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Advanced downlink MIMO design
Hongwei Yang, Xiaolong Zhu, Keying Wu, Yang Song, Liyu Cai

Alcatel Shanghai Bell Co., Ltd.
1. Introduction
IEEE802.16m system requires higher performance enhancements of peak data rate, sector throughput and cell edge user throughput, as well as higher mobility and larger coverage. Advanced MIMO techniques will play important roles in satisfying these targets. This contribution presents some basic considerations about downlink MIMO design.
2. Overview of MIMO modes
3. 
4. 
5. 
6. 
7. 
8. 
It is not possible to reach all of the challenging targets of 16m system by using a single MIMO mode. Multiple MIMO modes shall coexist in the 16m system to adapt to services and environments. We prefer to design a uniform, multi-mode, adaptive MIMO architecture consisting of single-user MIMO (SU-MIMO), multi-user MIMO (MU-MIMO) and multi-BS MIMO as shown in the scenarios of Figure 1:
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Figure 1 An application scenario of MIMO modes for 16m system
For SU-MIMO, each user is served by a single BS. It mainly targets for optimizing the single-user-achievable peak data rate. 
For MU-MIMO, several users are served by one BS by sharing the same radio resource simultaneously. It is most suitable for heavily loaded systems in cell center, where maximization of overall system throughput is the primary concern.
For multi-BS MIMO, multiple users are served by multiple BSs with the same radio resources. In this manner, cell-edge user throughput and cell coverage are improved significantly due to efficient interference reduction through BS coordination.
9. SU-MIMO
Some SU-MIMO techniques have been defined in IEEE 802.16e. Considering the higher system requirements on data rate, coverage and mobility, these techniques need further enhancement in the IEEE 802.16m as described in the following subsections. Besides, the closed-loop MIMO with the transmitter making use of the channel information to further enhance the system performance may be considered. Two aspects are critical to closed-loop MIMO, one is the acquisition of (long-term or short-term) channel information at the transmitter, including the quantization and feedback from the terminal; and the other is how to generate the weighting matrix according to the available channel information. The impact of inter-cell interference can also be considered when designing the weighting matrix, for example, using the MIMO plus beamforming technique.
9.1 2TX

9.1.1 Spatial diversity with rate-1
In legacy system, STBC (space-time block coding) is defined as Matrix A to provide the spatial diversity gain
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where the ith row gives the symbols transmitted in ith antenna and the jth column gives the symbols transmitted in jth time slot.

Considering the IEEE 802.16m requirement for mobility up to 350 kmph (even 500 kmph in some deployment), STBC is not appropriate for such high speeds due to performance degradation from channel fading in a STBC block. Therefore, the SFBC (space-frequency block coding) should be considered due to robustness to mobility. SFBC also employs the Matrix A format in (Equation 1) but jth column representing the symbols transmitted in jth subcarrier. 

STBC is preferred at low mobility where the channel response matrix can be regarded as quasi-static for two consecutive time slots. SFBC is preferred at low delay spread where the channel response matrix is quasi-static for two adjacent subcarriers. To support complicated scenarios in terms of mobility and delay spread, switching between STBC and SFBC can also be considered in the IEEE 802.16m.

9.1.2 Spatial multiplexing with rate-2
In legacy system, SM (spatial multiplexing) is defined as Matrix B to provide the data rate gain
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where the ith row gives the symbols transmitted in ith antenna.
SM is preferred at high geometry with good channel condition, but it suffers from performance loss under correlated channel due to sensitiveness to channel spatial correlation.
In order to improve the robustness of SM against channel condition as well as to reduce the complexity of the full rate full diversity code, a linearly dispersed SM code can be utilized, such as
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where 
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. Simulation results show that the new code achieves the same performance as SM for spatially independent channel but much better performance than SM for strongly correlated channel. 

3.2 4TX

3.2.1 Spatial diversity with rate-1
CDD (cyclic delay diversity) increases the frequency selectivity of channel by artificial multiple paths, and is especially useful for transferring the control signaling which should be received by all types of terminals. But the performance of CDD is highly dependent on the delay setting. To alleviate the impact of delay setting, antenna permutation can be applied, as shown in the below figure. The mapping pattern between the outputs of CDD and the transmit antennas can vary with time in a certain fashion. For example, in the nth time slot, the ith output of CDD is mapped onto the ith transmit antenna while in the (n+1)th time slot, it is mapped onto the (M-i+1)th antenna, where M=4 is the total number of transmit antennas. 
Antenna permutated CDD can also work together with other rate-1 MIMO schemes, such as CDD plus STBC or CDD plus SFBC.
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3.2.2 Spatial diversity/multiplexing with rate-2
The combination with antenna permutated CDD with SM shall provide both spatial diversity gain and spatial multiplexing gain with a data rate of 2.
Additionally, with knowledge of the long-term channel information, a layered SM scheme can be considered, which multiplexes several Alamouti-coded matrixes and transmits them simultaneously. Each Alamouti-coded matrix is referred to as a layer. Different layers employ different power levels, which are designed carefully to optimize the system performance and can be implemented with the aid of very limited long-term feedback. This scheme can achieve both the diversity and multiplexing gain. The detection complexity involved is low, which is to the same order as that of the Alamouti code. 
The following figure illustrates the transmitter structure of the layered SM for 4Tx. (1 and (2 denote random interleavers while p1 and p2 denote the power levels for layer-1 and layer-2, respectively, and “Mod” the constellation modulator.
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3.2.3 Spatial multiplexing with rate-4

The layered SM scheme can be generalized to the rate-4 scenario, by increasing the layer number to four and removing the Alamouti encoder. Different layers still use different power levels. As compared with the Matrix C
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                                   (Equation 4)

the layered SM scheme is more robust to the channel spatial correlation, and is more suitable to work with SIC receiver (successive interference cancellation) for performance improvement.
10. MU-MIMO
With multiple transmit antennas, BS can perform simultaneous transmissions to multiple users over the same radio resource. This technique, known as MU-MIMO, can be regarded as a generalization of single-user spatial multiplexing where transmissions on multiple spatial channels are dedicated to a single user. Compared with SU-MIMO, MU-MIMO has an advantage in the cell throughput and spectral efficiency, and its performance gain is not limited by the receive antenna number at the terminal side.
MU-MIMO contains three basic technical ingredients: the MU (multi-user) precoding, MU scheduling and MU channel measurement. MU precoding properly weights the data sequences of all users, so that the interference among messages to different users is minimized or effectively controlled. MU scheduling selects users with the best channel quality and near-orthogonal spatial properties to maximize the overall throughput. MU channel measurement provides the BS with (part of) the channel information necessary for MU precoding and scheduling.
4.1 Multi-user precoding

MU precoding can be implemented in different ways based on different kinds of channel information available at the BS. Basically, it can be divided into two categories:

· Precoding based on fixed beamforming: Precoding matrixes are selected by users from a common codebook shared by the BS and all users, and then fed back to the BS. 

· Precoding based on adaptive beamforming: Precoding matrixes are designed by the BS based on the channel information of all users. 

In this contribution, we focus on linear precoding based on adaptive beamforming, which can be implemented using linear beamforming whose weights are computed based on knowledge of the channel phase and amplitude at the BS. The multi-user eigenmode transmission (MET) algorithm can be used to generate beamforming weighting matrixes, which performs simultaneous transmissions on the eigenmodes of different users. The eigenmodes beamformed to different users are weighted such that they are mutually orthogonal, i.e., one user receives no interference from any eigenmodes destined for other users. In general, the number of orthogonal beams that can be supported is no more than the number of transmit antennas. This technique can effectively control the inter-user co-channel interference (CCI) and increase the overall throughput with even single-antenna users.

4.2 Multi-user scheduling

The aim of multi-user scheduling is to maximize the overall throughput by proper selecting users for MU-MIMO transmission. Most existing scheduling strategies tend to select as many simultaneous users as possible. However, when imperfect channel state information (CSI) or precoding information is used at the BS, which is the most likely case in practice, increasing the simultaneous user number does not always lead to a higher throughput, since the BS may fail to effectively control the CCI in this case, and the increased CCI grows with the number of simultaneous users. Thus, decreasing the number of simultaneous users can reduce the CCI and sometimes even lead to a larger overall throughput. The optimal user number depends on the accuracy of the channel state information at the transmitter (CSIT) or precoding information. 
To better control the inter-user CCI with imperfect CSIT or precoding information, advanced scheduling techniques shall be designed in 16m to adaptively adjust the simultaneous user number based on the CSIT error or CCI level. For this purpose, a feedback-aided scheduling technique can be introduced, which adjusts the user number 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 BS can refine the scheduling results based on such information. Otherwise, they measure the inter-user CCI power and check if it is too high. They then feed back their decisions to the BS, which collects feedbacks from all users and adjusts the user number accordingly. 

4.3 Multi-user channel measurement

MU precoding and scheduling require channel information at the BS, and the channel measurement mechanism provides a means for the BS to acquire such information. In the TDD mode, the BS can obtain the downlink channel information through uplink sounding or uplink channel estimation, due to the reciprocal property of downlink and uplink. In the FDD mode, user feedback is necessary for the BS to get the downlink channel knowledge, since there is no reciprocity between the downlink and uplink. 

Compared with SU-MIMO, MU-MIMO generally has higher sounding/feedback overhead, since its performance is more sensitive to the inaccuracy of channel knowledge. The overhead becomes even heavier when MU precoding and scheduling are performed jointly, in which case the BS needs to know the channel knowledge for all users in the cell, not only for active users selected for MU-MIMO service.

To alleviate the overhead, hierarchical sounding/feedback mechanism can be applied, in which long-term statistical channel information of all users, such as the mean channel matrixes and channel quality information, is used in for MU scheduling, and instantaneous channel information of selected users is used for MU precoding. Since the long-term statistical channel information changes much slower, it can be updated in a much lower speed, which can effectively reduce the overhead of MU scheduling. In the precoding phase, instantaneous channel information is still used to guarantee good performance. Considering that the selected user number is always much smaller than the total user number, the proposed idea is effective in channel measurement overhead reduction.
11. Multi-BS MIMO
Multi-BS MIMO transmission is another trend of MIMO transmission techniques, where joint MIMO transmission from multiple BSs to multiple MSs is allowed over the same radio resource through BS coordination. With multi-BS MIMO, some of the cellular mobile network limitations such as inter-cell interference (ICI) can be reduced significantly.

Although there may be various multi-BS downlink MIMO solutions, the basic feature in common is: each MS can receive its signals from multiple BSs over the same radio resource, what’s more, it is desired that each BS can transmit multiple MSs’ signals over the same radio resource.
The following several sections need to be enhanced to support multi-BS MIMO.
5.1 Multi-BS MIMO transmit solutions

Two main alternative solutions, Collaborative MIMO and Network MIMO, can be introduced for consideration in 802.16m with different tradeoffs between performance and implementation cost.
5.2 Downlink pilot design

The pilot patterns of 16m shall be sufficiently flexible and efficient such that not only various SU-MIMO schemes and MU-MIMO schemes are supported, but also the multi-BS MIMO transmission is supported in terms of accurate channel estimation. To solve this problem, a flexible pilot pattern design with configurable pilot reuse factor can be introduced.
5.3 Inter-BS exchange of channel information and control signaling

This requires backhaul support and a certain inter-BS coordination functional entity to be involved in the BS.
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6. Tex proposal
-----------------------------------------Start of Text Proposal for SDD------------------------------------------
11.x Downlink MIMO
Multiple MIMO modes shall coexist to adapt to services and environments, including the single-user MIMO (SU-MIMO), multi-user MIMO (MU-MIMO) and multi-BS MIMO.

11.x.x SU-MIMO

11.x.x.x 2 Tx
STBC (space-time block coding) is defined as Matrix A to provide the spatial diversity gain
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where the ith row gives the symbols transmitted in ith antenna and the jth column gives the symbols transmitted in jth OFDM symbol. SFBC (space-frequency block coding) shall be also defined by employing the Matrix-A format in (Equation 1) with the jth column representing the symbols transmitted in the jth subcarrier. S
witching between STBC and SFBC shall also be considered.



In order to improve the robustness of SM (spatial multiplexing) against channel condition, a linearly dispersed SM code shall be considered, given by
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where 
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11.x.x.y 4 Tx
CDD (cyclic delay diversity) increases the frequency selectivity of channel by artificial multiple paths, and shall be considered for transferring the control signaling which is required to be received by all types of terminals. To alleviate the impact of delay setting on CDD, antenna permutation is necessary where the mapping pattern between the outputs of CDD and the transmit antennas may vary with time in a predefined fashion. 
Antenna permutated CDD can work together with other MIMO schemes, such as CDD plus STBC, CDD plus SFBC, CDD plus SM.
With knowledge of the long-term channel information, a layered SM scheme shall be considered, as shown in the below figure, which multiplexes several Alamouti-coded matrixes and transmits them simultaneously. Each Alamouti-coded matrix is referred to as a layer. Different layers employ different power levels that are designed with the aid of very limited long-term feedback. (1 and (2 denote random interleavers while p1 and p2 denote the power levels for layer-1 and layer-2, respectively, and “Mod” the constellation modulator.
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The layered SM scheme can be generalized to the rate-4 scenario, by increasing the layer number to four and removing the Alamouti encoder. Different layers still use different power levels. As compared with the Matrix C
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                                   (Equation 3)

the layered SM scheme is more robust to the channel spatial correlation, and is more suitable to work with SIC receiver (successive interference cancellation) for performance improvement.
11.x.y MU-MIMO
In the MU-MIMO, BS performs simultaneous transmissions to multiple users over the same radio resource.

MU-MIMO contains three basic technical ingredients: the MU (multi-user) precoding, MU scheduling and MU channel measurement. 
MU precoding properly weights the data sequences of all users, so that the interference among messages to different users is minimized or effectively controlled. MU precoding can be implemented in different ways based on channel information available at the BS. Basically, it can be divided into two categories:

(1) Precoding based on fixed beams: Precoding matrixes are selected by terminals from a common codebook shared by BS and all users, and then fed back to the BS. 
(2) Precoding based on adaptive beams: Precoding matrixes are designed by BS based on the channel information of all users. 

For linear precoding based on adaptive beams, the multi-user eigen-mode transmission (MET) algorithm shall be used to generate beamforming weighting matrixes. MET performs simultaneous transmissions on the eigenmodes of different users, and the eigenmodes to different users are weighted such that they are mutually orthogonal.
MU scheduling selects users with the best channel quality and near-orthogonal spatial properties to maximize the overall throughput. 
To better control the inter-user CCI (co-channel interference) with imperfect CSIT (channel state information at the transmitter) or precoding information, a feedback-aided scheduling technique shall be used, which adjusts the user number 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 BS can refine the scheduling results based on such information. Otherwise, they measure the inter-user CCI power and check if it is too high. They then feed back their decisions to the BS, which collects feedbacks from all users and adjusts the user number accordingly.
MU channel measurement provides the BS with (part of) the channel information necessary for MU precoding and scheduling.
To alleviate the overhead needed by MU channel measurement, hierarchical sounding/feedback mechanism shall be applied, in which long-term statistical channel information of all users, such as the mean channel matrixes and channel quality information, is used in for MU scheduling, and instantaneous channel information of selected users is used for MU precoding. 
11.x.z Multi-BS MIMO
In the multi-BS MIMO, joint MIMO transmission from multiple BSs to multiple MSs is allowed over the same radio resource through BS coordination. With multi-BS MIMO, some of the cellular mobile network limitations such as inter-cell interference (ICI) can be reduced significantly.

The basic features of the multi-BS MIMO are: each MS can receive its signals from multiple BSs over the same radio resource, and each BS can transmit multiple MSs’ signals over the same radio resource.
Two main alternative solutions to multi-BS MIMO are Collaborative MIMO and Network MIMO, which achieve different tradeoffs between performance and implementation cost.
The pilot patterns of MIMO shall be sufficiently flexible and efficient such that not only various SU-MIMO schemes and MU-MIMO schemes are supported, but also the multi-BS MIMO transmission is supported in terms of accurate channel estimation. To this end, a flexible pilot pattern design with configurable pilot reuse factor shall be introduced.
Multi-BS MIMO shall properly define the inter-BS exchange of channel information and control signaling through backhaul.
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---------------------------------------------- End of Text Proposal for SDD-------------------------------------
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