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1. Introduction

In 3GPP RAN WG1 #47 meeting, the need to include SU-MIMO to the uplink in addition to MU-MIMO was raised. It was noted that further evaluations on its impact on the UE cost and on other UL features, as well as on realistic achievable performance are needed [1].
In this paper, the requirements set by the support of SU-MIMO in E-UTRA uplink are discussed. Rather than addressing the most advanced SU-MIMO schemes, we consider the minimum requirements that SU-MIMO sets on the control signaling, on the reference signal design, and the impact on the UE complexity. Hence, we focus on three SU-MIMO transmission schemes combined with a suitable transmit diversity scheme:  

· Scenario A: Single codeword (SCW) transmission like V-BLAST combined with an open loop transmit diversity like CDD or STBC

· Scenario B: Dual-codeword (DCW) transmission with single MCS combined with an open loop transmit diversity like CDD or STBC

· Scenario C: PARC combined with single stream precoding. 
The motivation in the selection of these schemes is merely to capture most of the basic differences between the possible SU-MIMO transmission schemes.  Multi-stream precoded transmission is not considered in here due to the increased PAPR as shown in Section 2.4. 
2.1 Impact of single-user MIMO on UE complexity

Single user MIMO will mean a large step in terminal cost and form factor. The single power amplifier already represents a non-negligible part of the terminal cost and doubling this cost should be carefully considered against the end user gains. In order to get any performance improvements, the two antennas in the terminal must be of good quality, i.e. low correlated and high efficiency. This is difficult to achieve with the current form factors used for handheld terminals, it might be that one well designed antenna would have higher efficiency than two constraint antennas.
Clearly the impact of SU-MIMO on UE complexity and cost is such that multi-antenna transmission and SU-MIMO cannot be considered as a mandatory feature in E-UTRA uplink. However, one can anticipate appearance of UE devices for which the additional cost and complexity may be considered feasible, but the support for SU-MIMO must be optional and hence the baseline will be terminals with one PA and one TX antenna.
2.2 Impact of single-user MIMO on control signaling
When considering the impact of SU-MIMO on the DL control signaling, the following items need to be signaled, depending on the SU-MIMO transmission scheme: 
· Number of streams. Since either 1 stream or 2 streams is possible, 1 bit indicator is sufficient

· Uplink MCS indicator or TFI:
In the case of dual-codeword scheme with independent AMC/MCS like PARC, we need to signal in addition the applied MCS or TFI for the second stream. This additional overhead will be very much dependent on the final definition of the UL MCS and TFI signaling. Naturally, no additional MCS or TFI information is needed in the case of dual-stream transmission with the same MCS, as e.g. a single codeword scheme like V-BLAST or dual-codeword scheme applying the same MCS.
· In the case of single stream transmission, no additional signaling is needed if the transmit diversity method is fixed. In the case of precoded single stream transmission, 2-3 bits might be required for weight adaptation.
With respect to HARQ related signaling:
 In case of SCW SU-MIMO based on e.g. V-BLAST, no additional HARQ related signaling will be required. In contrast, independent HARQ processes could be possible between streams in the case of dual codeword schemes with same MCS or independent MCS (like PARC). With synchronous HARQ processes in UL, the DL signaling would contain an additional Ack/Nack signaling for the pending HARQ process(es) of the UE, and possibly a new data indicator (NDI) and redundancy version (RV) requiring 2-3 bits.

To have more tangible view on the control signaling required by SU-MIMO, we consider three scenarios. In the first scenario, we consider combination of dual-stream V-BLAST transmission with single-stream transmit diversity. The required additional DL control signaling consists of only 1-bit stream indicator telling the UE the switching between single-stream transmit diversity and dual-stream V-BLAST transmission. No additional UL control signaling or signaling related to MCS or HARQ processes is needed. Thus, UL SU-MIMO based on combination of fixed transmit diversity and V-BLAST can be implemented with reserving a single bit in DL for additional SU-MIMO specific signaling.
The second scenario considers dual-codeword transmission with the same MCS/TFI combined with open loop transmit diversity. The required control signaling overhead consists of 1-bit stream indicator as in the first scenario and the HARQ related signaling in case of independent HARQ processes. The DL HARQ signaling consists of the required 1bit Ack/Nack and additional 2-3 bits for NDI and RV in case of adaptive HARQ. In uplink direction no additional signaling will be required. Thus, the second scenario can be operated with reserving 1 to 5 bits in DL (dependent on the HARQ operation mode) for additional SU-MIMO specific signaling. 

In the third scenario, we consider combination of dual-stream PARC transmission and single stream precoded transmission. Required additional DL control signaling consists of 
· 1 bit stream indicator telling the UE the switching between single stream precoded transmission and dual-stream PARC transmission
· MCS indicator or TFI of the second streams: This results in basically doubling the required overhead for MCS/TFI signaling. In the case of single stream transmission, the bits could be used for carrying the needed for precoding information.
· 1 additional bit for the Ack/Nack signaling for the HARQ process if  independent HARQ processes are used with PARC (blanked or non-blanked)

· Possibly additional 2-3 bits if independent, adaptive HARQ processes are used with PARC.
Thus, the combination of dual-stream PARC transmission and single stream precoded transmission would require additional stream indicator and MCS/TFI for DL control signaling. If independent HARQ processes are used with PARC, 1-3 additional bits are needed in DL direction depending on the used HARQ. No additional UL signaling is needed. 

As mentioned, in Sec. 2.1, the multi-antenna transmission and SU-MIMO can be not considered mandatory. Therefore, SU-MIMO capable terminals would need to form a separate terminal class. In this case there could be a terminal class specific control signaling format including the required additional control signaling bits.  Thus, SU-MIMO control signaling could be incorporated without affecting the control signaling structure of the single TX antenna terminals at all. As a consequence, SU-MIMO could be also included to the E-UTRAN system in a later phase without any current standardization needs related to the control signaling.
2.3 Impact of single-user MIMO on reference signal design 
MIMO transmission schemes set additional requirements on reference signal (RS) design in terms of number of reference signals as well as sufficient channel estimation performance in the presence of multiple transmissions on the same resource block. However, the SU-MIMO requirements on the number of RS sequences are similar with the ones of MU-MIMO as long as the total number of transmitting antennas per resource block remains the same. In other words, SU-MIMO does not set any additional requirements on the number of RS sequences. An exception appears in the case when SU-MIMO capable (e.g. dual-TX antenna) terminals are operated in MU-MIMO mode. If precoded single stream transmission is combined with MU-MIMO, the adaptation of precoding and the rank adaptation require additional sounding RSs when compared to basic MU-MIMO. The restrictions set by the number of available reference signals on the MIMO are considered for 2 and 4 transmit antennas in the following. In case of 4 transmit antennas, our focus is on MU-MIMO scenarios with up to 2 transmit antennas in each UE. 
RS design based on LB format and Zadoff-Chu (ZC) sequence length of N-1, where N is the number of LB subcarriers in the resource allocation, has gained some popularity during the recent discussion on the demodulation RS.  Such design provides 6 ZC root sequences with CM less than the one of QPSK with allocation of one physical resource block (PRB). For the demodulation RS, the assumption of 5 us delay spread implies that adequate channel estimation performance requires two pilot samples for each physical resource block. This indicates that the cyclic shifts of the Zadoff-Chu (ZC) sequence provide 5 orthogonal RSs and 6 RSs in environments with small delay spread. The number of orthogonal RSs can be increased to 10-12 with block-wise spreading over the RS blocks within the sub-frame, although at the price of excluded intra-TTI frequency hopping. 
It may be preferable to use the same  Zadoff-Chu root sequence in the neighboring cells of the same Node B to reduce inter-cell interference. However, multiple ZC root sequences can be used in neighboring cells or even within one cell, if needed. In the case that the same ZC root sequence is used in 3 cells, there are 1-4 demodulation RSs per cell (2-4 RSs in environments with small delay spread) available for MIMO. Naturally, this can be increased to 5-10 by using separate ZC root sequences on neighboring cells at the price of increased inter-cell interference. In other words, adequate number of demodulation RSs can be obtained by using block-wise spreading over TTI and/or by using different ZC root sequences on the closest cells. The number of UEs that can be supported by demodulation RS in the case of MU-MIMO is illustrated in Table 1. All possible combinations of SU-MIMO UEs and baseline UEs are not included in the table. 

When considering the CDM of sounding RS, it is clearly an interplay between the number of transmitting antennas, continuous scheduling bandwidth, and channel sample spacing. This interplay is illustrated in Table 2 for some possible values. With delay spread of 5 us or less, channel sample spacing of 180 kHz can be considered sufficient. Thus, 2 transmit antennas can be supported e.g. with 1.08 MHz continuous scheduling bandwidth. However, 4 transmit antennas would cause 360 kHz channel sample spacing at the considered 1.08 MHz scheduling bandwidth. This in turn would deteriorate performance of frequency adaptive scheduling in frequency selective channels. One solution alleviating the problem is the partitioning of scheduling bandwidth into several non-continuous blocks [2], resulting in this case in 540 kHz continuous scheduling bandwidth. Sounding RS could be used for precoding adaptation in case of precoded transmit diversity. If combined with MU-MIMO, precoding adaptation would create additional challenges to the CDM of sounding RS.
In the case of both demodulating and sounding RS, 2 transmit antennas can be readily supported, whereas the support of 4 transmit antennas would imply some limitations on other UL features or possible increase in the inter-cell interference in channel estimation. However, it should be noted that the case is the same for both SU-MIMO and MU-MIMO. 
Table 1 Number of supportable UEs by demodulation RS in case of MU-MIMO
	
	
	Small delay spread environments

	
	1-ant UEs 
	2-ant UEs
	1-ant UEs
	2-ant UEs

	Same ZC in 3 cells
	w/o block-wise spreading
	1-2
	0-1
	2
	1

	
	with block-wise spreading
	3-4
	1-2
	4
	2

	Different ZC in all cells
	w/o block-wise spreading
	5
	2
	6
	3

	
	with block-wise spreading
	10
	5
	12
	6


Table 2 Supportable scheduling BW, channel sampling and Tx antenna combinations for CDM of sounding RS
	
	2 Tx Ant
	4 Tx Ant

	Continuous scheduling bandwidth
	 540 kHz
	1080 kHz
	 540 kHz
	1080 kHz

	Channel sample spacing
	90 kHz
	180 kHz
	180 kHz
	360 kHz


2.4 Cubic Metric Evaluation
On this section, PAPR is evaluated for SU-MIMO schemes in terms of cubic metric (CM). CM was simulated for representative three cases: a) separate streams are not combined into the same transmit antennas, b) multi-stream precoding involves only phase rotations, c) multi-stream precoding involves also amplitude adaptations in addition to phase rotations.  As examples, we used TxAA CL Mode 1 and TxAA CL mode 2 for b) and c), respectively [5]. The cubic metrics are presented in Table 3 for different modulation schemes. In the case of BPSK, a constant π/2-phase shift was applied between streams to reduce CM.
Multi-stream precoding increases CM in the order of 0.5-1 dB. The increase is especially significant for QPSK; 0.8-1.1 dB. CM is obviously not increased for SU-MIMO schemes without precoding, e.g., V-BLAST and PARC. Thus CM results favor such SU-MIMO schemes, and likely compensate or even overwhelm the gains attainable with multi-stream precoding.
Table 3 Cubic metric for different precoding schemes
	
	16-QAM
	QPSK
	π/2-BPSK

	No multi-stream precoding
	1.8 dB 
	1.0 dB
	0.2 dB

	TxAA CL mode1 precoding 
	2.6 dB
	2.1 dB
	1.0 dB

	TxAA CL mode2 precoding
	2.3 dB
	1.8 dB
	0.8 dB


3. 
Discussion
The performance of SU-MIMO has been considered in several contributes, including e.g. [4]. According to the results in [3], MU-MIMO cannot fully provide the same data rate improvements for the cell edge users, especially with high system loads. But these gains in cell edge user data rates have to be paid by the main drawback of the SU-MIMO, namely significantly increased terminal complexity and cost of the SU-MIMO terminal class.  Moreover, these SU-MIMO gains are only available for SU-MIMO capable terminals and not for the full variety and number of E-UTRA terminals available in the networks.
However, there might appear UE devices of significance in the future for which the excess cost can be considered feasible. When considering SU-MIMO control signaling requirements, the additional signaling could be included in a later phase specifically for the SU-MIMO class without affecting on the single TX antenna legacy terminals. When considering reference signals, there is a limited number of sequences available, setting on its part limitations on the number of supportable Tx antennas. However, there are no essential differences between SU-MIMO and MU-MIMO in respect to reference signals. 
4.
Summary
In this paper, the SU-MIMO in E-UTRA uplink was discussed from the viewpoint  the baseline requirements that SU-MIMO schemes sets to control signalling and reference signal design as well as on CM. Based on the discussions, a possible later inclusion of SU-MIMO to the E-UTRA specifications will have no effect on the single TX antenna legacy terminals. Considering the tradeoff between current estimated terminal cost & complexity and cell edge peak data rates improvement, the inclusion of SU-MIMO in the E-UTRA specifications at this point seems to be not reasonable.  

As a consequence, we recommend to postpone the possible standardization of UL SU-MIMO to a later release of E-UTRA. 
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