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1. Introduction

In this contribution we compare the single codeword (SCW) and multiple codeword (MCW) designs presented in [1] with most of the MIMO designs previously contributed for LTE.  The comparison covers the pros and cons of each scheme.
2. SCW and MCW 
In the SCW, one codeword is transmitted in the frequency-space domain. The UE predicts the best MCS and number of modulation symbols transmitted at a time r (a.k.a rank or a layer), and feeds back the information to Node B. For the next transmission, the information bits are encoded and mapped to the appropriate constellation. The modulation symbols are de-multiplexed to r data sub-streams. Each sub-stream is cyclically transmitted in the space-frequency domain such that it is transmitted from all antennas. A simple linear receiver is used to decouple the multiple transmitted modulation symbols, thus, it is not capacity achieving. More sophisticated receiver for SCW can significantly improve performance, especially at high SNR, on the expense of increasing complexity at UE. 

In the MCW scheme, multiple encoded streams of data are simultaneously transmitted. Rate prediction is done by UE for each sub-stream. The MCS of each sub-stream as well as the number of sub-streams are fed back to Node B to be used for next transmission. A successive interference cancellation (SIC) receiver is adopted. MCW with SIC is capacity achieving, hence optimal in performance. On the other hand, the SIC process can increase UE complexity as well as memory requirements. In addition, this mode requires extra overhead compared to SCW in terms of feeding back multiple MCSs and sending ACKs for multiple data sub-streams.

We use the concept of virtual-antenna signaling at the base-station, i.e., the base station creates multiple beams using the set of physical antennas, each beam corresponding to a virtual antenna. The different beams are generated carefully to preserve the channel statistics as well as to transmit same power from all physical antennas.

More descriptions on SCW, MCW, and virtual signaling are found in [1]. 
3. Diversity Modes
The STTD mode was proposed in HSDPA. For two transmit antennas, STTD achieves the full spatial diversity even in uncoded systems. In SCW with one layer (r=1), the diversity is exploited through the channel code since the codeword is transmitted over all antennas. That is particularly true when strong underlying channel code, such as Turbo, is used. The advantage of 1 layer SCW as oppose to STTD is that the UE can seamlessly transition from diversity mode to spatial multiplexing mode, depending on the channel conditions, without almost any loss.  If STTD is to be used, additional spatial multiplexing scheme is required to capture the MIMO gain. In this case a transition procedure is needed to switch between the diversity and spatial multiplexing modes 
4. MIMO Proposals
In this section we compare a number of MIMO proposals to the SCW and MCW designs. Denote the number of transmit antennas by Mt.
4.1 Code-Reuse (CR) BLAST

This is a spatial multiplexing proposal that is similar to SCW when the rank is always set to Mt. Two receiver structures are suggested, linear MMSE and SIC with ordering the received layers according to their strength. Since the different modulation symbols on all layers belong to the same codeword, the cancellation is done in a uncoded fashion. That would entail significant error propagation and would determinately affect the performance. Linear MMSE receiver is simpler and may even over perform SIC in this case. However, the absence of rank prediction algorithm could significantly affect the performance especially for highly correlated channels where the post detection SNRs (after the MMSE receiver) could be very small. In these scenarios, it is recommended to use a lower rank. The feedback overhead for CR-BLAST is the same as SISO.
SCW design would capture the diversity mode, needed for some channel conditions, by transmitting over only one layer. Moreover, it will gradually migrate to spatial multiplexing mode as channel conditions permit. The overhead is the same as CR-BLAST except for the rank feedback which is a few bits (2 bits for Mt=4).
4.2 Per-Antenna Rate control (PARC)

PARC employs multiple MCS for the multiple layers. It is a spatial multiplexing scheme that uses SIC receivers. The required feedback over head is Mt times that of SISO or CR-BLAST. However, performance gain over CR-BLAST should be significant.

This design is similar to MCW except for the rank prediction part. In MCW, we allow transmitting less than Mt layers at a time if the overall throughput is higher that way. For instance, at low SNRs only one layer is transmitted so that the system operates in a diversity mode. PARC doesn’t allow this flexibility by limiting the number of layers to Mt. 

4.3 Selective Per Antenna Rate Control (S-PARC)

S-PARC is the same as PARC except for selecting the best antennas to use for transmission. If Node B employs one PA per antenna, this selection process will entail power loss as only subset of antennas will be used in transmission. In addition, this scheme would require more overhead than SISO, SCW, and MCW due to specifying the best set of antennas. If we ignore the power loss and overhead effects, transmitting over the best r antennas (as in  S-PARC) is better than transmitting r layers cyclically over all antennas (as in MCW), as the later experiences the average channel while the former experiences the best r channels. 
If we can afford the increased overhead, having selection with MCW would over perform S-PARC due to the virtual antenna signaling. Virtual signaling allows always utilizing the total power form all antennas even with selection as, in this case, the best r virtual antennas will be used for transmission rather than the best r physical antennas. 

4.4 Double (D) STTD 
This scheme employs double STTD when 4 transmit antennas are used. All transmitted modulation symbols belong to the same codeword. The modulation symbols in the same STTD block are orthogonal, those at different STTD blocks are not. A linear MMSE receiver may be sued to decouple the non-orthogonal modulation symbols. This scheme limits the spatial multiplexing order to 2 and would achieve very close performance to SCW with two layers. In addition SCW would allow going to higher spatial multiplexing orders as well as covering the spatial diversity mode.  

4.5 DSTTD with Sub Group Rate Control

This scheme is similar to DSTTD except for transmitting two codewords, one on each sub-stream. That modification would allow for an efficient use of SIC receivers. However, since each sub-stream is only transmitted from 2 transmit antennas, the overall diversity order attained by each sub-stream is less. Moreover, the spatial multiplexing limitations described Section 4.4 still hold. 
4.6 Per-Stream Rate Control (PSRC)

PSRC is similar to PARC except that each layer is transmitted over a quantized Eigen direction of the channel. This approach can potentially improve throughput on the expense of higher feedback overhead.

4.7 Per User Unitary rate Control (PU2RC)

This scheme allows multiplexing users on the same time-frequency resources if they appear to be spatially distant. It is helpful in the scenarios of high SNRs and limited dimensionality as it opens up more dimensions for data transmission. The UE needs to feedback some information about its spatial direction in addition to the regular CQI.
5. Summary

In this section we summarize the description of major MIMO proposals in Section 4 in Table 1. SU-MIMO means only one user is scheduled at a time, while MU-MIMO means multiple users can be scheduled simultaneously. Mt denotes the number of physical antennas in the transmitter. 
Table 1

	MIMO Scheme
	MIMO Mode
	Key Features
	Feedback overhead per UE

	SCW
	- Transmit diversity and spatial multiplexing

- Single encoded stream based SU-MIMO
	- Predefined transmit matrix based virtual antenna for efficient PA utilization

- Permutation of virtual antennas for maximal diversity

- Adaptive virtual antenna rank prediction or subset selection 
	- Single ACK

- Single CQI

- Virtual antenna rank or subset indicator

	MCW
	- Transmit diversity and spatial multiplexing

- Multiple encoded stream based SU(/MU)-MIMO
	- Predefined transmit matrix based virtual antenna for efficient PA utilization

- Permutation of virtual antennas for maximal diversity and spatially-uniform channel quality

- CQI feedback reduction by differential CQI report for SIC 

- Adaptive virtual antenna subset selection

- Re-encoded stream based SIC is available
	- Multiple ACKs

- Single CQI & one or multiple differential CQI(s)

- Virtual antenna subset indicator 



	CR-BLAST
	- Spatial multiplexing

- Single encoded stream based SU-MIMO
	- Spatial multiplexing with fixed rank of Mt assuming the number of receive antennas is not smaller than Mt
	- Single ACK

- Single CQI

	PARC
	- Spatial multiplexing

- Multiple encoded stream based SU(/MU)-MIMO
	- Spatial multiplexing with fixed rank of Mt assuming the number of receive antennas is not smaller than Mt
- Re-encoded stream based SIC is available
	- Multiple ACKs

- Multiple CQIs

	S-PARC
	- Spatial multiplexing

- Multiple encoded stream based SU(/MU)-MIMO
	- Adaptive physical antenna subset selection
- Adaptively move power among PAs if per-antenna PAs are designed
- Re-encoded stream based SIC is available
	- Multiple ACKs

- Multiple CQIs

- Physical antenna subset indicator 



	D-STTD
	- Transmit diversity and spatial multiplexing with Mt/2 order

- Single encoded stream based SU-MIMO
	- No inter-stream interference between the STTD-encoded pairs

- Especially targeted to asymmetric number of Tx/Rx antennas (more Tx antennas)
	- Single ACK 

- Single CQI

	DSTTD-GRC
	- Transmit diversity order of at most 2 and Spatial multiplexing order of  Mt/2

- Multiple encoded stream based SU(/MU)-MIMO
	- No inter-stream interference between the STTD-encoded pairs

- Especially targeted to asymmetric number of Tx/Rx antennas (more Tx antennas)
- Re-encoded stream based SIC is available
	- Multiple ACKs
- Multiple CQIs



	PSRC
	- Potential beamforming gains and spatial multiplexing

- Multiple encoded stream based SU-MIMO
	- Desired precoding matrix selection by UE
- Transmit precoded multiple streams

- Re-encoded stream based SIC is available if the precoding matrix is not a perfect singular vector
	- Multiple ACKs
- Multiple CQIs

- Single precoding matrix index

	PU2RC
	- Potential beamforming gain and spatial multiplexing
- Multiple encoded stream based MU-MIMO
	- Selection of desired precoding matrix and column indices by UE
- Grouping users and selection of the best precoding matrix by Node-B
- Simultaneous transmission of precoded users belonging to the selected group  
	- Multiple ACKs

- Multiple CQIs (one per selected columns)

- Single precoding matrix index

- Column subset indicator  


6. Conclusion


In this contribution, we compared the SCW and MCW designs to some of the previously proposed MIMO designs for LTE. We show the benefits of the SCW/MCW design presented in [1] and the ability to cover different MIMO modes in a simple seamless design.  
In particular, the design in [1] covers the transmit diversity mode if one layer is transmitted cyclically. If the channel can support spatial multiplexing, the SCW/MCW design tailor the spatial multiplexing order to channel conditions. In addition, due to cycling different layers in space-frequency domain, the design fully exploits the transmit diversity per layer. 

Another important aspect in the design is the ability to fully utilize the total available power by always transmitting from all physical antennas even if selection is employed. That is done through the virtual antenna concept described in [1]. It is FFS whether both SCW and MCW or only one of them can be used in E-UTRA.
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