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1 Introduction

The throughput and spectral efficiency requirements for the downlink E-UTRA demand 3-4 times increase relative to the Rel. 6 systems. Multi-antenna techniques have to be introduced in order to fulfill this requirement. It is anticipated that for the downlink E-UTRA, the Node B is normally equipped with at least two transmitter antennas and the UE will have at least two receiver antennas. 
When multiple antennas transmission at the transmitting base station and receiving mobile station is used, the space dimension can additionally be exploited for scheduling of the transmission to the different users in the system. It was reported in [1],[4] that the use of SDMA (space-division multiple access) or multi-user scheduling scheme in the downlink MIMO wireless communications network can provide a substantial gain in system throughput. The concept of multi-user MIMO systems was introduced in 3GPP for HSDPA as PU2RC [2]. 
In this contribution, we investigate the potential system capacity gain of multi-user MIMO systems compared to the single-user MIMO system. We also briefly introduce the implementation of a multi-user MIMO scheme. 

2 Multi-user MIMO Scheme
The multi-user MIMO systems with two transmit and receive antennas is depicted in Figure 1.
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Figure 1 The outline of a SDMA multi-user MIMO systems
As shown in Figure 1, the time-space-frequency radio resources are allocated to the different users by a scheduler. For optimizing the resource allocation in the space domain, the scheduler usually need the information of the spatial channel from the base station to all the users. For a certain time frequency resource, the scheduler selects multiple spatial data streams according to a certain criterion and determines the pre-coding vectors to weight the data streams before transmitting. 
Due to the non-orthogonality between spatial streams, the data transmitted in different streams for a particular OFDM time-frequency resource will generally mutually interfere with each other, creating so called co-channel interference (CCI). Specifically, when using SDMA, i.e. transmitting to several users simultaneously in different streams of a certain time-frequency resource in a MIMO/OFDM system, these different users will experience CCI between the streams. The MIMO pre-coder is usually used to reduce the CCI between the data streams. When the number of transmitted data streams is smaller than the number of transmit antennas, pre-coding can also provide array gain.
For each localized OFDM time-frequency resource, the channel can be modelled as a flat channel for each user as
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where 
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is a m times n wireless channel coefficient matrix from the n antenna base station to kth user with m antennas , 
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is the received vector of kth user, 
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is the transmitted symbol vector with r data streams (potentially for different users) and 
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is the MIMO pre-coding matrix. The transmitted signal 
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must satisfy an average power constraint
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is the corresponding additive channel noise. 
It is well known that for single-user MIMO systems, a common pre-coding method is to obtain the pre-coding vectors from the singular value decomposition of the MIMO channel matrix:
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where 
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are unitary matrices and 
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 is a diagonal matrix. If
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, the SVD of the MIMO channel provides 
[image: image15.wmf]k

w

 parallel (no mutual interference) sub-channels from the transmitter to the receiver. The diagonal elements in matrix 
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are the spatial sub-channel gains (SSG’s) and the column vectors of 
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can be regarded as the spatial signature vectors (SSV’s) of each sub-channel. The data streams of the kth user pre-coded by its SSV’s can be multiplexed in space domain without co-channel interference. This approach together with a water filling algorithm to distribute the transmit power among the streams, achieves the channel capacity for the (single user) point to point Gaussian channel.
When considering multi-user MIMO system, if the spatial signature vectors corresponding to different users are orthogonal, these users can transmit data streams in the same sub-carrier without CCI. For example, assume two users, indexed i and j. If
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, the CCI free transmit vector can be constructed as:
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where 
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is the data stream of user i, 
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is the data stream of user j and Pc,k  is the allocated power of stream c of user k. 
When users are allowed to be multiplexed in space domain, channel variation in the space domain can be exploited and multi-user diversity gain can be obtained. For the example in (3), the summation of SSG corresponding to the vectors
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from different users may be larger than the summation of the sub-channel gains for each of the users i and j. In other words, by scheduling the data streams to multiple users gives a higher sum of SSG than if all streams are allocated to the same user. This is the concept of spatial division multiple access (SDMA).   Furthermore, SDMA provides more freedom for the scheduler to optimize the system’s throughput and QoS of services such as delay. 
In practice, the relation 
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 is highly unlikely for different users (
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) so CCI will be unavoidable. Therefore, when multiplexing user streams in space domain, usually we try to control the CCI below a certain level instead of a-priori assuming it to be zero. The CCI of users transmitting data streams in the same sub-carrier and at the same time (same time-frequency resource) can be controlled by the correlation coefficient of the spatial signature vectors used to weight the data streams. For the example in (3), we relax the condition of 
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In general, the scheduler selects the pre-coding matrix 
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 for transmission of the r streams to the multiple users such that the correlation coefficient of each pair of column vectors in 
[image: image28.wmf]W

is smaller than a pre-determined threshold
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The threshold of 
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usually should be compromised between CCI and spatial domain multi-user diversity as is explained in the following. Larger
[image: image31.wmf]r

will lead to more CCI between the multiplexed data streams which will degrade the demodulation performance. However, the scheduler can exploit more multi-user diversity when a higher level of CCI is tolerated, since there will be more users with SSV’s that fulfill (4). On the other hand, a smaller
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can guarantee lower CCI between the multiplexed data streams which is beneficial to demodulation performance, while the scheduler will exploit less multi-user diversity. Therefore, if the number of MIMO users in the system is low, we must allow a larger
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 to ensure sufficient degree of multi-user diversity.
3 Initial Performance Evaluation 
In this section, we present some simulation results to show potential capacity gain of a precoded multi-user scheduled MIMO scheme where the r streams are transmitted to different users, and how the capacity depends on the threshold parameter 
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. We also include the capacity curve for the single-user scheduled MIMO scheme for comparison. In the single user scheduled MIMO case, all r streams are scheduled to the same user. 
For simplicity, a flat fading channel (one sub-carrier) is considered and the used bandwidth is normalized to one. We assume there are 10 served users in a cell, each user can be model as (3) where each element of 
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is i.i.d. zero mean circular symmetric complex Gaussian with variance ½ per complex dimension. The total transmit power is P and the noise at each user’s receive antenna is spatially white with variance N0. In this simplified example, the transmitter has the exact knowledge of all users’ channel information. 
For single-user scheduled MIMO systems, the scheduler selects the user with the maximum Shannon capacity, so the system capacity (more strictly, the mutual information) of a single-user scheduled scheme is
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(5)
For a multi-user scheduled MIMO scheme, the scheduler has to assign time-frequency and spatial resources (streams) and power
 to the served users and determine the optimal pre-coding matrix. The time-frequency resources are orthogonal but the spatial resource is not. Therefore, obtaining the optimal solution is not easy to find due to the non-orthogonality in the spatial domain that couples the signal to interference ratio of the different users through the co-channel interference. 
Here we use a sub-optimal method for the resource allocation of a particular OFDMA time-frequency resource: first the scheduler groups SSV’s from all users according to predetermined threshold 
[image: image37.wmf]r

such that the correlations of SSV’s within the same group are lower than 
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, then the scheduler selects a group with maximum sum of sub-channel gain (corresponding to the SSV’s in this group) to construct the pre-coding matrix. In addition, the power transmitted in each stream
 is P/r. Assume the resulting pre-coding matrix is
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, which means that the spatial resource of the ith data stream is allocated to user
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. 
We further assume that each user adopts the LMMSE algorithm to suppress CCI and demodulate the data streams belonging to it.  For user
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, the input-output data transmission model can be expressed as
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where 
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 is the equivalent channel matrix after pre-coding. It’s well known that the resulting SNR of i th data stream from the LMMSE estimation is
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where 
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. Then the mutual information of the ith data stream is:
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The capacity of a multi-user scheduled MIMO scheme is thus:
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For MIMO systems with two transmit antennas and two receive antennas, in both the single-user scheme and the  multi-user scheme, two data streams are multiplexed in space domain. The simulation results of capacity distribution are shown in Figure 2, 
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Figure 2 The capacity distribution of MIMO systems with two transmit antennas and two receive antennas showing the single user scheduled (SU) and multiple user scheduled (MU) case for different thresholds (. Shown is also the capacity for an exhaustive search among all users and r = 2 SSV’s with the largest sum of SSG (MU-Opt).
It can be seen that the precoded multi-user scheduled MIMO scheme has about 20% capacity gain comparing to the single-user scheduled MIMO scheme. For ( = 0.3, the grouping method has a capacity curve close to the optimal curve (MU-Opt) which is obtained by an exhaustive search among all users and spatial signature vectors. Furthermore, the capacity gain can be expected to increase if
1. There are more users in a cell.

2. More transmit antennas and receive antennas are employed. 

3. Another demodulation method is used to suppress CCI such as a SIC (Successive Interference Cancellation) or ML (Maximum Likelihood) receiver and variants thereof (e.g. sphere decoding).

The average capacity under different correlation threshold is shown in Figure 3. It can be seen that there exits an optimal threshold for this sub-optimal scheduling method. This optimal threshold is likely to be dependent on the available transmit power, the number of users and the channel conditions.  
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Figure 3 The average capacity of multi-user scheduled MIMO scheme under different correlation thresholds.
4 Other Implementation Method of Multi-User MIMO Scheme
In section 2 and 3, and in other closed loop MIMO schemes, the operation is based on the channel information feedback from users. When the number of served users is large, the large amount of feedback information could be a heavy burden to the system. One way to reduce the feedback is to broadcast to all MIMO UEs to report only the best (or fewer than r) SSV’s and SSG’s to the base station if it is unlikely that the UE will be scheduled to use all r streams. 
As indicated in [3], the concept of random beamforming can also be used in pre-coding. The pre-coding in this case is not dependent on the feedback channel; it can be selected in randomly manner, preferably from a pre-determined codebook of pre-coding matrices. Random beamforming removes the MIMO feedback requirements of the MIMO channel and moves the opportunity for the downlink performance enhancement to the scheduler. 
Multi-user MIMO scheme based on random beamforming can be implemented for example as the following steps:

1. In time slot t, scheduler selects a pre-coding matrix randomly.  A downlink CQI measurement channel in slot t is weighted by this pre-coding matrix.
2. Each user estimates the CQI values of the r data streams multiplexed in space domain after weighted by the pre-coding matrix and reports r or fewer CQI values to base station together with preferred stream index number.
3. In time slot t+1, the scheduler allocates the spatial data streams between users according to the reported CQI values and other scheduling criteria.

5 Conclusion
Based on some simplifying assumption it has been shown that a multi-user scheduled MIMO scheme can obtain significant system capacity gain compared to a single-user scheduled MIMO scheme. The improvement of throughput and spectrum efficiency to practical E-UTRA should be further investigated. For instance, quantization of the SSV’s is required to reduce the amount of feedback, possibly using a codebook of generic SSV’s. In addition, an analysis shall also be made in a channel with correlation.
Two implementation methods can be considered for multi-user scheduled MIMO scheme, closed loop MIMO and random beamforming. Closed loop MIMO scheme requires the feedback of channel information while better performance is expected. Random beamforming based method requires less amount of feedback but needs a sufficiently large number of served users to guarantee good performance. 
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� Power adaptation of the streams was not used in the results presented here.


� It might be needed to group users according to different path loss as well, or to use power adaptation on the streams. Here we have assumed that all users have the same path loss. 
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