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1
Introduction

In [1] and [2] we introduced MCW and SCW based downlink (DL) MIMO schemes for E-UTRA [3]. In this contribution we extend the MCW and SCW schemes so that they may potentially support a transmitter pre-coding. The pre-coding might bring out a noticeable gain depending on the receiver architecture, spatial channel correlation, number of antennas in Node-B and UE, availability of SDMA, and the others.

The initial link simulation results based on the pre-coding in the 5MHz TU channel will be provided in [4].

2
DL MIMO Design
Virtual-antenna signaling is used at Node-B whereby the cell’s transmitter creates multiple beams using the set of physical antennas, each beam corresponding to a virtual antenna. The different beams are generated carefully to preserve the channel statistics as well as to transmit the same power from all physical antennas. One such signaling matrix would be a diagonal matrix, whose entries are phasors with random angles, multiplied by a DFT matrix. The beams are generated by multiplying the transmitted vector, of modulation symbols, by the signaling matrix. These beams (or, column vectors of the signalling matrix) can change slowly over frequency (using delay-diversity or cyclic delay-diversity techniques, for example) and over time. These changes are such that the effect on the UE channel estimation algorithm is the same as that of channel variations. Moreover, each of these beams utilizes the different physical transmit antennas equally, thus ensuring that all the PAs at the base station are used fully and equally. SIMO transmissions use only the first virtual antenna, while MIMO transmissions can use any subset of the available virtual antennas. This enables the Node-B to pick any trade-off between channel estimation overhead and available spatial diversity or multiplexing order. Basically, the total number of created virtual antennas dictates the maximum spatial diversity or multiplexing order that can be exploited. This number also dictates the amount of overhead needed to estimate the spatial channels. The trade off between diversity/multiplexing and overhead can be adapted (long term) according to long-term SNR and channel conditions. For a given total number of virtual antennas, the number of simultaneously transmitted modulation symbols (or, layers) can be adapted (short term) to channel conditions. 
In the following, we denote the number of physical transmit antennas by Mt, the number of physical receive antennas by Mr, the number of available virtual transmit antennas by Me, and the number of simultaneously transmitted layers by M. A broadband pilot is provided from each of Me virtual antennas in order to estimate the channel from that antenna.
2.1
MCW MIMO (S-VAP) – Layer Permutation, Virtual Antenna Selection, and Differential CQI Feedback
In the MCW (S-VAP, or, selective virtual antenna permutation) scheme M≤ Me layers (or, independently encoded packets) are transmitted in parallel. Each layer is transmitted by uniformly employing all selected virtual antennas according to the designed symmetric permutation pattern in order to exploit the available spatial diversity and keep an equal channel quality for all layers. Keeping an equal channel quality for all layers through the symmetric permutation is critical in reducing the uplink CQI feedback overhead, which will be detailed in Section 2.1.6.

An exemplary selection and permutation of the virtual antennas is illustrated in Figure 1. UE may feedback an index to the preferred subset of virtual antennas out of Me available virtual antennas. If Node-B have decided to schedule a user and employ M specific virtual antennas (i.e., spatial multiplexing order = M) in consideration of the user’s preference, the M layers of data are symmetrically permuted across tones and then mapped to the M virtual antennas. Examples of symmetric permutation set for M virtual antennas are simple cycling set of size M or full permutation set of size M!.
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Figure 1
Exemplary mapping of transmit layers into virtual antennas (Three layers {0, 1, 2} were mapped to three virtual antennas {0, 1, 3} and a simple cycling was used for symmetric permutation over selected virtual antennas.)

2.1.1
Virtual Antenna Subset Selection and Rate Prediction

The availability of virtual antenna subset selection is signalled by Node-B in a (long-term) semi-static way, depending on the receiver architecture, number of antennas in Node-B and UE, long-term SNR, spatial correlation, and other channel conditions. In general, the virtual antenna subset selection does not significantly improve the throughput performance of the MCW MIMO with SIC receiver except when the number of antennas in the UE is smaller than Me or the UE suffers from low SNR or high spatial correlation [4]. If the virtual antenna subset selection is not available, UE need not report the preferred virtual antenna subset and Node-B uses all the virtual antennas (i.e., M = Me).

The code rate and the constellation size on each of M data layers are adapted to channel. If the virtual antenna subset selection is available, the UE runs a selection algorithm by which it determines M and the preferred subset. An exemplary selection algorithm is to calculate the sum capacity achievable by each subset and select the one which yields the maximum sum capacity. In this algorithm UE assumes that the total transmit power is uniformly allocated to the virtual antennas in the selected subset. The UE also computes M CQI values, one for each data layer, and applies a differential encoding to the CQI values to reduce the feedback overhead as described in Section 2.1.6, and feeds them back to Node-B. Node-B adjusts the transmitted power level on each data layer, based on the power control strategy and the number of selected virtual antennas, and runs a rate prediction algorithm by which it chooses the code rate and constellation (or, the MCS) for each data layer.

2.1.2
Potential Support of Matrix Selection based Pre-coding
Virtual antenna subset selection can be considered as a primitive form of transmitter pre-coding which allows for only an identity pre-coding matrix. Depending on applications (e.g., SDMA) and allowances for uplink signalling overhead, Node-B may expand the set of the available pre-coding matrices from one to multiple in order to provide an improved separation of layers. The available set of pre-coding matrices is signalled by Node-B in a (long term) semi-static way. If multiple pre-coding matrices are allowed, each UE may feedback a preferred pre-coding matrix selected out of a pre-specified set of 
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 matrices, a preferred column subset of the preferred matrix (instead of a virtual antenna subset), and CQI values. The available set of the preferred column subsets may be restricted by a Node-B signalling in a (long-term) semi-static way. When Node-B schedules a certain user, it first permutes M layers as described in Section 2.1, and then, multiplies the 
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sub-matrix composed of the preferred columns of the pre-coding matrix of the user to the vector of M permuted modulation symbols (or, layers). The resulting Me dimensional vector is multiplied by an 
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 virtual antenna matrix to form an Mt dimensional signal vector transmitted over Mt physical antennas. An exemplary set of multiple pre-coding matrices can be generated by multiplying various 
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 diagonal matrices to the 
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 DFT matrix, where the diagonal elements of each diagonal matrix are randomly selected on the unit circle.   

2.1.3
Transmitter Structure
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Figure 2
Transmitter structure for baseline MCW MIMO

[image: image8.emf]Turbo

Encoder

QAM

Map

Turbo

Encoder

QAM

Map

Turbo

Encoder

QAM

Map

Data Packet 0

Data Packet 1

Data Packet M-1

0

1

M-1

Virtual Antenna 

Signal

l

ing

0

1

M

t

-1

OFDM

Mod

OFDM

Mod

OFDM

Mod

0

1

M

t

-1

Rate

Prediction

and 

Power

Adjustment

CQI

0

[X bits]

f





,



2

, …, 



M-1

) [Y bits]

Receiver

Column Subset Index [V bits] 

0

1

M

e

-1

Precoding

Precoding Matrix Index [log

2

(K) bits]


Figure 3
Transmitter structure for pre-coded MCW MIMO
The baseline transmitter structure is shown in Figure 2. Basically, M data packets (or, M layers) are transmitted in parallel. The mth, m=1,...,M, data packet is Turbo encoded using the mth selected code rate, and mapped to the mth selected QAM constellation. The M layers are then permuted and mapped to the Mt physical antennas using the virtual antenna signaling described in Section 2.1. The reconstruction method of M CQI values by use of CQI0 and f(1,2,…, M-1) is detailed in Section 2.1.6 and [5]. Total transmit power is divided by M and equally allocated to M layers in the single-user MIMO operation.

Figure 3 depicts the transmitter structure when the matrix selection based pre-coding is applied, where M layers are permuted, pre-coded to Me sub-streams by the selected column subset of the selected pre-coding matrix, and then mapped to the Mt physical antennas using the virtual antenna signalling. A broadband pilot for each virtual antenna is transmitted without the pre-coding matrix multiplication.
2.1.4
Receiver Structure
The receiver structure is shown in Figure 4. An SIC receiver with linear MMSE spatial equalizer to decouple the incoming M layers is used as the baseline receiver. The receiver first attempts to decode the first layer. The linear MMSE spatial equalizer generates the soft estimate of the modulation symbols corresponding to the first layer and all tones in the user’s assignment. The different soft estimates are sent to an LLR computer, and the resultant LLRs are fed to the Turbo decoder. If the first layer is decoded properly (passes the CRC), the receiver regenerates a clean version of the modulation symbols corresponding to the first layer, multiplies each modulation symbol by the corresponding channel coefficient, and subtracts the contribution of the first layer from the received signal. The receiver then attempts to decode the second layer, if decoded, the receiver subtracts its contribution from the received signal, and so on. If a layer fails to be decoded, the layer is not cancelled and a corresponding retransmission request (NACK) is sent to Node-B. 
The spatial equalizer shall use the estimate of the 
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composite channel in decoupling the sub-streams, which is effectively the product of the estimate of the 
[image: image10.wmf]e

r

M

M

´

virtual antenna channel matrix (based on the pilot observations) and the 
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 identified pre-coding sub-matrix.
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Figure 4
Receiver structure for MCW MIMO
2.1.5
BL based HARQ Resynchronization
The HARQ scheme used for the SIC receiver is denoted by blanking layers (BL). Basically, if Ndec layers have been decoded at some transmission q, on the (q+1)th transmission Node-B does not transmit any new codewords on the successfully decoded layers and only sends redundancy information on the (M- Ndec) layers that have not yet been decoded. In doing so, Node-B equally divides the available power per tone on the outstanding layers.

2.1.6
Channel State Information Feedback 
UE feeds back the index of a preferred subset of virtual antennas by use of Me bits, which may be reduced if Node-B restricts the available subsets of the virtual antennas. An exemplary subset selection algorithm is to calculate the sum capacity achievable by each subset and select the one which yields the maximum sum capacity. In this algorithm UE assumes that the total transmit power is uniformly allocated to the virtual antennas in the selected subset. On the other hand, UE may feed back a pre-coding matrix and a column subset instead of the virtual antenna subset if Node-B and UE operate in the matrix selection based pre-coding mode, mostly combined with SDMA. The column subset selection algorithm for the SDMA operation may be different from that of the virtual antenna subset selection algorithm for the single user MIMO operation, especially on the objective function and the assumption of power allocation.
UE also feeds back the effective SINR information for each layer via an efficient differential CQI encoding method. The calculation of the effective SINR for the mth layer, 
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, which originates from the monotonically increasing SIC gain. When we denote the SINR gap between the mth layer and the (m-1)th layer by 
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. Then the transmitter can reconstruct the full CQI value (or, effective SINR) for the mth layer by applying 
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 Detailed description on the uplink and downlink control information and the associated control channels is in [5]. 
2.2
SCW MIMO (VAS) – Virtual Antenna Selection and Single CQI Feedback
The SCW MIMO (VAS, or, virtual antenna selection) is based on the same principle as the MCW MIMO except that a single encoding and rate control is used across all the selected virtual antennas, which generally reduces the CQI and ACK/NACK feedback overhead, downlink control overhead, and UE receiver complexity and simplifies the HARQ operation at the cost of a throughput loss. A linear MMSE spatial equalizer is considered as the baseline receiver for the SCW MIMO, but an advanced receiver (based on iterative demodulation and decoding, sphere decoding, and the others) with higher complexity may be employed to improve the performance.
2.2.1
Virtual Antenna Subset Selection and Rate Prediction

The virtual antenna subset selection shall be used for SCW MIMO. The subset selection significantly improves the throughput performance of the SCW MIMO with linear MMSE receiver [4]. 
UE runs a selection algorithm by which it determines M and the preferred subset. An exemplary selection algorithm is to calculate the sum capacity achievable by each subset and select the one which yields the maximum sum capacity. Then the UE computes a single effective SINR averaged over all selected virtual antennas and feeds it back to Node-B. Node-B adjusts the transmitted power level on each virtual antenna, based on the power control strategy and the number of selected virtual antennas, and runs a rate prediction algorithm by which it chooses a common code rate and constellation (or, the MCS) for all virtual antennas. The MCS and the number of selected virtual antennas define the data rate transmitted.
2.2.2
Potential Support of Matrix Selection based Pre-coding
Virtual antenna subset selection can be considered as a primitive form of transmitter pre-coding which allows for only an identity pre-coding matrix. Depending on applications (e.g., SDMA) and allowances for uplink signalling overhead, Node-B may expand the set of the available pre-coding matrices from one to multiple in order to provide an improved separation of modulation symbols transmitted in parallel. The available set of pre-coding matrices is signalled by Node-B in a (long term) semi-static way. If multiple pre-coding matrices are allowed, each UE may feedback a preferred pre-coding matrix selected out of a pre-specified set of 
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 matrices, a preferred column subset of the preferred matrix (instead of a virtual antenna subset), and a CQI value. The available set of the preferred column subsets may be restricted by a Node-B signalling in a (long-term) semi-static way. When Node-B schedules a certain user, it multiplies the 
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sub-matrix composed of the preferred columns of the pre-coding matrix of the user to the vector of M modulation symbols. The resulting Me dimensional vector is multiplied by an 
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 virtual antenna matrix to form an Mt dimensional signal vector transmitted over Mt physical antennas. An exemplary set of multiple pre-coding matrices can be generated by multiplying various 
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 diagonal matrices to the 
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 DFT matrix, where the diagonal elements of each diagonal matrix are randomly selected on the unit circle.   
2.2.3

Transmitter Structure

The baseline transmitter structure is shown in Figure 5. The input data stream is Turbo encoded using the selected code rate, and mapped to the selected QAM constellation. The stream of modulation symbols is then de-multiplexed to M parallel sub-streams based on the selected rank. The M sub-streams are mapped to the Mt physical antennas using the virtual antenna signaling described in Section 2. Total transmit power is divided by M and equally allocated to M sub-streams in the single-user MIMO operation.

Figure 6 shows the transmitter structure when the matrix selection based pre-coding is applied. If the pre-coding is used, the M sub-streams are transformed to Me pre-coded sub-streams based on the selected pre-coding matrix, and the Me pre-coded sub-streams are mapped to the Mt physical antennas using the virtual antenna signaling. A broadband pilot for each virtual antenna is transmitted without the pre-coding matrix multiplication.  
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Figure 5
Transmitter structure for baseline SCW MIMO
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Figure 6
Transmitter structure for pre-coded SCW MIMO (K is the set size of available precoding matrices.)
2.2.4

Receiver Structure
The receiver structure is shown in Figure 7. The baseline receiver for the SCW MIMO is a linear MMSE spatial equalizer on the received samples to decouple the incoming sub-streams. However, we may also use a more advanced receiver to improve the performance at the cost of increased UE complexity. The soft estimates of the modulation symbols (i.e., outputs of the spatial equalizer) are fed to an LLR computer and the output is fed to a Turbo decoder. 

The spatial equalizer shall use the estimate of the 
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composite channel in decoupling the sub-streams, which is effectively the product of the estimate of the 
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virtual antenna channel matrix (based on the pilot observations) and the 
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2.2.5

Channel State Information Feedback
UE feeds back the index of a preferred subset of virtual antennas by use of Me bits, which may be reduced if Node-B restricts the available subsets of the virtual antennas. An exemplary subset selection algorithm is to calculate the sum capacity achievable by each subset and select the one which yields the maximum sum capacity. In this algorithm UE assumes that the total transmit power is uniformly allocated to the virtual antennas in the selected subset. UE may feed back a pre-coding matrix and a column subset instead of the virtual antenna subset if Node-B and UE operate in the matrix selection based pre-coding mode, mostly combined with SDMA. The column subset selection algorithm for the SDMA operation may be different from that of the virtual antenna subset selection algorithm for the single user MIMO operation, especially on the objective function and the assumption of power allocation.
UE also generates the post-processing effective SINR, reflecting the SINR fluctuation for different frequency tones and different spatial beams. The effective SINR calculation should be based on an average (for example, a capacity metric based average) over the allocated tones and the selected virtual antennas (or the selected column vectors of the selected pre-coding matrix). A single CQI (or, the effective SINR quantized to Z bits) is sent to the transmitter. Detailed description on the uplink and downlink control information and the associated control channels is in [5]. 
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Figure 7
Receiver structure for SCW MIMO (K is the set size of the available precoding matrices.)
3
Potential Support of SDMA
When there are many UEs which request a smaller number of data streams than Me, Node-B might be able to maximize the system throughput by scheduling multiple UEs on the same time frequency resources, which leads to the SDMA operation. Both the MCW MIMO and the SCW MIMO can potentially support the SDMA operation by exploiting the feedback information of the preferred virtual antenna subset or the preferred pre-coding matrix and column subset. If the system is operated in the SDMA mode, the effective SINR calculation method for CQI feedback in UE should be modified accordingly.
In order not to seriously degrade the performance of each user, the simultaneously scheduled UEs shall be carefully selected so that the inter-user interference is low. Furthermore, as the SDMA can provide the most significant benefit when there are many UEs whose number of receive antennas is smaller than Me (for example, 4 transmit antennas in Node-B and 2 receive antennas in UE), it is preferable to use a pre-coding matrix based user separation which can support such an asymmetric number of transmit and receive antennas in the SDMA operation. The usefulness of SDMA should carefully be analyzed in conjunction with the associated control overhead and the sub-band scheduling. 
4
Summary
In this contribution we described the MCW (or, S-VAP) and SCW (or, VAS) schemes for E-UTRA DL MIMO which can potentially support the transmitter pre-coding and SDMA. Required control channel issues and link performances with precoding are presented in [4] and [5]. 
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