adaptation related to reporting and subsequent downlink receiver processing.  We believe this is the right direction towards MU-MIMO optimization. 

MU-MIMO has the potential to significantly increase the system throughout compared to SU-MIMO. For example, currently with 2-Rx UEs, a 4-Tx eNB can support 4 UEs each with rank-1 for a total of 4 spatial streams, as opposed to a typical 2 spatial streams in SU-MIMO. 8-Tx eNB in theory can support up to 8 streams, but it may be more practical to support <8 streams (e.g., 4 streams). Nevertheless, it still can provide multi-fold increase of total throughput, if the per-UE performance is not severely degraded due to the increased mutual interference as seen at UEs, which is the biggest technical challenge to overcome in order to achieve the theoretical potential. Given that a typical 2-Rx UE has no extra degree of freedom to cancel any interferer (in the case of rank-2) or more than one interferer (in the case of rank-1), the eNB has to  assume most of the burden of reducing the cross-UE interference. This can be challenging if the eNB does not have good channel information to all UEs. Basically, the eNB needs to have some information on the interference it could generate to each UE based on the knowledge of the channel to each UE. Orthogonal precoding weights at the eNB often cannot ensure orthogonality of the users at the receiver, especially in low transmit correlation environments. Further, ensuring orthogonality often results in suboptimal pairing of users. This limits the potential of MU-MIMO to achieve the theoretical multi-user and spatial diversity gains
More specifically, two areas that prevent MU-MIMO from claiming multi-fold gain over SU-MIMO are: 
· Suboptimal/Inadequate feedback information. Feeding back information of a UE’s dominant “spatial signature” such as the preferred precoding weights does not enable the eNB to optimize the transmission towards the goal of minimizing mutual interference. Selecting orthogonal precoding weights at the eNB often cannot ensure orthogonality of the users at the receiver. Of course UEs have no observability of the other UE channels and only the eNB can minimize the interference if they are equipped with the “right” knowledge. 

Full CSI feedback is optimal and obviously impractical due to UL resource constraint and link budget. A few ideas are known from the literature including the feedback of CSI with successive refinement, null space in various forms (e.g., PMI form), and the channel correlation matrix.

Another issue is the development of an efficient mechanism to feed back this information. Of course the mechanism is tied to question of what is the most useful channel-related information the UE needs to feed back and the most concise representation of that information. The assumed optimal or suboptimal MU-MIMO transmission strategy/scheme is also inherently tied to the study of the best channel information to be fed back.  

If the feedback information is different in MU-MIMO than that in the case of SU-MIMO, then the UE should be made MU-aware. It is however possible that certain enhanced feedback information that may be supported for MU-MIMO can also be used to improve performance for SU-MIMO.     
· Constraint of PMI-based precoding.  The eNB should balance each UE’s needs while minimizing the mutual interference. As a result, the optimal precoding strategy (rank, antenna weights, etc.) may often derivate from the pre-defined precoding weights in the codebook. Hence, there was discussion of whether a separate codebook should be defined for MU-MIMO, or whether PDSCH demodulation should rely solely on user-specific RS which gives eNB greater flexibility.  
Recommendation:

Focus study of single-point MU-MIMO optimization on these interconnected aspects: “best” information feedback, the associated feedback mechanism, and accompanying MU-MIMO strategies at eNB. 
5. Preliminary Results
The results provided here represent a first attempt to evaluate potential performance gains in MU-MIMO operation, with MU-aware UE reception, enhanced feedback information, and precoding without PMI constraint. 

We study the spectral efficiency as a function of Es/No, where spectral efficiency refers to the sum efficiency of all UEs being scheduled. Given that UE pairing affects the UE performance and thus the total achievable spectral efficiency, we also simulated pairing operation at eNB scheduler with 10 UEs in an isolated cell environment. Other simulation parameters are aligned with Case-3 of TR 25.814. In this study, we focus on 
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antennas at the UE with precoded MU-MIMO transmission to two UEs with each being assigned a a single stream. We also use SCM channel models and a ULA antenna array with 
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spacing. All the UEs in the cell are simulated at the same long term mean SNR and multiple drops are performed. Scheduling and precoding are performed on the whole band of available subcarriers. 
We investigated a few operation modes as listed in Table-1:
Table 1. Possible Enhanced Operational Modes for MU-MIMO 

	Operation Mode
	UE Feedback (CQI/PMI) 
	UE Receiver
	eNB UE Pairing
	eNB Precoding Scheme

	“Rel-8”
	Same as SU-MIMO with MRC
	MRC
	Pairing UEs with orthogonal PVI
	8-Tx Constant Modulus Codebook 

	“MU-aware MMSE”
	UE feeds back PVI with best average SNR metric – The SNR metric for each PVI is obtained with MMSE receiver assumption and averaging over all possible interfering PVIs
	MMSE
	Pairing UEs with orthogonal PVI 
	8-Tx Constant Modulus Codebook, eNB informs desired UE of the other UE’s PVI

	“eigen-space – V” 

	V from R=VΔVH (Assuming eNB has “V”, e.g., from TDD sounding)
	MMSE
	Using maximum Chordal distance (between precoding weights)

	DRS-based
UE to construct the complete effective channel for both streams

	“covariance matrix – R”
	R=ΣHiH Hi
(Assuming eNB has “R”, e.g., from TDD sounding)
	MMSE
	Based on approximate sum capacity given R
	Same as above


Figure 1 shows the sum spectral efficiency as a function of long term mean Es/No over two pairing UEs. As can be seen here from comparing “Rel-8” and “MU-aware MMSE”, when the UEs are notified about the MU setting and also estimate the interfering channels, a significant performance gain is obtained. Further improvement is observed when UE feeds back more information (i.e., not only the dominant signal space in the form of PMI) and allows eNB to tailor precoding weights that deviate from codebook (meaning the use of DRS).  
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Figure1 - Simulation results with different types of UE feedback
6. Conclusion

In this contribution, we first discussed several design guidelines for development of 8-antenna eNB specification support, , especially as a migration path from 2/4-antenna.  We recommended to first discuss/decide 8-antenna operation scenarios and requirements (including frame structures) when serving Rel-8 UE only, or LTE-A UEs only, or their mixture. The discussion should precede the detailed discussion on optimized operation for LTE-A only. 
Secondly in this contribution, we pointed out that, for MU-MIMO optimization, eNBs should mitigate cross-UE interference and could further optimize sum-performance in order to unleash the MU-MIMO potential. Several areas that prevent the materialization of this potential are suboptimal feedback information, non-MU aware UE reception, and constraint of PMI-based precoding. Several contributions to the previous meeting also address the possible enhancements for improved MU-MIMO [6]
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[10]. As further studies are conducted, a common finding could be that enhanced feedback improves UE-pairing and PMI selection decisions at eNB, thus improving overall system performance. We provided some preliminary results to show the potential performance gain with some enhancements in these areas.    
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� The terminology “beamforming” is used here in a broad sense to include any weighted-antenna transmission scheme such as precoding and DOA-based conventional beamforming approach.  
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