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Feedback-aided MU-MIMO Scheduling Technique

Keying Wu, Lei Wang, Hongwei Yang, Liyu Cai
Alcatel-Lucent Research and Innovation 
Introduction
The downlink multiuser multiple-input-multiple-output (MU-MIMO) technology aims at increasing the average system throughput by supporting multiple users over the same time-frequency resource and using multiuser precoding to minimize the inter-user co-channel interference (CCI). For this purpose, channel state information (CSI) of all users is required at the transmitter. The accuracy of CSI at the transmitter (CSIT) has a great impact on the performance of MU-MIMO. Imperfect CSIT will increase CCI among users and deteriorate the throughput of MU-MIMO seriously, especially at high signal-to-noise-ratios (SNRs). This problem has become one of the major challenges that MU-MIMO has to face in real systems.
In this proposal, we present an advanced MU-MIMO scheduling technique to improve the capacity of downlink MU-MIMO with imperfect CSIT. The rational behind the proposed scheme is the observation that the level of CCI among users increases with the number of users simultaneously supported in the MU-MIMO transmission. Thus, decreasing the number of simultaneous users can reduce the CCI and sometimes lead to better sum capacity. The optimal user number depends on the level of CSIT error. Motivated by this observation, we design a feedback-aided scheduling technique, which adjusts the number of simultaneous users based on the CSIT error covariance estimation or CCI measurement at the user side. When users are capable of estimating the covariance of the CSIT error, they can feedback the covariance so that the transmitter can adjust the scheduling results based on such information. When users have difficulty obtaining the knowledge of CSIT error, they can estimate the CCI power, and use it to decide whether the current user number should be maintained or reduced for the benefit of the sum capacity. It then feeds back its decision to the transmitter, which collects feedbacks from all users and adjusts the user number accordingly. Simulation results have shown that considerable capacity improvement can be achieved by the proposed scheduling technique. And such performance gain is obtained at the cost of only one or a few bits of additional feedback per user and marginal complexity increase at both the transmitter and user side.
This technique is suggested as an enhanced MU-MIMO scheduling solution for IEEE 802.16m system.
Feedback-aided MU-MIMO Scheduling 

Consider the downlink of a MU-MIMO system with NT transmit antennas at the base station (BS) and K users receiving service from the same BS over the same time-frequency resource, each equipped with NR receive antennas. Denote the channel matrix for user-k by
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is the fading coefficient between the nth transmit antenna and the mth receive antenna of user-k. Assume that the BS only has imperfect CSIT 
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, can be caused by various reasons such as channel estimation (CE) error, feedback delay, and feedback quantization, etc. Denote by sk the number of data streams intended to user-k. It is always assumed that sk(NR and
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. At the BS, a length-sk data vector xk for user-k is first transformed to a length-NT transmitted vector by multiplying a NT(sk precoding matrix Tk. In this proposal, we will always assume that {Tk} are generated using the zero-forcing (ZF) type of multiuser precoding algorithms, such as channel inverse (CI) and block diagonalization (BD). The transmitted vectors for K users are then linearly superimposed and lunched into the channel from the antenna array simultaneously. We always assume that the elements of xk are independent and identically distributed (i.i.d.) with zero mean and unit variance. The signal vector received at user-k is 
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where nk is a vector of samples of an additive white Gaussian noise (AWGN) process with zero mean and variance (2. In (1), equation (a) follows from the fact that 
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 for (k’(k when the ZF type of precoding algorithm is used. 
The second term in the last formula of (1) denotes the residual inter-user CCI due to CSIT error, whose average power, denoted by PI, can be calculated as
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As we can see from (2), the average power of the residual inter-user CCI increases with the CSIT error, the total transmission power
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, and the interfering user number. This means that decreasing the simultaneous user number can lead to reduction of CCI, and sometimes even increase of sum capacity, with imperfect CSIT.
Fig. 1 shows the relationship between the sum capacity and the number of simultaneous users with both perfect and imperfect CSIT. For imperfect CSIT, we consider the case of slight CSIT error and severe CSIT error. Here we employ NT=4 and NR=2. The SNR is set to 20dB in this simulation. We fix the simultaneous user number K at 1, 2, 3 and 4, with one data stream assigned to each user. From Fig. 1, we can see that with different accuracy of CSIT, the optimal sum capacity is achieved with different simultaneous user numbers: The optimal simultaneous user number is 3 with perfect CSIT, and drops 2 with severe CSIT error. With slight CSIT error, the user numbers of 2 and 3 can achieve very similar performance. 
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Figure 1. The relationship between sum capacity and the number of simultaneous users with perfect and imperfect CSIT.

According to the above discussion, the optimal user number depends on the level of CSIT error, so the accuracy of CSIT should be taken into account in the MU-MIMO scheduler for user selection. However, it is not always possible for the BS to acquire the knowledge of CSIT error. Sometimes, partial information of the CSIT error, such as mean or covariance matrix, is available at the BS through feedback, and sometimes there may be no knowledge at all for the CSIT error at the BS. In the following, we will consider separately the two cases that the BS has and has no knowledge of CSIT error.

CSIT error covariance feedback

In some cases, statistical properties of the CSIT error, such as mean and covariance matrix, can be obtained at the user side. For example, if the CSIT error comes from the quantization of channel matrixes or the average of CSI feedback over a frequency band, the user can estimate the statistical properties of such error. In this circumstance, we propose a feedback-aided scheduling technique, which requires the selected users to predict the covariance matrixes of their CSIT errors and feed them back. The BS then utilizes such information to improve the scheduling result. Assuming that the capacity-maximization criterion is used for MU-MIMO scheduling, the scheduler selects a subset of users with the maximum sum capacity. From (1) we can see that the residual CCI power has an impact on the sum capacity. In the proposed technique, the BS can generates a coarse estimate of the average power of residual CCI using (2) for each user subset, based on the covariance matrixes of CSIT errors and the precoding matrixes of this subset, and take its effect into account when evaluating the sum capacity of each subset.

CCI measure feedback

In some cases, for example, when uplink sounding is used for the BS to acquire CSIT, both the users and the BS have difficulty to obtain the knowledge of CSIT error. For such circumstances, we propose a feedback-aided scheduling technique, which requires users to measure CCI level from other users, check if it is too high, and then feed back its decision to the BS. The BS then collects feedbacks from all users and adjusts its scheduling results accordingly. The proposed technique works as follows. 

Step 1: 
The BS performs conventional scheduling based on
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assuming no CSIT error.

Step 2: 
The BS generates precoding matrixes for selected users based on
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 according to the scheduling results.
Step 3:
The BS sends precoded data sequences together with pilots to selected users.

Step 4:
Each selected user estimates the average CCI power from pilot signals, and decides whether to maintain or reduce the current user number according to a certain criterion.  

Step 5:
Each selected user feeds back its decision.

Step 6:
The BS collects the feedbacks from all selected users. If a large enough part of selected users indicates cutting down the user number, it reduces the user number by 1 by dropping the user with the smallest SINR. Otherwise, it remains the original scheduling result.

Step 7:
Steps 2~6 are repeated using the updated scheduling result. 

Simulation Assumptions and Results

In this section, we use numerical results to demonstrate the advantage of the proposed feedback-aided scheduling technique. The elements in channel matrixes {Hk} are modeled as i.i.d. complex white Gaussian random variables with zero mean and unit variance. The elements in CSIT error matrixes 
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 are modeled as i.i.d. complex white Gaussian noises with zero mean and variance
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. Here we employ NT = 4 at the base station, NR = 1 or 2 per user, a total number of 4 users in a cell, and
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= 0.1 or 0.5. With two receiver antennas per user, both MMSE and non-MMSE receivers are considered. With the MMSE receiver, the user needs to estimate the equivalent fading coefficients of all interfering users, and then use the MMSE technique to suppress inter-user interference. With the non-MMSE receiver, the inter-user interference is regarded in the same way as the additive Gaussian noise without any interference suppression operation. 
Figs. 2 and 3 compare the performance of MU-MIMO systems with and without the proposed feedback-aided scheduling technique. In Fig. 2, the CSIT error covariance feedback is used and in Fig. 3, the CCI measure feedback is used. As we can see, the proposed scheduling technique can lead to considerable capacity improvement in all circumstances, especially with high CSIT error and at high SNRs. Also note that such advantage is obtained at the cost of only one or a few bits of additional feedback for each selected user and marginal complexity increase at both the transmitter and user side. 
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Figure 2. Performance comparison between MU-MIMO systems with and without the proposed scheduling technique based on the CSIT error covariance feedback.
[image: image21.emf]N

T

=4, N

R

=1, s

e

2

=0.1

0

4

8

12

16

0102030

SNR (dB)

capacity (bps/Hz)

Existing

CCI measure feedback



[image: image22.emf]N

T

=4, N

R

=1, s

e

2

=0.5

0

2

4

6

8

10

12

0102030

SNR (dB)

capacity (bps/Hz)

Existing

CCI measure feedback


[image: image23.emf]N

T

=4, N

R

=2, s

e

2

=0.1

0

5

10

15

20

25

0102030

SNR (dB)

capacity (bps/Hz)

Existing

CCI measure feedback



[image: image24.emf]N

T

=4, N

R

=2, s

e

2

=0.5

0

5

10

15

20

0102030

SNR (dB)

capacity (bps/Hz)

Existing

CCI measure feedback


Figure 3. Performance comparison between MU-MIMO systems with and without the proposed scheduling technique based on the CCI measure feedback.

Conclusions

In this proposal, we have shown that when imperfect channel information is used at the BS, the performance of MU-MIMO can be significantly improved if users can feed back some information about the statistical property of CSIT error or CCI level. We also presented a feedback-aided scheduling technique to utilize such information at the BS to reduce the detrimental effect of CSIT error on the MU-MIMO performance. Simulation results have shown that considerable performance gain can be achieved, especially with high CSIT error or at high SNRs, at the cost of one or a few bits of additional feedback for each selected user and marginal complexity increase at both the transmitter and user side. Therefore, we recommend that user feedbacks of CSIT error information or CCI level should be supported in IEEE 802.16m system to aid the successful application of MU-MIMO.
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