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Introduction
This document summarizes the email discussion on LTE MIMO, on which about 170 emails were exchanged.
Summary
1 Downlink MIMO spatial multiplexing

1.1 Precoding

Linear precoding was agreed in Shanghai. In addition, the followings topics were discussed.

1.1.1 Whether to apply the precoding to the DL reference signal? 

Starting point of discussion:

For FDD, it was concluded in Shanghai that the common reference signal, which can be used by some UEs for the downlink CQI estimation and/or the selection of the preferred pre-coding vector(s), should not be pre-coded (or beamformed). The UE is supposed to take into account the pre-coding when estimating the CQI relevant for the pre-coded signal. Can this conclusion be extended to TDD also?
Summary of discussion:

There has been no objection to assuming in TDD that the UE is supposed to take into account the pre-coding when estimating the CQI relevant for the pre-coded signal from the common reference signal. 

There are mainly two alternatives under this subject.

· Alt1: Common reference signal only, which is not precoded.

· Channel estimate for demodulation of the precoded data can be obtained by applying the precoding to the common reference signal at the UE. 

· Alt2: Common reference signal that is not precoded + precoded dedicated reference signal.

· Sparse common reference signal should be transmitted at least for the CQI estimation and the precoding selection.

· Alt3: Dense common reference signal + sparse precoded dedicated reference signal for verification
· The UE estimates the precoder applied for data transmission by detecting the dedicated reference signal.

The proponent for Alt2 clarified that they want to have flexible operation of the common and the dedicated reference signal to allow more efficient use of the resource for the reference signal transmission especially for a certain situation like partial loading or TDD. For TDD, it is understood that the transmission of the precoded reference signal assumes the non-codebook-based precoding and the utilization of the channel reciprocity via transmission of the uplink reference signal for sounding. In addition, there was a comment about the control signaling overhead required in Alt1 to send the precoding information to the scheduled UEs. 

Concerns raised about Alt2 are as follows:

· Increased overhead for transmitting the additional dedicated reference signal if the common reference signal density cannot be reduced much for transmission of e.g. the non-precoded L1/L2 control channels. 

· Impact on the channel/CQI estimation and the required overhead of the dedicated reference signal due to less (or lack of) averaging/interpolation over multiple TTIs and RBs. 

Concerns raised about Alt3 are as follows:

· Impact of the hard decision error caused by detection process could be serious. Overall error after L1/L2 control channel decoding and the verification should be kept as e.g. 1%, which means error rate of 0.5% for each.
· The additional signaling overhead for carrying the precoding information could be concerned. However, it is felt that the additional overhead should not be so serious (more than 40 bits are already expected for L1/L2 control signaling according to TR 25.814) compared to the impact of the hard decision error.

· The Node B will not necessarily select the precoding vector(s) preferred by the UE due to scheduling operation and feedback signaling error etc. 

Way forward for further discussion:

Further discussion on Alt1 vs Alt2 vs Alt3 would require performance simulation results. In addition, the discussion is also related to the reference signal discussion. 

1.1.2 Unitary precoding matrix vs non-unitary precoding matrix
Starting point of discussion:

During the email discussion before R1#45 meeting, two open issues were identified:

· Is there performance difference between the two approaches? 

· Is there difference in CQI estimation accuracy between the two approaches?
Summary of discussion:

It was clarified that a unitary precoding matrix is applied for multiple transmit antennas at a transmission instant, so that the signals of different layers are mutually orthogonal at the transmitter port. For example, in 2x2 MIMO, the unitary precoding can have N unitary precoding matrices, where N could be 2 or 4, etc. The column vectors of two different precoding matrices would not be guaranteed to be orthogonal. Furthermore, depending on the proposal, a UE may transmit the index of its preferred precoding matrix (and a preferred column vector(s) of the matrix probably for rank adaptation) to the Node B.
With this clarification, there has been no explicit proposal to use the non-unitary precoding for the SU-MIMO. 

For the MU-MIMO, the major discussion points are as follows:

· How much performance gain is expected from having different precoding structures, i.e., unitary and non-unitary for SU- and MU-MIMO, respectively?

· It was commented that with the non-unitary precoding, the Node B can have better flexibility in MU-MIMO scheduling. 

· It was also commented that the unitary precoding can provide MU-MIMO gain with the small number of precoding matrices as the unitary precoding matrix covers the entire signal space.

· Which precoding approach is better for CQI estimation?

· Which precoding approach is better for matching to the spatial channel? 

Way forward for further discussion:

It is recommended to 

· agree on the unitary precoding matrix for support of the SU-MIMO 

· further discuss if there is benefit of the non-unitary precoding over the unitary precoding for support of the MU-MIMO, taking into account complexity as well as performance, e.g. system throughput. 

1.1.3 Codebook-based precoding vs non-codebook-based precoding

Starting point of discussion:

It was discussed in Shanghai that the possible upper bound of the performance needs to be investigated e.g. via increasing the codebook size or via non-codebook based approach with taking into account the required feedback signaling. In case the codebook-based approach is selected, appropriate codebook size should be decided.

Summary of discussion:

For FDD, there has been no proposal to have non-codebook-based precoding. There have been discussions on the number of precoding matrices, which may depend on the antenna configuration, the rank adaptation, the codebook structure, the feedback signalling scheme etc. 

For TDD, it was commented that the non-codebook-based precoding is an option to exploit the channel reciprocity, i.e. to decide the pre-coding matrix in downlink with no feedback. It is understood that the underlying assumption is utilization of the uplink reference (or sounding) signal. 
Regarding the estimation of the downlink interference at the Node B for TDD, there was a comment that transmit array weight calculation often uses a maximum SNR rather than maximum SINR criterion, and so it is not required for the Node B to calculate downlink interference when determining transmit array weights.  So, there is not a particular issue with non-codebook-based precoding when using uplink sounding.
Way forward for further discussion:

It is recommended to agree on the codebook-based precoding for FDD.

For TDD, the followings are recommended for further discussion:

· if the non-code-book-based precoding is an option in addition to the codebook-based precoding

· if the non-codebook-based precoding is assumed with using the uplink reference (or sounding) signal, is there any issue/need for the Node B to estimate the downlink interference?
Regarding the codebook-based precoding, it is recommended to discuss about the number of (unitary) precoding matrices. In general, the number of precoding matrices (or codebook size) should not be unnecessarily large. Other related details could be discussed if needed.

1.2 Number of codewords

Starting point of discussion:

Two alternatives were identified. 

· Alt1: Only single codeword. Rank adaptation controls the number of layers.

· Alt2: Multiple codewords up to 2 with 2 tx antennas and 2 or 4 with 4 tx antennas
Summary of discussions:

Majority of companies support Alt2 referring to the contributions submitted/discussed in the past meetings while there is still a concern on the increased ACK/NACK signalling overhead of Alt2. 

It was raised if the SIC is defined as a UE capability for the MIMO-capable UE. There were comments that the UE capability should not be based on a specific receiver operation as there could be another receiver structures. 

For MU-MIMO, there was a comment that the number of codewords seen by the UE should be limited to one while the Node B transmits multiple codewords to the scheduled UEs. 

It was commented limiting the number of codewords should reduce the amount of feedback overhead, which however seems not clear as the feedback overhead would depend on the detailed MIMO scheme rather than the number of codewords. See below for further discussion.

Besides the number of codewords, there has been long discussion on the layer permutation that is a part of (S-)VAP proposed by Qualcomm. Qualcomm clarified that the permutation over the layers (e.g. (S-)VAP) together with the SIC enables reducing the feedback overhead for CQI reporting to 5-bit base CQI + 3-bit delta CQI. Qualcomm further clarified that the layer permutation can work with the frequency selective scheduling by applying the layer permutation only within the selected frequency resource. The performance of the layer permutation is still being discussed regarding how the SINR fluctuation experienced by a codeword affects the performance, especially concerning on the interaction with the frequency/layer selective scheduling. 

As an alternative for feedback overhead reduction, reporting only single CQI (e.g. maximum CQI) was mentioned by Samsung, which enables the dynamic change between SU- and MU-MIMO. There was discussion (but no consensus) about the impact of the approach on the SU-MIMO performance. It was commented that 4x4 configuration also needs to be considered. 
Way forward for further discussion:

There are many results showing the benefit of the multiple codeword transmission. Even though there is also concern on the increased signalling overhead, the control signalling overhead seems not considered as the critical obstacle against Alt2. Taking into account this situation, it is asked if Alt2 can be agreed upon. If yes, we would need to discuss on the maximum number of codewords for different antenna configurations, the related CQI mechanism, etc. The UE capability of multiple codeword reception also (in principle) could be discussed afterwards.

Regarding the MU-MIMO, we should discuss whether the only single codeword seen by the UE can be agreed.

Regarding the layer permutation and the other related topics, it seems that further discussion would need simulation results.
1.3 MIMO specific control signaling overhead
Starting point of discussion:

In general, the control signaling overhead should not be unnecessarily large. 
Summary of discussions:

There was a comment concerning on the CQI overhead reduction e.g. via sub-band grouping of multiple resource blocks and the number of precoding matrices. However, there was no further discussion on this specific point under this discussion thread. 

Major discussion took place regarding the adaptation rate of MIMO mode such as spatial multiplexing, beamforming, and single-stream transmit diversity mode(s). Even though TR 25.912 section 7.1.1.3 has the following description:
Modes of operation of multiple transmit antennas at the cell site (denoted as MIMO mode) are spatial multiplexing, beamforming, and single-stream transmit diversity mode(s). The MIMO mode is restricted by the UE capability, e.g. number of receive antennas, and is determined taking into account the slow channel variation. The MIMO mode is adapted slowly (e.g. only at the beginning of communication or every several 100 msec), in order to reduce the required control signalling (including feedback) required to support the MIMO mode adaptation.
there was no consensus on how slow the MIMO mode should be adapted.

Way forward for further discussion:

It is asked if RAN1 can confirm that the mode adaptation among spatial multiplexing, beamforming, and single-stream transmit diversity mode(s) happens only at the beginning of communication or every several 100 msec. If not, we would need to continue discussion possibly based on some sort of simulation results.
1.4 UE feedback information (e.g. CQI reporting) for MIMO support

Starting point of discussion:

A few candidates are identified in TR 25.814 section 7.1.1.4.3 as follows:

· MIMO channel state information, which may be used by the Node B to determine MIMO processing consisting of e.g., selection of the rank (and/or the antenna subset), and/or the pre-coding, etc.  
· If, for TDD operation, uplink reference signals should be transmitted to provide channel state information to support downlink MIMO transmission.
· Channel quality indicator (CQI), which may be used by the Node B to decide a MCS level(s). In addition to the CQI, another form of feedback signalling, which may be similar to the feedback information (FBI) as defined from Rel-99, should be considered as a candidate feedback signalling. 
· If multiple operation modes are defined, e.g. MIMO and open loop transmit diversity, and an open loop MIMO are supported, it may be needed for a UE to inform the Node B of the indication of (preferred) operation mode.
Details of UE feedback information would naturally depend on the detailed MIMO scheme. However, we may try to figure out 

· what UE feedback information should be defined,
· the amount of feedback signaling overhead, and
· the required rate of each feedback signaling (e.g. once per subframe or per a few hundreds ms), etc. 
Summary of discussions:

There was no objection against the followings:

· feedback of the index of the UE’s preferred precoding matrix

· transmission of the uplink reference signal to provide channel state information to support downlink MIMO transmission for TDD operation

· CQI report

Optimization of the feedback overhead required for reporting of the CQI and the preferred precoder matrix via e.g. adjustment of the feedback rate, reporting per a group of the resource blocks, or reporting of the best M subbands was also discussed. Further discussion is expected possibly based on simulation results.

Below are some contentious issues on which there was not consensus.

1) selection of the rank (and/or the antenna subset)

· Alt1: fast (virtual) antenna subset selection. The proposing company claimed that this is the essential part of the SU-MIMO performance improvement technique. 

· Alt2: binary (either full or rank 1) slow rank adaptation. The proposing company claimed that there is not much gain in searching for combinations of Tx antennas.
2) Operation of SU- and MU-MIMO
· Alt1: the Node B decides between the SU-MIMO and MU-MIMO modes dynamically, based on buffer status and other factors. 

· Alt2: SU- or MU-MIMO should be semi-statically determined through a higher layer signalling for each UE. The proposing company claimed that this is not to confuse the CQI context and not to introduce a significant HARQ resynchronization loss.

3) Mode adaptation between spatial multiplexing/beamforming/transmit diversity
· Alt1: semi-static configuration via higher layer signalling.

· Alt2: the UE sends back operation mode (SM and/or Tx diversity) indicator in addition to CQI. The feedback interval of the operation mode indicator should be at the range of 30 ~ 50 ms.
Among the candidates listed in the TR, there was no discussion on the FBI-type feedback signalling. 
Way forward for further discussion:

It is recommended to agree on 

· feedback of the index of the UE’s preferred precoding matrix

· transmission of the uplink reference signal to provide channel state information to support downlink MIMO transmission for TDD operation

· CQI report

The other issues would need further discussion.
1.5 Combination of spatial multiplexing and transmit diversity

Summary of discussions:

Examples for combination of the spatial multiplexing (SM) and the transmit diversity includes (but may not be limited to) 

· SM + SFBC (Double SFBC?)
· SM + CDD
Followings were commented as the benefit of the combination of spatial multiplexing and transmit diversity

· Better rank granularity
· Better adaptation to UE speed. For example, performance loss due to feedback delay can be reduced by using the combination with 4 transmit antennas

It was however also asked in which cases, such combination of SM and transmit diversity will be better than simple rank adaptation or pure diversity. 

Additional comments are copied below:
Way forward for further discussion:

It is recommended to firstly focus on pure SM and pure transmit diversity. After that, we could revisit this issue starting from identification of the cases this approach will provide additional benefit.
2 Downlink transmit diversity scheme (non-spatial multiplexing)
Starting point of discussion:

Following techniques were identified:

· Block-code based transmit diversity (STBC, SFBC)

· Time (or frequency) switched transmit diversity (or antenna permutation)

· Cyclic delay diversity

· Pre-coded transmission using selected pre-coding vector(s) (including selection transmit diversity)

· Combined space-time (or space-frequency) block code/cyclic delay diversity

We would need to try to reduce the number of options. 

Summary of discussions:
There is a general consensus that the number of options should be minimized. 

For data channel, the proposals discussed during the email discussion can be categorized as follows:
· Block-code based transmit diversity (STBC, SFBC)
· Cyclic delay diversity (CDD)

· Frequency Switched Transmit Diversity (FSTD)

· SFBC combined with CDD (or Phase Shift Diversity) for 4 Node B transmit antennas

Major discussion points are as follows
· CDD has the benefit of simple implementation and easy scalability against the number transmit antennas at the Node B.
· Block-code based transmit diversity has better performance than the CDD about 0.2 dB (for low channel coding rate such as 1/3) to 1.x dB (for high coding rate such as 4/5) in non-correlated channels. However, no result assuming HARQ was referred to.
· It was commented that the block-code based transmit diversity is better than the CDD in the spatially correlated channel. As a counter argument, it was commented that the CDD can have zero delay to form a beam to a UE, which then provides better performance than the block-code based transmit diversity. The discussion on whether using the CDD to form a beam will require dynamic, (very) slow, or no feedback did not reach a consensus.
· Sensitivity of different transmit diversity schemes to the intercell interference, especially concerning on the estimation of the interference, was discussed but did not reach a consensus. 
There was a suggestion to use the TSTD instead of CDD referring to the simulation results in R1-061746 (TI) as well as R1-060823 (ETRI). It was commented that the increase in frequency selectivity (channel length) in CDD may cause some degradation in timing acquisition as well as channel estimation (from P-SCH) for demodulating S-SCH. 
Way forward for further discussion:

It is asked if using TSTD for SCH can be agreed upon. 
Further discussion about different transmit diversity schemes should continue possibly based on additional simulation results.
3 Uplink spatial multiplexing
3.1 Multiple stream transmission from a single UE

Summary of discussions:
There was support for defining SU-MIMO (if two PAs exist) in addition to SDMA. 

Way forward for further discussion:

It is asked if RAN1 can agree on defining SU-MIMO at this moment and continuing the discussion on detailed schemes.

3.1.1 Precoding
Summary of discussions:
Unitary precoding was proposed but there was no subsequent discussion.
Way forward for further discussion:

It is asked if the unitary precoding can be agreed upon. 

3.1.2 Number of codewords
Summary of discussions:
Two codewords at maximum was proposed but there was no subsequent discussion.
Way forward for further discussion:

It is asked if the two codewords at maximum can be agreed upon. 

3.1.3 UE feedback information 

Summary of discussions:
FBI bit (2 or 3 bits per RB or group of RBs for precoding vector selection) was proposed.

Way forward for further discussion:

It is recommended to continue discussion on the details.
3.2 Spatial division multiple access (virtual MIMO)

Starting point of discussion:

Mutually orthogonal reference signals can be created between different UEs to allow them for transmission in the same time-frequency resource using a single antenna.

Summary of discussions:

There was no further discussion beyond what is captured already in the LTE TR.
Way forward for further discussion:

Detailed proposals are invited.
4 Uplink transmit diversity

Starting point of discussion:

If the UE has only single power amplifier and two transmit antennas, the antenna switching/selection is the only option. Should the other transmit diversity scheme be supported if the UE has two power amplifiers? If yes, what transmit diversity scheme should be supported? Followings are recommended for further discussion:
· Block-code based transmit diversity (STBC, SFBC)

· Cyclic delay diversity

· Pre-coded transmission using selected pre-coding vector(s) (including selection transmit diversity)

· Combined space-time (or space-frequency) block code/cyclic delay diversity

Summary of discussions:

Regarding open-loop transmit diversity, there was a comment preferring CDD, since it has low complexity compared to block-code based schemes.
Way forward for further discussion:

Detailed proposals are invited.









