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1 Introduction
Multiple-Input Multiple-Output (MIMO) technology using multiple transmit and receive antennas is considered one of essential elements for Evolved UTRA in order to achieve the required spectral efficiency and high data rates [1]. In this contribution, we propose a new multiuser precoding MIMO scheme named successive interference cancellation (SIC) based Per User and Stream Rate Control (S-PUSRC), which is characterized by SIC based multiple stream reception and the feedback of decoding order for efficient multiuser scheduling. Furthermore, we propose a particular form of precoding matrix, whose column vectors correspond to beamforming vectors of the switched beamforming (SBF) system. The proposed precoding matrix is applicable to a variety of precoding based MIMO schemes.

2 Precoding MIMO techniques
We prefer to use precoding MIMO technique with a predetermined set of multiple precoding matrices. In previous schemes such as Per-Antenna rate control (PARC), Per-User Unitary Rate Control (PU2RC), and Selective Per Stream Rate Control (S-PSRC), a set of unitary matrices including the identity matrix was suggested as precoding matrices [2]. By employing a predetermined set, excessive feedback overhead may be avoided and by allowing multiple precoding matrices, the performance can benefit from adaptive transmission by adopting cell-specific precoding matrices well suited for given channel environment. 
One common feature shared by these precoding MIMO schemes is that each data stream forms an independent coding block and thus, the SINR estimation and rate control can be done on a stream by stream basis. The use of independently coded streams also has the advantage in performance by allowing reliable SIC based on post-decoding symbols at the receiver, which is not permitted in the conventional single-stream transmission.
PARC, a single-user MIMO scheme employing a separate data stream for each transmit antenna, was shown to achieve open-loop MIMO capacity when it is coupled with SIC and decoding at the receiver. In contrast to the PARC, as a modified scheme, PSRC performs precoding with a unitary matrix before transmitting to a user. Meanwhile PU2RC was designed as a multiuser MIMO scheme transmitting multiple data streams to multiple users simultaneously to utilize the multiuser diversity in the spatial domain. In this multiuser scheme, a maximum performance can be achieved by allocating each stream to a “good” UE with the aid of SINR’s of the data streams reported by all UE’s.
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Figure 1: Transmitter structure of S-PUSRC
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Figure 2: Receiver structure of S-PUSRC
3 Transmitter and receiver structure 

Figures 1 and 2 show schematic diagrams of the basic transmitter and receiver structure of S-PUSRC, respectively, which are much similar to those of PARC, PSRC, and PU2RC. At the transmitter in Fig. 1, depending on stream allocation, the user data is directly fed to the encoder as a single stream or branched into a number of low-speed data streams, which are encoded and mapped to a series of constellation symbols. These symbols are further either multiplied by a precoding vector or mapped separately to transmit antennas. The selection of users and precoding vectors is controlled by the feedback information from UE’s.

At the receiver in Fig. 2, the Channel Estimator estimates channel coefficients from pilot symbols, from which SINR’s for each data stream are estimated. Note that the estimated SINR’s can vary depending on the detection algorithm even with the same received signals. In the case of multiple stream reception, the SIC based on decoding symbols is performed on a stream-by-stream basis; the decoder proceeds to one data stream after another. Once the data stream is decoded, the symbols are reconstructed from the decoded bit stream, multiplied by channel coefficients and subtracted from the received signals. The decoding, and cancellation processes are repeated until all the data streams are recovered.
The choice and multiplicity of the precoding matrices may vary depending on cell environment. For example, a cell may use a single precoding matrix (or a set of precoding vectors), which is pre-informed to all UE’s in the cell. When multiple precoding matrices are employed in one cell, the UE may choose a precoding matrix depending on channel condition and identify the precoding matrix with additional feedback bits.
4 S-PUSRC
4.1 Basic description
S-PUSRC is compatible with any MIMO transmission schemes employing independently coded multiple streams and a predetermined set of precoding matrices or vectors and hence we do not presume the specifics of the precoding matrices or vectors here.

In the multiuser MIMO scheme PU2RC, the UE reports back the SINR’s for each data stream for a given unitary precoding matrix and an index to the unitary matrix. The SINR’s for data streams can be obtained after estimating MIMO channel coefficients using pilot symbols. Although the receiver itself may employ SIC as in PARC when more than one data streams are allocated to the UE, the estimation of the SINR’s that are reported back by the UE is solely based on the detection of the received signals without incorporating SIC process and information regarding the stream ordering for decoding and cancellation is not provided to the BS. 
In S-PUSRC, the receiver is assumed to perform SIC based on decoding symbols, and the feedback information consists of the decoding order and the post-detection SINR’s for each data stream estimated under the assumption of perfect cancellation of preceding streams in SIC. In more detail, the decoding order and the post-detection SINR’s are obtained through following processes. First, post-detection SINR’s for each data stream are calculated using the estimated channel coefficients, and the data stream with the largest post-detection SINR is chosen to be at the top of the decoding order list. Assuming that the decoding and cancellation process at the receiver exactly removes the interference due to the selected stream from the received signals, post-detection SINR’s are re-estimated for remaining data streams. Again, the stream with the largest post-detection SINR is selected as the next stream in the decoding order. Repeating this process, the decoding order and its associated post-detection SNR’s are obtained.
The benefit of the feedback of the decoding order and SIC-based SINR’s, in combination with an appropriate multiuser scheduling algorithm, is that multiuser diversity can be fully exploited in stream allocation and simultaneously, the SINR gain due to the SIC process at the receiver when more than one data streams are allocated to one UE brings about improvement in system performance. Once the stream allocation is decided, the modulation and coding scheme (MCS) for the allocated data streams can be determined using the corresponding reported SINR’s. 
4.2 Multiuser scheduling
In this section, the multiuser scheduling process in S-PUSRC is described. The UE is required to feed back the decoding order in addition to SINR’s for a predetermined number of data streams. The BS decides on which data stream is to be allocated to which user by taking into account the feedback information collected from all active users but under the following constraints.

1. One data stream cannot be allocated to more than one user. 

2. The i-th data stream can be allocated to a certain user only when the data streams that precede the i-th stream in the decoding order list of the user have been allocated to the same user. 
As an example of such user scheduling, consider four transmit antennas at the BS and three active UE’s. Assume the following decoding order was reported by the UE’s.

.
	UE
	Decoding order of data streams

	UE1
	3   1   4   2

	UE2
	2   3   1   4

	UE3
	4   2   1   3


If data streams 2 and 3 have been allocated to UE2, data stream 4 can be allocated to UE3. However, the remaining data stream 1 cannot be allocated to UE1 without breaking the constraints because data stream 3 has not been allocated to UE1.  However, if the data streams 3 and 1 have been allocated to UE1, data stream 2 can be allocated to UE2 and the remaining data stream 4 can be allocated to UE3.
The MCS of a particular stream is chosen based on the reported SINR of the stream. When a multiple number of data streams are allocated to a user, the User Selector breaks the user’s bit stream into parallel streams and assigns each to one of the data streams. At the receiver side, when multiple streams have been allocated, the UE employs stream-by-stream SIC and decoding following the decoding order in the feedback information.
4.3 Capacity comparison

Figure 3 shows capacity comparison between the three MIMO schemes, i.e, PARC, PU2RC, and S-PUSRC as a function of the total number of available users. The capacities are calculated using the identity precoding matrix for four transmit antennas at the BS and four receive antennas at each UE with an average received SNR of 10 dB. For a given set of SINR’s the capacity is estimated using the following formula. 
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where M is the total number of data streams (4 in this example), and SINRk represents the SINR estimated for the k-th data stream. For PARC and S-PUSRC, the SINR’s of the data streams for each UE are obtained through multiple MMSE detection processes coupled with stream-by-stream SIC. For PU2RC, the SINR’s are obtained through a one-step MMSE detection process without SIC. 

The user and stream allocation in each scheme is done to maximize the capacity. Since four antennas are employed at the transmitter a maximum of four different users can be accommodated in multiuser schemes like PU2RC and S-PUSRC. For PARC, the streams are allocated to the single best UE maximizing the capacity while in S-PUSRC, the streams are allocated to multiple UE’s maximizing the capacity under the scheduling constraint described in the previous section. For PU2RC, maximum one data stream is allowed to one UE and each stream is allocated to the UE with the largest SINR for the stream.

As shown in Fig. 3, when the total number of available users is small PARC has a larger capacity than PU2RC due to its capability of SIC whereas as the number of users increases PU2RC has a larger capacity than PARC due to increasing user diversity. The newly proposed scheme S-PUSRC has the largest capacity regardless of the number of users. When the number of users is small (< 3), S-PUSRC shows much similar capacities with the single-user scheme PARC. However, as the number 
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Figure 3: Capacity comparison of PARC, PU2RC, and S-PUSRC

of users increases, the gain from the multiuser scheduling exploiting multiuser diversity begins to play a role and the capacity gain over PARC widens.

5 Comb-type precoding
In this section, we propose a precoding matrix P, whose column vectors are given below.
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N is a number of antenna elements, 
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is a precoding vector, k  is the wavenumber, 
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 is the steering direction, and d is the spacing between adjacent antenna elements. Note that the precoding vector is equivalent to a switched beamforming weight vector. The steering angles are determined such that the even- or odd-numbered column vectors are orthogonal from each other. The spacing between antenna elements is set to be much larger than the conventional half wavelength. The large element spacing gives rise to multiple beams with a narrow beam width, which are expected to experience different clusters of scatterers that are separated in space and thus, resulting in the angular diversity. 
Figure 4 shows antenna gain patterns when the element spacing is four wavelengths and a half wavelength, respectively, with the same steering direction of 0 degree. The gain patterns have been obtained using commercial electromagnetic simulation software. Compared with the pattern for the half-wavelength separation, the pattern for the four-wavelength separation has a narrower beam width as expected, and there appear six replicas of the main lobe in the directions other than the steering direction. Those replicas are called grating lobe and are due to the large element spacing. The gain differences between grating lobes result from the fact that the gain pattern of a single antenna element is not uniform over the azimuth angle. Note that the antenna gain at the steering direction is a little larger compared with the case of half-wavelength separation despite the larger antenna element spacing, showing that there is no loss in SNR regardless of the element spacing. Furthermore, similar interference mitigation effect is expected because the total beam width of grating lobes does not vary much with changing the element spacing.
[image: image9.emf]-60 -40 -20 0 20 40 60

-10

-5

0

5

10

15

20

Azimuth[deg]

Gain[dB]

4.0 lambda

0.5 lambda


Figure 4: The gain pattern of the antenna array
Figure 5 shows an example of beam patterns when four antenna elements with four wavelength spacing is used at the BS. For simplicity, only four beam patterns associated with odd-numbered column vectors are shown. Beam patterns for even-numbered column vectors are similarly located between them. As an example, we consider two UE’s in different channel environments. For UE #1 the channel has an rms angular spread of 0.5 degree, and for UE #2 an rms angular spread of 2 degree. For UE #1, a single data stream is transmitted using beam #7 to fully acquire antenna gain and to minimize interference to other UE’s. For UE #2, the angular spread is large enough to cover both beam #1 and beam #3. The two beams would experience different scatterers and thus fading correlation between the two beams is expected to be small. Thus, for UE #2, we may transmit two data streams through beam #1 and beam #3
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Figure 5: Transmit beam patterns
6 Conclusion 
In this contribution, we have proposed a new multisuer MIMO technique named S-PUSRC for Evolved UTRA downlink, which is comprised of multistream-multiuser transmission, SIC based stream-by-stream reception, the feedback of decoding order and SINR’s, and appropriate multiuser scheduling. The S-PUSRC scheme, taking benefits in exploiting multuser diversity and high SINR gain through SIC based reception, is found to achieve capacity gain over previously suggested schemes such as PARC, PSRC, and PU2RC. In addition, we have proposed switched beamforming weight vectors as precoding vectors. 
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