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1 Introduction

Multiple Input Multiple Output (MIMO) is expected to be an important component of the Long Term Evolution of 3G systems particularly for the downlink. For Evolved UTRA, a 2x2 MIMO system is assumed for the downlink in order to achieve a peak data rate of 100Mb/s. 

The additional degrees of freedom enabled by MIMO systems can be used in various ways for improving system performance including, but not limited to:

· Diversity gain against fading etc.

· Beamforming gain

· Spatial multiplexing of multiple data streams to the same user (SDM)

· Spatial multiplexing of multiple data streams to different users (SDMA)

Beamforming and diversity gain is exploited in methods described in [2-5]. Here we focus on spatial multiplexing gains such as SDM and SDMA. In a wireless environment different users experience different channel types (power delay profile and mobile speed etc.). Moreover, different users experience different SINR (Signal-to-Interference-plus-Noise Ratio) due to user location and shadow fading etc. Therefore, it becomes very important to exploit the additional degree(s) of freedom enabled by multiple antennas on a user-by-user basis that results in improved system performance and capacity. At the same time, it is also critical to keep the overhead and system complexity at reasonable levels.

In this document, we describe a Multi-User MIMO scheduling and pre-coding approach that exploits the additional degrees of freedom enabled by the pre-coded multiple transmit antennas to schedule multiple users simultaneously on the same OFDM subband (SDMA) or the transmission of multiple data streams to the same user (SDM). Our MIMO scheme, Per User Unitary and Rate Control (PU2RC) that was first described in [1] is a single scheme (according to the UE) which can accommodate Transmit Beam-Forming, SDM and SDMA. Each UE needs to feed-back a single, or multiple Channel Quality Indication (CQI) values to the Node B, based on the known unitary pre-coding-bases.

Multi-user MIMO schemes such as PU2RC support the on-demand QoS effectively, using SDMA and SDM simultaneously. However, single-user based MIMO schemes are often hard to meet the required QoS, especially when the orthogonal frequency resource is limited. In PU2RC, there are various ways to implement the rank selection technique. We introduce the concept of PU2RC with rank selection. We then discuss two approaches that implement the rank selection technique for PU2RC such as the static feedback method and the dynamic feedback method. 

2 PU2RC-MIMO

2.1 Introduction to PU2RC-MIMO

PU2RC-MIMO is a multi-user MIMO scheme that supports 

· Spatial Division Multiple Access (SDMA): This is the most general case where we transmit data on multiple streams to multiple users. Here we expect the most overall system performance gain. 

· Spatial Division Multiplexing (SDM): This is just the special case of SDMA where all the scheduled streams go to the same UE. We will therefore not discuss this case any further.

· BeamForming (BF): This is primarily intended to help the weak cell edge users. Here we will only apply power to a single stream-user, thus actively increasing it’s SINR, and not sharing it’s power over multiple streams or users. Here we expect the most performance gain of the cell edge users.

Combination of the above schemes can be utilized based on the scheduler’s decision. These schemes will get applied independently on every sub-band in an OFDMA scheme. 

Consider a MIMO system depicted in Figure 1 with M transmit antennas and N receiver antennas. The complex channel between the transmitter and receiver antennas is


[image: image1.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

NM

N

M

h

h

h

h

K

M

O

M

K

1

1

11

H

.

Given an arbitrary, unitary pre-coding matrix E, it is possible to pre-code the transmitted data with E as shown in Figure 2, such that the receivers will “see” a pre-coded MIMO channel as HE. 
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Figure 1 The MIMO Channel
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Figure 2 The Pre-coding Concept

Note that we did not change the Shannon capacity at all by introducing E, since det(HE) = det(H), since det(E) = 1 for all unitary matrices. However, this pre-coding did introduce some useful properties that we would exploit later. In fact, we propose to use a whole set of pre-coding matrices, from which the UE can determine the optimal pre-coding matrix and report SINR for all, or, only one pre-coding matrix. 

In this scheme we choose not to pre-code the Common pilots (p1 … pM) as shown in Figure 3. This is so that the UE’s can estimate the raw MIMO channel (H) by receiving the per antenna pilots. The UE can then reconstruct the pre-coded MIMO channel corresponding to a specific pre-coding matrix E by calculating HE. Each UE can then determine the preferred pre-coding methods and demodulate pre-coded streams based on E.
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Figure 3 Per-Antenna Orthogonal Pilots
Consider now the proposed PU2RC-MIMO system shown in Figure 4, where we use a set of pre-coder matrices, 
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  is the g-th pre-coding matrix, and 
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 is the m-th pre-coding vector in the set. Each UE will calculate a CQI value for every vector in every matrix in the set 
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. The system designer can now trade off the amount of feedback overhead with the scheduling flexibility at the Node B, by choosing an appropriate value of G, and deciding the amount of information that the UE needs to feedback to the Node B. For example, 

· For most flexibility, the UE can feedback every CQI value for every matrix in the set 
[image: image9.wmf]E

, thus a total of GM CQI values for every UE. 

· For lowest overhead, the UE needs to feed back only the best CQI value and the corresponding vector index which would require log2(GM) bits per UE in addition to the actual CQI value. This supports the Restricted SDMA only case, since each user can only be scheduled on one specific beam. This also supports the Transmit Beam-Forming only case when a user is scheduled on the time-frequency unit.
· Our suggestion is that each UE feeds-back the M CQI values corresponding it’s preferred/best group. This leads to a good mix of SDM and SDMA.

The Node B can now select a group g, with an accompanying basis E(g), and schedule up to M streams of independent data to different UE’s, or the same UE, depending on the scheduler design. 

The main features of this scheme are:

· Multiple sets of unitary pre-coding are pre-determined and the degree of freedom in the unitary pre-coding selection provides multi-user diversity gain in the space domain. PU2RC -MIMO requires more feedback than that in PARC.

· PU2RC-MIMO with partial feedback: UE reports the preferred unitary pre-coding (i.e. preferred matrix index).

· PU2RC -MIMO with full feedback: UE reports all the CQIs corresponding to all the unitary pre-coding.

· To support closed-loop beamforming, UE needs to report the preferred beam in the preferred unitary pre-coding (i.e. preferred vector index as well as preferred matrix index)

· Using the spatial channel information fed back from the receivers, the transmitter can select a relevant unitary pre-coding. Since multiple users can be scheduled even in the same time-frequency resource and they are assigned different beams, PU2RC -MIMO realizes SDMA. Since single user’s multiple streams can also be scheduled even in the same time-frequency resource, PU2RC -MIMO realizes SDM. When a single user’s single stream is transmitted in a single beam, PU2RC -MIMO performs closed-loop beamforming. 

Given a matrix in the set 
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, the Node B will use the following procedure on every OFDMA sub-band independently:

Procedure of PU2RC-MIMO with partial feedback
1. Gather the feedback information which indicates “a preferred pre-coding matrix” and the CQI values for all the pre-coding vectors in the matrix.
2. Group users who declare the same preferred pre-coding matrix.
3. Select a group with the highest group priority. How to define the group priority depends on the scheduling policy.

4. Select streams of multiple users with the highest priority in the selected group. How to define the stream priority (or user priority) depends on the scheduling policy.

5. Apply appropriate AMC schemes to the selected streams.

6. Apply a pre-coding scheme corresponding to the selected group
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Figure 4 PU2RC-MIMO Transmitter Chain

2.2 Pre-coder Design

The only requirement for the pre-coder, is that it must be unitary. Then, one choice could be the Fourier basis: 
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2.3 Examples of Pre-Coders

Consider the case of 2 transmit antennas (M=2), and 2 possible groups (G=2). Here we will have the following pre-coder sets:
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Consider now the case of 4 transmit antennas (M=4), and still only 2 groups (G=2). Here we will have the following pre-coder sets:
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2.4 Transmission mode and rank selection in PU2RC

The scheduler determines the number of transmission streams and transmission mode based on its scheduling policy. Let us give some examples of scheduler decisions:

· The scheduler selects one stream to a user. In this case, PU2RC operates as the Transmit Beam-Forming and the transmission rank is 1.

· The scheduler selects 2 streams to a user. In this case, PU2RC operates as the SDM and the transmission rank is 2.

· The scheduler selects 2 streams to a user and one stream to another user. In this case, PU2RC operates as the SDM/SDMA and the transmission rank is 3.

· The scheduler selects 3 streams to 3 different users. In this case, PU2RC operates as the SDMA and the transmission rank is 3.

· The scheduler selects 2 streams to a user, one stream to another user, and one stream to the other user. In this case, PU2RC operates as the SDM/SDMA and the transmission rank is 4.

The mode and rank can be applied independently on every sub-band in an OFDMA scheme.
There are two candidate methods specifying the transmission mode and rank as follows:

· Semi-static method: The transmission mode and rank are defined by the Node-B. UE is informed of the transmission mode and rank, and estimates the CQI based on the transmission mode and rank.
· Dynamic method: The scheduler of Node-B dynamically changes the transmission mode and rank depending on the UE feedback.
3 Discussion 

The proposed PU2RC-MIMO scheme does not need much additional feedback overhead relative to that already required for frequency-selective multi-user scheduling in an OFDMA system. For example, CQI feedback per subband is generally required for frequency-selective multi-user scheduling. In an FDD system, the CQI is calculated at the receiver by taking into account the pre-coder matrices that are used at the Node B along with the observed complex channel gains from different antennas. The only feedback required is channel quality feedback for the OFDM subbands and the preferred group and vector index. This kind of feedback is anyway required in a simple non-MIMO OFDM system. 

Depending on feedback information and flexibility, the unitary pre-coding based MIMO schemes are classified into 3 types, in order of increasing flexibility, but also in order of increasing feedback overhead and complexity, they are:

· Close loop Beamforming & Restricted SDMA only: Single CQI + matrix/vector preference
· SDM/SDMA: M CQIs + matrix preference (partial feedback)

4 Conclusion

In this contribution we have described a Multi-User MIMO scheme (PU2RC-MIMO) that use unitary pre-coding based MIMO. This scheme achieves the highest system throughput at a modest feedback overhead and complexity. We propose to take the PU2RC-MIMO as the downlink MIMO scheme to be used in the overall concept evaluation for EUTRA
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