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1. Introduction
Single-user MIMO (SU-MIMO) provides a way to enhance the spectral efficiency of the link and ultimately the system. Peak rates are substantially increased by means of spatial multiplexing and do in fact increase proportional to the minimum number of transmit and receive antennas of the link. Real-life gains are highly dependent on the overall SNR and interference situation of the relevant link and are also highly channel dependent but can approach the peak rates in a number of situations, including low system load scenarios, line-of-sight conditions with cross-polarized antennas or when the UE is close to the cell center. The LTE downlink supports several different flavors of SU-MIMO while the multi-antenna support for the LTE uplink is currently limited to UE antenna selection, which is optional in all UE categories. There is thus presently an imbalance in the peak rates of the downlink and the uplink. 

Because of low UE transmission power it may be more challenging achieving spatial multiplexing gains in the uplink compared with the downlink. But the previously mentioned MIMO friendly scenarios still apply and give the possibility to reap a significant portion of the peak rates. It thus appears promising for the overall system performance that 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.

2. Design Targets for Easy MIMO

The design targets 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 SU-MIMO 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 the MIMO transmission mode in a terminal and thus substantial extra overhead on the control signaling when using SU-MIMO, as is the case for the downlink, should thus be avoided. All in all, it should be easy using MIMO without major penalties. 

3. Key Components

3.1. Single Codeword versus Multi-Codeword

It is already clear that because of peak data rate requirements for LTE-A, spatial multiplexing with up to four layers is needed. The number of codewords or transport blocks this translates to is however still an open question. Different possibilities exist and some investigations have been conducted in e.g. [1] as well as in subsequently in the present paper.  

One codeword as well as multi codeword transmission may be considered. Multi codeword transmission is usually claimed to efficiently support advanced receivers such as SIC while having the drawback of high signaling overhead in terms of ACK/NACK and support for multiple HARQ processes. To attain a balance between these two seemingly conflicting characteristics, a fixed codeword to layer mappings was introduced in the LTE downlink for the 4x4 case. But other kinds of trade-offs are certainly possible and it is still not clear if multi-codeword transmission is really a prerequisite for efficient SIC support. At least if explicit SIC support is ignored, simulations presented in this paper as well as in [1] seem to indicate no significant loss of using single codeword compared with multi-codeword transmission. 

It deserves to be pointed out that there are several ways of designing transmission schemes with so-called single codeword characteristics. By utilizing layer mixing principles such as the large delay CDD used in the LTE downlink or layer shifting, the SINRs are averaged over the layers and single codeword kind of properties can be achieved while still not precluding SIC operation. Such layer mixing effectively reduces the penalties associated with ACK/NACK bundling. The loss due to the same MCS on all layers also seems to vanish unless a SIC receiver is used. 

An approach based on the single codeword principle implemented by means of linear layer mixing thus seems to be a simple as well as spectrally efficient way of supporting spatial multiplexing while minimizing the control signaling overhead. Such an approach thus adheres well to the previously described design targets of easy MIMO. 

Refined SIC support may be a concern and may requires further study. Note however that the already present feature of individual CRC per codeblock can be reused for efficiently handling the cancellation of already detected layers if the codeblocks are distributed appropriately over the layers. It is often claimed that the performance benefits of SIC heavily rely on different MCS for the different layers. Assuming the aggressiveness of the link adaptation on the different layers is conducted in an appropriate manner this does not appear to be a serious issue, at least in the preliminary investigations presented in this contribution. However, one possibility to add more explicit SIC support while still essentially adhering to the single codeword principle would be to allow the possibility of different MCS for the different layers. Since the quality of the active layers tend to be rather similar, a small delta MCS should be sufficient. This is in contrast to the downlink where the individual retransmission support of up to two codewords effectively precludes the use of delta MCS. 

3.2. Channel Dependent Precoding

To achieve gains from using multi-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 incident 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, and for commonality and reasonable complexity in the UEs also for TDD. 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. Whether in addition non-codebook based precoding should be supported for TDD operation needs to be carefully 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.

It is natural to support wideband precoding 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 seems to increase PAPR and is hence essentially precluded if single-carrier is used for the SU-MIMO uplink.

The choice of the actual precoder codebooks also depends on whether single-carrier or OFDM is used in the uplink. If OFDM is selected, the simplest strategy appears to just reuse the codebooks we have in the downlink. Keeping in mind the long discussions concerning the design of the downlink codebooks, this has the obvious advantage of saving considerable standardization efforts. For the case of single-carrier, the downlink codebooks are not suitable as they do not take PAPR into consideration and hence new designs are required. 

Assuming codebook sizes on par with the current LTE downlink codebooks, channel dependent precoding would add 3 bits and 6 bits on the uplink grant for 2 and 4 Tx, respectively. This appears to be the minimal additional overhead in the UL grant associated with supporting SU-MIMO if the single codeword principle is maintained. An extra field with a couple of additional bits may possibly be considered for improved SIC support.

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 then 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.
4. Simulation Results

An initial system level study was conducted to investigate the performance differences between single codeword (SCW) and multi codeword (MCW) transmission. The term SCW is here taken to mean a system adhering to the single codeword principle of a single ACK/NACK, a single HARQ for all layers, separate encoding of all layers followed by layer mixing by means of e.g. layer shifting. In addition, a single MCS for all layers is assumed so there is only a basic support of SIC receivers. In contrast, for MCW there is independent control of each layer and no layer mixing is performed. Both schemes utilize channel dependent codebook based precoding. Note however that the assumption of frequency-selective precoding is not in line with the single-carrier property so this assumption needs to be revisited although it is expected that it should not have significant impact on the conclusion on the comparison of SCW and MCW.

From the normalized average cell throughput in Figure 1, it is interesting to note that despite the increased flexibility offered by MCW, the SCW scheme seems to in all cases perform roughly similar or even better than MCW. Supporting more flexibility at the expense of increased signaling overhead does hence not seem to help the performance. Such a conclusion may seem counter-intuitive but may be explained by the assumption of non-ideal link adaptation which as expected impairs MCW more than the diversity striving SCW scheme. This is verified by the results in Figure 2 where ideal link adaptation is assumed and the performance order of MCW and SCW is indeed reversed. 

Thus despite single MCS for all layers and use of SIC receiver, SCW performs at least similar to MCW under the realistic assumption of non-ideal link adaptation. Simulation results not presented herein indicate that the same conclusion holds also if MMSE receivers are used.

Table 1: System level simulation assumptions.

	Parameter 
	Value

	Radio access technology
	DFTS-OFDM

	System bandwidth
	10 MHz

	User Traffic Model
	Full buffer, 5 UEs/cell

	Site Layout
	Hexagonal grid, 3-sector sites, 19x3 sectors

	Site-to-site distance
	500 m

	Carrier Frequency
	2.0 GHz

	Distance dependent path loss
	L = I + 37.6xlog R, I = 128.1 for 2GHz

	Shadowing standard deviation
	8 dB

	UE speed
	3 km/h

	UE Tx power
	23 dBm

	UE Antennas
	2 or 4

	eNodeB antennas per sector
	2 or 4

	eNodeB receiver type
	SIC

	Channel models
	Urban Macro AS=15 degrees

	Power control
	3GPP, SNR target = 10 dB

	SU-MIMO encoding
	Multi and single codeword with rank adaptation

	UE scheduling
	Round robin

	Link adaption
	Ideal and Non-ideal

	Precoder frequency granularity
	One precoder per RB

	Precoder codebooks
	Downlink LTE codebooks
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Figure 1: MCW versus SCW for SIC receiver and assuming non-ideal link adaption. The average cell throughput has been normalized w.r.t. 2x2 MCW.
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Figure 2: MCW versus SCW for SIC receiver and assuming ideal link adaption. The average cell throughput has been normalized w.r.t. 2x2 MCW.
4.1. 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. Although, the performance assessments of various SU-MIMO only recently has began and is far from reaching maturity, some required key characteristics as well some promising features related to the single codeword principle can still be identified as summarized below.

· Spatial multiplexing up to 4 layers supporting  2x2 and 4x4 to reach peak rates

· Codebook based precoding for FDD and TDD

· Wideband precoding

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

· Based on sounding RS

· Demodulation RS precoded for array gain in channel estimation

· Single codeword principle

· Shared ACK/NACK for all layers

· Single HARQ process for all layers

· Layer mixing such as layer shifting, large delay CDD etc

· Basic SIC support

· Separate encoding of the layers

· One CRC per layer – similar to today’s approach of one CRC per codeblock

· Extended SIC support (if deemed necessary)

· Different MCS on different layers

· Compressed by delta MCS

· Non-codebook based precoding for TDD is FFS
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