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1 Introduction

The aim of this contribution is to give further details about Huawei’s MIMO scheme for the LTE downlink which can be described as Precoded Per User Rate Control (P-PURC). Some initial simulations were presented in [1]. This MIMO proposal is flexible to support both large macrocell environments as well as isolated microcell hotspots. It is stated in TR 25.814 that the number of different MIMO modes that require different receivers shall be kept to a minimum in order to keep the complexity of the UE at a minimum. In a macrocell, the cell edge user throughput and inter-cell interference reduction techniques are important. The base station is commonly placed above rooftops which gives small angular spreads so a spatial division multiple access (SDMA) approach using multiuser MIMO is an attractive solution. On the other hand, in microcell and hotspot environments, the intercell interference is low and the angular spread is larger. Here a single user (SU-) MIMO technique where a time frequency resource is spatially reused by the same UE becomes more attractive. The SU-MIMO is also a more suitable multiple access scheme when using serial interference cancellation (SIC) algorithms in the UE as will be discussed in this contribution. 
The proposed MIMO scheme is robust to different speeds of the UEs. When the speed is low, the feedback information is accurate and a narrowband MIMO precoding method is used. When UE speed increases, the feedback information becomes less accurate due to the decrease in channel coherence time. Therefore, a wideband precoding method becomes more suitable which takes the long term channel characteristics into account. Wideband precoding can also be used to MIMO precode the distributed sub-channels as opposed to the narrowband precoding which is more suitable for localized sub-channels.
2 Description of the MIMO scheme
In this section the proposed MIMO scheme is described in detail. The MIMO proposal is a closed loop MIMO scheme where a set of precoding vectors, arranged as columns in a precoding matrix, is applied at the base station to take advantage of the array gain and spatial interference suppression.  The UE calculates one or several preferred precoding vectors, then finds the corresponding precoding vector index (PVI) described by a Q bit word in a look-up table with 2Q entries and informs the base station about this PVI. The base station collects the PVI from all the users, performs the scheduling and assembles a precoding matrix with the columns corresponding to the precoding vectors of the scheduled users, to be used to precode the transmitted data. The operation is described in more detail in the following sections.

2.1 The basics of P-PURC
The input output relation for subcarrier k from the base station to user u and for time index n (which runs over the length of one TTI) in an OFDMA system can be written as
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 precoding matrix where each column consist of a precoding vector used to precode each of the 
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 receiver noise plus interference vector on subcarrier k and at user u.  Note that the precoding matrix
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 is not semi-unitary in general, i.e. 
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, to allow for more efficient scheduling and larger multiuser diversity gain compared to if semi-unitary precoding is assumed (as in PU2RC).

Since the column size of the precoding matrix 
[image: image13.wmf]k

P

 depends on subcarrier index k, the number of simultaneously transmitted symbols denoted the number of streams, can vary with k.  Also, if all 
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  symbols on subcarrier k are intended for the same user u, we have a single user MIMO system (SU-MIMO); otherwise we have a multi user MIMO system (MU-MIMO). Due to the limited frequency selectivity of the MIMO channel, we can assume that the channel matrix 
[image: image15.wmf])

(

,

n

k

u

H

is constant in some interval of the index k. The width of this interval defines an OFDMA sub-channel and the bandwidth of a subchannel is currently under discussion in RAN1 but will likely be somewhere in the range 300-600 kHz. Therefore it is also assumed that the precoding matrix 
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is constant for at least the same bandwidth as the subchannel bandwidth and thus the amount of feedback signaling for the PVI is the same as the CQI reports (assuming that they are reported per sub-band). A precoding matrix bandwidth larger than the sub-channel bandwidth but smaller than the total transmission bandwidth is in principle possible and is FFS.

A PVI reported by a UE is a pointer to one of the 2Q linear MIMO precoding vectors. If the UE that reported this PVI is scheduled, the corresponding precoding vector will be used to precode the transmitted data to this UE on the scheduled sub-band, which results in one of the columns in the matrix 
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 in relation (1). Then another UE or the same UE may be scheduled with another PVI for this sub-band, which then will result in a second column in the matrix
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. In this way, the precoding matrix is generated, for each sub-band. 

The PVI is feed back to the base station together with the associated channel quality indicator (CQI). The PVI and CQI are calculated based on the instantaneous channel estimates obtained using antenna specific pilots and are used by the base station scheduler to the channel, modulation and precoding vector assignment.  
Due to the channel frequency selectivity, these reported PVI and CQI are only valid for a certain limited frequency interval and thus there is a need to feed back PVI and CQI for all the sub-channels. To reduce the signaling overhead, we assume that the UE only feeds back PVI and CQI for a subset of all the available subchannels. The size and selection criterion of this subset is FFS. An alternative to the PVI feedback is to use the Direct Channel Feedback (DCFB) suggested by Motorola in [2] and then let the base station select the preferred precoding vector for each sub-band and UE.
2.2 Wideband precoding

An option where the UE feeds back a wideband PVI and a wideband CQI is also suggested. The precoding in this case applies to the whole bandwidth and can for instance be obtained by averaging over time and frequency to obtain the best precoder with respect to the long-term wideband channel statistics. This wideband PVI can be used to precode distributed channels or to precode localized subchannels for which the base station has not obtained narrowband precoding information. The UE indicates in the feedback if the reported PVI+CQI are wideband or narrowband (in which case it has to give a pointer to which sub-band this PVI and CQI is valid). 
2.3 The Codebook and its adaptive grouping

The PVI points to a precoding vector in a pre-defined set of 2Q precoding vectors denoted the codebook. The codebook entries depend on the number of antenna elements in the base station, which must be known to the UE. The optimization of the precoding vectors in the codebook is FFS. Each precoding vector is associated to a group of other precoding vectors for which it has a spatial correlation less than some parameter (. This parameter is not fixed but can be adjusted by the base station to obtain different groups of precoding vectors.  Note that (=0 corresponds to orthogonal precoding vectors and the precoding matrices then become (semi-)unitary. It is proposed here to allow for (>0, that is non-unitary precoding matrices due to reasons explained below. When a UE is scheduled for a certain sub-channel using a certain precoding vector, this sub-channel can only be reused using another precoding vector belonging to the same group, to assure low spatial intracell-(or interstream)-interference. 
For example, assume that there are 4 possible precoding vectors in the codebook and that precoding vector 1 is associated with precoding vector 3 and 4 since the spatial correlation between precoding vector 1 and 3 is less than ( and spatial correlation between 1 and 4 is less than (. Furthermore, assume that precoding vector 2 is associated with precoding vector 4 only. Precoding vector 3 is associated with precoding vector 1 and precoding vector 4 is associated with precoding vector 1 and 2. If a UE is scheduled and prefers precoding vector 2, the sub-band can only be reused by a UE which has reported PVI=4. These rules have to be adopted by the scheduler. This simple example shows how each precoding vector is associated with a group of other precoding vectors. 
The grouping depends on the parameter ( which can slowly be adapted by the base station according to the cell load. If a smaller ( is selected, there are fewer options for the scheduler to reuse a sub-channel, but the spatial intra-cell interference is lower. If a larger  ( is selected, more scheduling opportunities exist at the cost of more intra-cell interference. Hence, the tradeoff between multiuser diversity gain and intra-cell interference can be optimized using (. If the cell load is high, and the users are uniformly distributed in the sector, a small ( can be allowed.  The current value of ( needs to be known to all the UE’s in the sector to be able to calculate the intra-cell (i.e. inter-stream) interference (since ( defines the group associated with the preferred precoding vector) and must thus be signaled in the initial handshake and also broadcasted in the cell whenever it is changed.   
2.4 MIMO scheme flow of operation

The closed loop MIMO operation can be summarized in the following steps:

1. UE estimates the channels from each antenna and for each sub-band, based on antenna specific pilots.

2. UE calculates the preferred precoding vector for each sub-band, e.g., by maximizing the SINR or the SNR and finds the associated PPV-index in the codebook. 

3. UE selects a number L sub-bands it desires to receive data on out of all available sub-bands. 

4. For each of the selected sub-band in Step 3, the UE use ( to find possible interfering signals using the precoding vectors associated with the preferred precoding vector (i.e. finds the other members in the group using a lookup table)
5. For each of the selected sub-band in Step 3, the UE calculates CQI assuming (worst case or average) interference from other precoding vectors in the same group as the preferred precoding vector. Some sub-bands can by the base station be designated “single-stream” sub-bands, to allow for cell edge users to perform spatial interference suppression of intercell interference. In this case, UE calculates CQI assuming no intra-cell interference.
6. Node B receives from each UE a number L (which is FFS) of PVI’s and CQI’s and pointers to which sub-bands these values are valid. A pointer to band 0 could for instance indicate that the PVI and CQI are valid only for wideband operation.  
7. Node B performs the scheduling using the grouping rule explained in Section 2.3.
8. Node B reports on the downlink for each sub-band, which precoding vectors and modulation are used. Node B also reports to each UE what code rate and on which sub-band and stream they will receive data. The format of the DL control signaling depends on whether SU-MIMO or MU-MIMO is used and is FFS.

9. The transmission is performed    
If DCFB is used, Node B starts at step 4 and calculates the PVI and CQI (based on intracell-interference) and then performs step 5-7 in the same manner.

In Figure 1, the structure of the MIMO multiplexing is shown for a certain encoded data block for a UE. Assume that the encoded block will be mapped onto L sub-bands. First, the information bits are FEC encoded. The code rate is determined by the received CQI for all the sub-bands this encoded block will be mapped onto. (How to find a proper, single, code rate based on L CQI’s is FFS). The encoded bits are interleaved and mapped to the different sub-bands.  The bits are then modulated with a constellation that depends on the sub-band CQI. Then the precoding vectors indicated by the received PVI are applied to the symbols of the used sub-bands. This is in line with Structure F in [4].
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Figure 1 Structure of frequency domain dependent scheduling and precoding for a 2 antenna base station example. An encoded data block is mapped to L sub-bands (localized or distributed) and each sub-band may be wideband or narrowband MIMO precoded. 

2.5 Multi User-MIMO versus Single User-MIMO operation

The scheme described above has the flexibility to support both single user and multi user MIMO operation. In SU-MIMO, a sub-band is always reused by the same user, and in MU-MIMO a sub-band can be reused by different users.  SU-MIMO is obtained if a UE feeds back several different PVI’s and CQI pointing to the same sub-band. In this case, the scheduler can assign all streams in this sub-band to the same user. 
2.5.1 MU-MIMO

Multi-user MIMO has the benefit that the scheduler searches for the best streams to use for transmission in each sub-band, irrespectively of which UE they belong to. Hence, the number of scheduling opportunities is larger and thus the multiuser diversity is larger. Also, in MU-MIMO, a sub-band can be scheduled to two or more users using their “best” PVI with their highest CQI, compared to the SU-MIMO case where a sub-band is scheduled to a user’s best PVI+CQI, its second best PVI+CQI and so on. Therefore, the cell throughput is potentially larger in multi-user MIMO, which also was indicated by information theoretical results in [3].
To use iterative interference cancellation algorithms, such as SIC, the UE needs to demodulate and detect not only the desired signal but also the whole encoded block of bits from the interfering signals. A drawback with MU-MIMO is that serial interference cancellation (SIC) using decision feedback can only be used with low complexity by the UE if the encoded blocks are limited to fit into single sub-bands. If an encoded block is distributed over several sub-bands
 (as is shown in Figure 1 where it is mapped to L sub-bands), SIC can not be used since the users have different mapping of their encoded data to the sub-bands. In this case, the SIC receiver can not decode the whole code word of the interfering signals unless it decodes all the streams in all the sub-bands, which has very high complexity. See Figure 3.  Also, in MU-MIMO, the interferer, which has lower power than the desired signal, might be using a modulation with higher order than the desired signal which also makes SIC difficult. 

The proposed MU-MIMO scheme can thus be seen as a spatial division multiple access (SDMA) scheme and it has large benefits in a macrocell where intercell interference is significant and the interference suppression by spatial precoding is useful, especially for cell edge users. If the base station enforces single stream transmission in some sub-bands, then this gives an opportunity for cell edge users to use the additional degrees of freedom (assuming at least two receiver antennas) to suppress intercell interference using for instance a MMSE receiver. The use of SIC is less significant here since part of the interference is intercell interference and can not be removed by a SIC algorithm.

2.5.2 SU-MIMO

In single-user MIMO, all streams in the sub-bands scheduled to a UE are assigned only to this UE. Thereby, the UE can utilize iterative interference cancellation algorithms such as SIC. Furthermore, the interfering signals are also desired signals that need to be decoded, as is shown in Figure 2, which makes SIC decoding even more efficient since no energy is wasted on decoding other users signals.  
SU-MIMO is more attractive in microcell and hot spot scenarios where the intercell interference is low and the angular spread of the received signals is likely to be larger than in the macrocell case since base station is placed below rooftops.  In this scenario we would like to use multiple streams to each user to increase the user throughput and take advantage of SIC algorithms to reduce the inter-stream interference. 

The adaptation between SU-MIMO and MU-MIMO is FFS. For instance, the base station could broadcast in the sector that SU-MIMO is used so that the UE reports their PVI and CQI accordingly. Also, the optimal codebook in a microcell could be different than the one for a macrocell. The need and possible gains by defining different codebooks is FFS. 

[image: image20]
Figure 2 Mapping of encoded data to sub-bands and streams which allow for easy use of serial interference cancellation (SIC). This mapping is easily accomplished in single-user MIMO where each sub-band always is reused by the same user. In this case, SIC can be used since the desired signal and the interfering signals (the other streams) always overlap in all used sub-bands. 
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Figure 3 Mapping of encoded user data independently to sub-bands and layers. This is used in multi-user MIMO where each sub-band generally is reused by different users. In this case, SIC is not likely to be used since the desired signal and the interfering signals (the other streams) do not overlap in the same sub-bands. For instance, User 1 have data in sub-band 1,3 and 4. Since User 1 is reusing sub-band 1 with User 2 and 3, User 1 need to decode the data from User 2 and 3 as well if SIC is to be used. This means that the data in all 5 sub-bands and all streams needs to be decoded which leads to high complexity.

3 Conclusion

A downlink MIMO scheme denoted P-PURC was presented. Some issues for further studies were identified, such as the design and size of the codebooks, the number of reported PVI’s, calculation of CQI in the receiver etc. These issues will be addressed in the upcoming meetings.
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� This is desirable to improve the coding efficiency (which improves with the encoded block size).
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