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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.

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

The agreed technique of 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 (c.f. system level simulation results in [2]) against impaired link adaptation while allowing SIC receiver.
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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 unnecessary option of not using layer shifting and separate HARQ parameters fro the two transport blocks
· Keep the possibility for spatial bundling of HARQ parameters for NDI, RV and ACK/NACK together with layer shifting
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 motivates the agreed support of codebook based precoding 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. In RAN1 #57, it was agreed to also support codebook based precoding for TDD to promote commonality and reduce the complexity on the UE side. 

By using properly designed codebooks, the cubic metric (CM) can be kept as low a normal single carrier transmission. Such a CM preserving (or CM friendly) codebook structure was consequently agreed to be supported for full-rank transmission as well as rank two in the case of 4 Tx at the UE. For full-rank transmission, CM preserving structure is enabled by the use of the identity matrix as a precoder. For rank two by ensuring a single non-zero element per row in each precoder. Due to the dimensions rank three is a bit less obvious what to do since it appears impossible to simultaneously have a single non-zero element per row while at the same time using the same power per layer and full utilization of all PAs. For rank three, there are hence a couple of design alternatives:
· Ignore CM altogether for rank three – arbitrary structure
· Use a CM friendly, but not preserving, structure that keeps the power per layer the same but allows 1 or 2 (but not all three) non-zero  elements per row.
· Use a CM preserving structure with a single non-zero element per row but accept that the power per layer may be different for different layers

Further discussions on the pros and cons of the alternatives appear to be needed.
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 spatial 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.
With and without bundling in combination with layer shifting has also been investigated for a 2x4 scenario. The results are shown in Figure 4 where the case of no layer shifting with two HARQs is shown as a reference. Clearly, bundling entails no significant loss and layer shifting is seen to perform as well as no layer shifting, even if there is no bundling in the latter case.
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Figure 4:  Comparing spatial bundling with no spatial bundling for layer shifting. No layer shifting with no bundling as reference. MMSE receiver and separate MCS assumed. 
7.3. Layer Shifting with non-ideal Link Adaptation

In order to illustrate how layer shifting offers robustness against link adaptation errors, link level simulations were conducted where the link adaptation was artificially impaired by adding noise to the SINRs in dB used by the link adaptation. A 2x2 system with fixed rank 2 was considered. Noise with standard deviation of 3 dB was used for  impairing the link adaptation. The result is shown in Figure 5 where it is seen that layer shifting shows a little less than 1 dB gain over the case of no layer shifting. These results help to explain the system level results presented in [2] which showed significant gains when a scheme similar to layer shifting (obeying the single codeword principle) was compared with no layer shifting.

Observation
· Layer shifting shows significant gains over no layer shifting when link adaptation is impaired
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Figure 5: Layer shifting compared with no layer shifting for an impaired link adaptation scenario assuming a 2x2 system. 

7.4. 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 6 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 6: Link level comparison of House Holder and CM preserving precoder codebook. MMSE receiver is assumed

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

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

· Support of transmit diversity and open-loop spatial multiplexing requires further discussing
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