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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
· Beamforming gain

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

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

Beamforming and diversity gain are 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 resource-block (SDMA) or the transmission of multiple data codewords 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 codewords 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 layers go to the same UE. 

· BeamForming (BF): This is primarily intended to help the weak cell edge users. Here we will only apply power to a single layer-user, thus actively increasing it’s SINR, and not sharing it’s power over multiple layers 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 resource-block 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
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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 codewords 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 codewords 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 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 codewords can also be scheduled even in the same time-frequency resource, PU2RC -MIMO realizes SDM. When a single user’s single codeword 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:

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 codewords of multiple users with the highest priority in the selected group. How to define the codeword priority (or user priority) depends on the scheduling policy.

5. Apply appropriate AMC schemes to the selected codewords.

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
It is possible that the UE needs to do rank selection because some UE’s may experience correlated fading, while other UE’s in the same cell experience un-correlated fading. The rank selection can be either fast, namely per TTI and per resource-block  (the CQI feedback rate), or it can be slow, at multiples of TTI’s (maybe 100 TTI’s) and over multiple resource-blocks. We expect that a simple decision like choosing between full rank (Rank =M) and low rank (Rank=1), may be close to optimal. This is an optimal decision for a 2x2 case and sub-optimal for 4x4, but it could have some advantages like simplified signaling. The decision about the rank could be made by choosing a high rank when

log2 (1+MRC)  < ∑i log 2(1+MMSEi),

and low rank for vice versa. Here MRC denotes the MRC combined received signals from the strongest virtual antenna, and MMSEi denotes the MMSE combined received signals from the i’th virtual antenna, and any other (such as SIC) processing that the UE is capable of. Note that in the above criteria, the rank strongly depends on the geometry, such that weak users are more likely to choose a low rank, while strong users are more likely to select a high rank. If a UE has the ability to do SIC, then this will also be used to make this judgment, further increasing the possibility of selecting high rank. We believe that if the UE selects a low rank, that UE will be served by a non spatial multiplexing scheme.
In another implementation, the rank adaptation can be either implicit or explicit. In Active rank adaptation the UE indicates the rank which could be quite efficient, especially if the rank adaptation is binary (1bit), namely rank 1 or full rank.  In the case of a low rank channel only 1 CQI needs to be fed back. However, when we use rank adaptation by the Implicit method, namely by indicating a zero-CQI means that the specific beam needs to be switched off. The advantage of this scheme is that it is simple and no additional signaling is required, but the disadvantage of this scheme is that M-CQI’s always needs to be fed back.

2.5 Multi-User and Single User MIMO

In Section 4 we will show significant gains in system throughput using Multi-User MIMO (MU-MIMO) such as SDMA compared to Single User MIMO (SU-MIMO) schemes when there are many users in a cell. This is because MU-MIMO exploits Multi-User Diversity Gain (MUDG) on a per codeword level. However, only SU-MIMO can increase the peak user data rate, especially due to the bursty nature of actual traffic flows (as opposed to the full buffer modeling), there are many times that there are very few users in a cell with active buffers. Therefore it is necessary for a MIMO scheme to support both MU and SU MIMO schemes.  This needs to be done without increasing the signaling overhead. Another advantage of a SU MIMO scheme is that it can easily exploit the use of successive Interference cancellation (SIC) techniques, which are enhanced by separately CRC encoding every codeword. We believe that the decision to switch between MU-MIMO and SU-MIMO needs to be done at the Node B. This decision could be communicated between the UE and the Node B in numerous ways.
2.5.1 Signaling in PU2RC

1. The UE calculates the rank as described before. Let us assume that a full rank was reported, since a low rank UE will be scheduled using a non spatial multiplexing scheme.
2. The UE calculates the corresponding [CQI1, .. CQIM], which corresponds to the pre-coding virtual antennas {1 .. M} for the preferred pre-coding matrix.
3. In MU-mode the UE reports the best CQI as well as the pre-coder virtual antenna index of the codeword that needs to be decoded first, that is the codeword which cannot benefit from SIC. In MU-mode this is the only codeword that could be scheduled to this UE. Note that we predict that MU-mode will be more common than the SU-mode.
4. In SU-mode, the UE reports the M CQI values, for the M codewords. In another implementation, the UE only needs to report a single CQI, where all M codewords will use the same link adaptation, and the codewords are interleaved across the antennas, such that all codewords can achieve the average capacity. Note that the codewords are all independently CRC-coded, and they can all benefit from nonlinear SIC processing. The performance gain of using M CQI values, compared to using less than M CQI values, still needs to be evaluated.
5. On receiving the feedback information, the Node B scheduler determines based on the number of active buffers if it needs to increase peak data rate or total data rate, therefore if it needs to schedule a UE in SU or MU-mode. If the SU-mode is selected it selects the UE with the highest total capacity normalized with total throughput (the proportional fair scheduler). If MU-mode is selected, it selects step by step each UE which reported the highest priority on the next available codeword. Any subsequent UE has to report on a complimenting pre-coding index (to the codewords that already has been scheduled) to be considered for scheduling.
6. The UE reports CQI’s in a user-capacity maximizing (greedy) way while the Node B schedules UE’s to maximize system capacity (a fairness constrained greedy method). The scheduler knows that with many full buffers that MU-mode will maximize system capacity and that SU-mode will maximize capacity with few users.

2.5.2 Key features 
· UE does Rank Selection

· Every codeword is independently CRC encoded

· Every codeword has it’s own HARQ channel
· Preferred Precoder Matrix index is reported on slow basis

· Preferred Precoder Vector Index is reported at the same rate as CQI
· The Node B scheduler decides between SU and MU mode

2.5.3 A 2x2 Example
To illustrate this technique, we consider a 2x2 SU-MIMO system:
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Note that in this example the first decoded codeword can only rely on MMSE processing, while the second codeword can rely on SIC. The receiver processing together with HARQ for a 2 codeword SU-MIMO case is demonstrated in Figure 5.
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Figure 5 Receiver processing with SU-MIMO
3 Simulation Assumptions

We perform link level simulations with the purpose to show the gains possible by 

1. Switching between MU-MIMO and SU-MIMO

2. Successive Interference Cancellation (SIC)
We simulate 3 MIMO schemes:

1. SU-MIMO (SDM). The SU-MIMO does MMSE on the first layer, and combined MMSE and SIC on subsequent layers. Since we do not do Rank Adaptation this scheme always schedules M codewords to a UE. The scheduler finds the UE which has the maximum capacity on the combined codewords.
2. MU-MIMO(SDMA). The MU-MIMO does only MMSE processing, and each UE receives only one codeword. This is because the first layer typically cannot benefit from SIC. This scheme always schedules M UE’s with 1 codeword each, except for the cases where there are less than M users in the cell, in this case it does beamforming to those UE’s. The scheduler, has to find the M UE’s that combined would maximize the system throughput.
3. Combined SU and MU-MIMO. The Combined scheme is simply the instantaneous maximum of the previous 2 schemes. 
We tried to model the effect of realistic channel estimation for both MMSE and SIC processing. Here, we added complex AWGN to the channel estimate equal to the SNR.  Imperfect SIC processing is modeled as an AWGN interference equal in power to the channel estimation error. 

Further Link Level Simulation Assumptions are: 
	Channel Model 2x2
	50% Correlation between Tx Antennas

	Channel Model 4x4
	Independent Identically Distributed

	Scheduler 
	Maximum Throughput (Maximize System Capacity) 

	MIMO Antennas: Tx by Rx
	4x4 and 2x2 MIMO

	Feedback Information
	Node B has perfect knowledge of CQI

	Capacity Calculation
	Ideal Shannon Capacity

	Geometry
	0dB, 10dB

	HARQ 
	NONE


 
4 Link Simulation Results

In this section we present simulation results for a 4x4 MIMO system. Note that for the sake of simplicity and since the channel is i.i.d. fading, we did not include precoding in this simulation. In Figure 6 we compare the SU-MIMO, MU-MIMO and Combined schemes. The SU-MIMO scheme has a very large gain over the MU-MIMO scheme when there are few users in a cell, this is especially true when the SNR is high. The MU-MIMO scheme achieves Multi User Diversity Gain (MUDG) on a per codeword basis, which accounts for the big performance gap over the SU-MIMO scheme. The Combined scheme simply follows the envelope of the other two schemes. Here, we see large gains with the combined scheme, and note how the cross-over-point between SU and MU-MIMO changes with different SNR’s. 
In Figure 7 we show the results of the 2x2MIMO case where we have correlated fading and precoding. In this case the MU-MIMO case has more gain over the SU-MIMO case because the combined effect of precoding and a correlated channel means that there is a big difference between the 2 stream qualities. Namely, the SU-MIMO UE derives very little benefit from having a second stream, because the CQI on that stream is very low. The MU-MIMO on the other hand gains from this fact since the second stream interferes very little with the first stream, while it still gets the full MUDG.

From these results we can conclude that there is high gain in general by switching between SU-MIMO and MU-MIMO schemes. 
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Figure 6 Link Performance for a 4x4 MIMO. SU-MIMO use MMSE-SIC and 4 codewords per UE. MU-MIMO use MMSE and 1 codeword per UE
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Figure 7 Link Performance for a 2x2 MIMO. SU-MIMO use MMSE-SIC and 2 codewords per UE. MU-MIMO use MMSE and 1 codeword per UE . The channel is correlated and precoded
5 Conclusion

In this contribution we have described a Multi-User MIMO scheme (PU2RC-MIMO) that use unitary pre-coding based MIMO. This scheme achieves good 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. We showed by simulation that there is significant gain by switching between SU-MIMO and MU-MIMO schemes. 
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