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1. Introduction
As LTE evolves to LTE-Advanced, SU-MIMO with spatial multiplexing will be supported also in the uplink. Similarly to the current LTE downlink, designs for 2x2 and 4x4 antenna configurations are to be considered. Spatial multiplexing with up to 4 layers will hence be supported.

Some progress in the area of uplink SU-MIMO was achieved during RAN1 #56 meeting. In particular, the following was concluded

· Two transport blocks with similar codeword to layer mappings as in the downlink

· Possibility to enable layer shifting in the time domain

· Spatial bundling of HARQ parameters is desirable and decision to be taken whether to bundle in RAN1 #56bis meeting

This contribution discusses and investigates layer shifting, spatial bundling of HARQ parameters and channel dependent precoding.

2. Design Targets for Easy MIMO

The design targets of uplink SU-MIMO span multiple dimensions. Potential schemes need to be carefully evaluated with spectral efficiency, signaling overhead, low transmitter/receiver complexity and overall system complexity in mind. It is desirable if MIMO is not significantly more complicated to operate than current SIMO and that to a great extent the users benefitting from spatial multiplexing and multi-antenna transmission on their own bear the associated signaling overhead cost. In this context and also to facilitate standardization efforts, it would be beneficial if the modifications needed for spatial multiplexing support could be primarily focused on L1 and as much as possible made transparent to MAC and higher layers. There should be low thresholds for configuring a terminal to reside in the spatial multiplexing transmission mode even if more than one layer is not commonly used. Substantial extra overhead on the control signaling when being configured for spatial multiplexing should thus be avoided. All in all, it should be easy using MIMO without major penalties. 

3. Layer Shifting

Layer shifting is a way to ensure that each transport block is evenly spread out over all virtual antennas. This thus enables a transmission scheme with properties similar to single codeword transmission, providing diversity and hence robustness against impaired link adaptation. At the same time, the layer mapping is linear and such that it is easy to apply the reverse mapping on the receiver side. Consequently, standard SIC receivers are still applicable, in contrast to conventional single codeword schemes. 

Observation

· Layer shifting provides diversity and robustness against impaired link adaptation while allowing SIC receivers.
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Figure 1: Layer shifting distributes each transport block/codeword evenly over all the virtual antennas. The layer shift is kept constant over one CL-DFTS-OFDM symbol.
Figure 1 illustrates the transmit chain in the UE and how layer shifting changes the mapping of layers to virtual antennas in the case of 4-layer transmission. Note that the layer shift is here constant during the entire duration of one CL-DFT-OFDM symbol and varies from one symbol to the next.  Thus, each transport block “sees” each virtual antenna in roughly equal proportion and the transport blocks therefore all experience a similar (in case of MMSE receiver) or more similar (in case of SIC receiver) channel quality. 
Maintaining a constant layer shift during one CL-DFTS-OFDM symbol is an important characteristic that helps in saving complexity on the receiver side. In particular, for SIC receivers it ensures that the optimal MMSE equalizer decouples into the standard structure of frequency domain equalization followed by IDFT even after one or more transport blocks have been cancelled. This is crucial for limiting the complexity of the SIC receiver since time-varying layer shifting during the duration of a single symbol would require the need for joint equalization in the spatio-temporal domain.
Proposal
· The layer shift is constant during one CL-DFTS-OFDM symbol but varies from one symbol to the next according to a predetermined sequence known to both the UE and the eNodeB

4. Spatial  Bundling of HARQ Parameters
In [2] as well as in Section 7.2 of this contribution, the performance of layer shifting is compared with not using layer shifting. It is seen that even in scenarios seemingly unfriendly towards layer shifting, such as with severe antenna gain imbalance and well-behaved link adaptation, layer shifting gives similar performance as not using layer shifting. In addition, as evident from Figure 3, it provides the opportunity for spatial bundling of almost all HARQ parameters without significant performance loss, thus considerably simplifying the control channel design and reducing the overhead. The only HARQ parameter that should not be bundled is the MCS which at least to some extent needs to be controlled individually for the two transport blocks for the benefit of SIC receivers. Hence, there appears to be no reason why the additional option of not using layer shifting needs to be supported. 
Proposal

· Remove the option of not using layer shifting

· Use spatial bundling of HARQ parameters for NDI, RV and ACK/NACK

· At least support for delta MCS relative the first transport block

5. Channel Dependent Precoding

To achieve gains from using multiple antennas also for the UEs which face low SINR environments, rank adaptation and channel dependent precoding is needed. This allows coherent combining of the transmission signals at the receiving eNodeB side, thereby improving the SINR. Precoding matching the instantaneous channel properties is required to achieve gains considering that the UE typically operates in a multi-scattering environment with large angular spread of departing waves and hence cannot in general rely on high spatial correlation for directing its transmission. Not even the limited form of channel reciprocity based on physical directions can thus be assumed to hold for FDD. This implies that codebook based precoding needs to be supported for FDD. The eNodeB thus estimates the channel and uses it for selecting a precoder and transmission rank which are included as part of the UL grant and mandatory for the UE to use. 

For TDD, non-codebook based precoding is certainly a possibility assuming channel reciprocity holds. The UE would then need to have calibrated transmit/receive chains. Mandating the support of such antenna calibration at the UE however appears less attractive from a complexity point of view and hence it seems reasonable to at least include support for codebook based precoding for TDD as well in order to facilitate the implementation of lower cost UEs. As a side effect, this has also the benefit of promoting commonality between FDD and TDD.

Proposal
· Support of codebook based precoding. 

· eNodeB selects precoder and transmission rank and signals those on UL grant

It is natural to have support for using only a single precoder over the scheduling bandwidth as it keeps the increase in signaling overhead in the UL grant within reasonable bounds. Support of frequency-selective precoding however needs a more careful study as it may lead to large UL grant sizes defying the design targets of easy MIMO. Also, frequency-selective precoding increases the PAPR and is hence essentially precluded for the uplink which strives for single-carrier properties.

Proposal

· Support for a single precoder (single PMI)
Whether, in addition to codebook based precoding, non-codebook based precoding should be supported for TDD operation needs to be investigated, weighing the possible benefits against the increased complexity of calibrated transmit and receive chains in the UE and the need of additional testing and validation efforts. There also appears to be uncertainties in how to perform link, and in particular, rank adaptation since the rank depends on the receiver SNR and the receive SNR in turn depends on the applied precoder, which only the UE is aware of. The precoder may be chosen to be based on the SVD of the channel measured in the downlink, but at this stage the complexity impact of such SVD based precoding seems rather unclear, particularly if frequency-selective precoding is applied. 
Frequency-selective precoding performed in a UE autonomous way appears to be challenging from a channel estimation perspective – the underlying frequency coherence properties of the channel normally exploited  by a channel estimator are distorted thus risking substantially worse estimation accuracy. If this means that frequency-selective precoding is essentially precluded, possible gains of non-codebook based over codebook based precoding may be substantially reduced unless only narrow band scheduling is considered.

It also does not appear obvious how the UE is supposed to fully exploit all its allowed output power while utilizing SVD based precoding. SVD based precoding furthermore seems to increase the PAPR. Therefore, a number of open issues with non-codebook based precoding remains to be studied.

Open issues with non-codebook based precoding

· Complexity impact of relying on channel reciprocity in UE

· How to perform link and rank adaption

· Complexity impact and PAPR impact of SVD based precoding

· How to maintain full use of allowed transmission power

· Channel estimation and accuracy for frequency-selective precoding

These above aspects need to be studied before adopting non-codebook based precoding for standardization. Although non-codebook based precoding in the uplink is certainly an interesting field, it does not appear to be as mature as its codebook based counterpart. It also deserves to be mentioned that the above aspects should also be taken into account for the purpose of achieving a fair comparison with codebook based precoding.
Demodulation RS (DRS) and Sounding RS (SRS)

The precoder selection may be based on sounding RS in the uplink. Another possibility is to make precoder selection based on the demodulation RS. The demodulation RS would in that case not be precoded and the number of DRS would always equal the number of transmit antennas. This would have the advantage of not requiring sounding RS to be configured. On the other hand it relies on the UE being scheduled sufficiently often and on similar parts of the bandwidth from one scheduling instance to the other. Another alternative is to solely rely on SRS for precoder selection and instead precode the DRS. This provides array gain for DRS and may thus improve the channel estimation. It would in addition mean that the number of transmitted DRS can be reduced when the transmission rank is lower. Out of these two options, precoded DRS seems preferable unless relying solely on SRS is concluded to be a serious problem.

Proposal
· Possible to perform eNodeB precoder selection based on sounding RS

· Precoding of demodulation RS to achieve array gain in channel estimation

6. Channel Independent Precoding

At this point it is not clear whether an open-loop spatial multiplexing mode is really needed on top of the channel dependent (“closed-loop”) precoding mode. The potential gains need to assessed and the likelihood of potentially beneficial scenarios need to be considered. The same goes for the need of transmit diversity whose greatest benefit in the downlink of allowing full use of all PAs may not apply for the uplink where the UE might anyway need to be equipped with one “full size” 23 dBm PA in order to support Rel 8 eNodeBs which are not aware of the multiple antennas present at the UE.
Proposal

· Support of transmit diversity and open-loop spatial multiplexing requires further discussions
7. Simulation Results

To assess various alternative designs with respect to layer shifting, bundling of HARQ parameters and precoder codebooks, link level investigations has been conducted. Assumptions common to all the simulations are found in Table 1, while more specific assumptions are stated in conjunction with each graph, if applicable.
Table 1: General assumptions for link level simulations.

	Parameter 
	Value

	Radio access technology
	DFTS-OFDM

	System bandwidth
	5 MHz

	IFFT/FFT size
	512

	Cyclic Prefix
	Normal

	Scheduling bandwidth
	10 RBs

	Number of UE Tx antennas
	4

	Number of eNodeB Rx antennas
	4

	Receiver type
	LMMSE, SIC

	Channel and noise estimation
	Ideal

	Channel model
	EVA, 5 Hz Doppler

	Precoder frequency granularity
	Single precoder over scheduling bandwidth

	Precoder codebooks
	LTE downlink House Holder codebook, 

Cubic metric preserving precoder (CMPP) codebook


7.1. Antenna Gain Imbalance Impact on Layer Shifting

During the MIMO session in RAN1 #56, questions referring to [3] where raised on the applicability of layer shifting in scenarios where there is a transmit antenna gain imbalance on the UE side. To see why this is not an issue,  first note that layer shifting is a unitary transform and as such it does not affect the information theoretic channel capacity. Thus, it is expected to not have significant negative impact on performance even in practice. To verify that this is indeed the case, link level simulations where conducted using a cubic metric preserving precoder (CMPP) codebook [2] and results with and without layer shifting were compared. Several different antenna gain imbalances where considered. In the example in Figure 2, results for when two of the antennas are 3 and 10 dB weaker than the other two are shown. As seen, the performance difference is very small and there is hence no problem to keep layer shifting enabled all the time.
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Figure 2: Comparing  layer shifting with no layer shifting in scenarios with antenna gain imbalance. LMMSE receiver assumed.
7.2. Spatial Bundling of HARQ Parameters

In this section, we investigate the link level performance of various HARQ bundling schemes with and without layer shifting in the time domain. As seen from Figure 3, as long as layer shifting is being used, bundling of ACK/NACK, RV and NDI has only marginal impact on the performance. Note that two MCS is useful in the case of SIC. For MMSE receivers, the performance difference is even smaller than shown. 
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Figure 3: Spatial bundling compared with no spatial bundling of HARQ parameters (except MCS). SIC receiver and downlink codeword to layer mappings are assumed.
7.3. Cubic Metric Preserving Precoding (CMPP)

It is sometimes claimed that precoding increases the cubic metric (CM) and would hence increase the back-offs used for the power amplifiers (PAs). This would make precoding ill-suited to single-carrier transmission where a small cubic metric is desirable. Such a conclusion is however only true for certain types of codebooks. As we will see shortly, it is actually possible to design codebooks with as desirable PA back off properties as 1 Tx single-carrier transmission. As long as a single precoder is employed, CM is increased only if the signals for different layers are mixed together onto the same PA. Rank one transmission is therefore obviously not a problem at all where any constant modulus codebook will be ok from a CM perspective. For higher rank transmissions, it is important that the codebook structure is such that the mixing of layers onto the same PA is limited. One example of such a rank 2 codebook is given in Table 2. As seen, there is exactly one non-zero element per row in all precoder matrices and hence the codebook preserves the CM. Such a CM preserving codebook structure may seem rather restrictive and it is hence reasonable to wonder whether the performance is negatively impacted compared with a codebook whose design was free to increase the CM. 

Table 2: Cubic metric friendly codebook for transmission rank 2.
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To assess the impact on performance of using a CM preserving codebook, link level simulations were conducted comparing a CMPP codebook with the House Holder based codebook used for the LTE downlink. The result is displayed in Figure 4 assuming the same total transmission power for both codebooks. It is seen that the performance for the two channel dependent precoding codebooks is clearly more or less the same.  Thus, contrary to initial fears, the CM preserving structure does not seem to limit the performance. In fact, if we would take PA back-offs into account, the CM preserving codebook would clearly outperform the House Holder codebook over the entire SNR range. This indicates that single-carrier transmission and precoding does not necessarily contradict each other and are in fact perfectly feasible to simultaneously support while enjoying a resulting significant performance benefit over codebook designs not taking CM into account.

Note also that having the ability to fully exploit the PA resources is important even when the UE is not in coverage limited situations, i.e., in scenarios for which higher rank transmissions might be feasible. In fact, some of the most MIMO friendly scenarios include isolated hotspots and low load in general. For such scenarios, using more transmit power definitely increases the performance without the potential drawback of increasing the interference to other cells.

Observation

· More transmission power through smaller back-offs by using CMPP codebook beneficial in MIMO friendly scenarios such as isolated hotspot and low load
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Figure 4: Link level comparison of House Holder and CM preserving precoder codebook. MMSE receiver is assumed
7.4. Codebook based Precoding versus Non-Codebook based Precoding

To see the performance impact of non-codebook based precoding, link level simulations comparing it with codebook based precoding were conducted.  The simulation assumptions are given by Table 1 except that the scheduling bandwidth is now 6 RBs instead of 10 RBs and the channel model is EPA 5 Hz. An SVD based approach employing the downlink channel estimate is used to determine the non-codebook based precoder and perfect channel reciprocity is assumed. As seen in Figure 5, there is approximately a 2 dB gain of using non-codebook based precoding compared with codebook based precoding. This is attributed to the greater freedom in determining the precoder compared with a codebook approach thus providing better orthogonalization of the channel at the transmit side. On the other hand, non-codebook based precoding increases the cubic metric while the CMPP codebook based precoding does not. This penalizes the non-codebook curve with up to approximately 0.9 dB compared to what is shown in the graph. It also needs to be kept in mind that the non-codebook based precoder used in this example does not achieve balanced use of the power amplifiers and this is likely to further penalize non-codebook based precoding. Thus, although non-codebook based precoding exhibits some interesting gains under certain assumptions, several aspects need to be studied further to assess the gains to be expected in scenarios encountered in practice.
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Figure 5:  Codebook based precoding versus non-codebook based precoding. The transmission rank is fixed at 2 and MMSE receiver is being used
8. Summary

The design of SU-MIMO in the uplink needs careful consideration but should have the overall goal of keeping things simple and in particular not overloading the control channels. Based on the discussions and evaluations above we conclude the following:
Observation

· Layer shifting provides diversity and robustness against impaired link adaptation while allowing SIC receivers.

· More transmission power through smaller back-offs by using CMPP codebook beneficial in MIMO friendly scenarios such as isolated hotspot and low load

Proposals
· The layer shift is constant during one CL-DFTS-OFDM symbol but varies from one symbol to the next according to a predetermined sequence known to both the UE and the eNodeB
· Remove the unnecessary option of not using layer shifting

· Use spatial bundling of HARQ parameters for NDI, RV and ACK/NACK

· At least support for a delta MCS relative the first transport block
· Support of codebook based precoding. 

· eNodeB selects precoder and transmission rank and signals those on UL grant
· Support for a single precoder (single PMI)
· Possible to perform eNodeB precoder selection based on sounding RS

· Precoding of demodulation RS to achieve array gain in channel estimation
· Support of transmit diversity and open-loop spatial multiplexing requires further discussing
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