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1. Summary
Several contributions have explored the differences between single and multiple-codeword antenna systems [1], [2].  In this contribution, we evaluate the link throughput performances of single (SCW) and multiple codeword (MCW) systems using a unitary pre-coding technique that uses vector quantization and Householder reflections to preserve the unitary matrix properties.  This technique is described in more detail in [3-7].  
A pre-coded SCW (or MCW) system will outperform a non-pre-coded MCW system such as PARC or S-PARC when the number of Tx antennas is greater than the number of receive antennas (such as for a 4x2 system) or for symmetric configurations where the number of streams is less than the number of antennas (such as a 2x2 system with 1 stream).  This is because systems like PARC or S-PARC by definition do not use the extra Tx antennas to obtain beam-forming gain.  This has been confirmed in a number of contributions [1], [2].  
In this contribution, we focus on comparing a pre-coded SCW with a pre-coded MCW system, and we compare a non-precoded SCW system with a non-precoded MCW system too.   We find that with small coded block sizes (i.e., a single RB), a pre-coded SCW system actually performs a little better than the MCW at low SNR.  This can be explained because of the turbo coding gains derived from the doubling the coded block size.  For larger block sizes, the pre-coded MCW performs slightly better than an SCW system, but with higher computational complexity.  We find that the feedback requirement of the SCW system with optimal pre-coding (in the sense defined above) is comparable or even less than that of an MCW system.
2. Application Scenario and System Model
In Figures 1-4, we depict examples architectures for MCW and SCW systems with precoding.  The SCW system uses adaptive modulation, but a common code rate on the spatial streams.  An MMSE receiver is used.  The MCW system uses an SIC receiver.   Precoding is performed using the technique described in [3-7].   Other link-level simulation parameters are listed in the Appendix.  
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Figure . Example transmit architecture for MIMO with precoding and adaptive bit loading
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Figure 2. Example receive architecture for SCW MIMO with precoding and adaptive bit loading 
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Figure 3. Example transmit architecture for MCW MIMO with precoding
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Figure 4. Example receive architecture for MCW MIMO with precoding (modified from [1])
3. Performance Results 
We see from Figure [5] below that for non-precoded systems, MCW systems out-perform SCW systems, because there is significant cross-talk which the SIC receiver can cancel.   However, for pre-coded systems, we see about only about 0.1 dB gain between MCW and SCW systems, since there is little crosstalk in a precoded system, and therefore there is little advantage to an SIC receiver.  We also find that 4x2 systems give a beam-forming gain of about 3 dB over 2x2 systems as expected.  

Figure [6] depicts performance for a smaller coded block size of one RB.  Figures [5] and [6] show similar relative performance, except that for smaller coded block sizes, the precoded SCW system performs better than the precoded MCW system.  This is because of the gains seen by the turbo-coding for these smaller block sizes, where doubling the block size for a SCW system can provide significant gain.   All of the curves show lower performance than for Figure 1, because of the turbo-coding effect.
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Figure 5. Throughput comparison for 2 by 2 downlink channel with 2 data streams, and a 4 by 2 downlink channel with 2 data streams.   The coded block size fits into three resource blocks.   
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Figure 6. Throughput comparison for 2 by 2 downlink channel with 2 data streams, and a 4 by 2 downlink channel with 2 data streams.   The coded block size fits into a single resource block.   
4. Feedback 
When comparisons are made on the feedback for pre-coding, we need to factor in three items:  H-ARQ, CQI, and pre-coding.  In this comparison, we use the feedback table in [5] for the number of feedback bits used for the pre-coding technique. 
	
	2×2,

1 stream
	2×2,

2 streams
	4×2,

1 stream
	4×2,

2 streams
	4×3,

1 streams
	4×3,

2 streams
	4×3,

3 streams
	4×4,

1 streams
	4×4,

2 streams
	4×4,

3 streams
	4×4,

4 streams

	Continuous mode

(bits per 25 subcarrier per feedback period)
	2
	2 
	4
	7
	4
	7
	9
	4
	7
	9
	9


Table 1:  Precoding feedback (bits per resource block per feedback period)
	
	Single Codeword System
	Multiple Codeword System

	H-ARQ
	2
	2 per codeword

	CQI
	5 (1st stream) + 2 (2nd stream) + 2 (3rd stream)…
	5 (1st CW) + 3 (remaining CWs)

	Pre-coding feedback
	2-9 bits based on configuration
	Same with precoding, 0 bits without precoding


Table 2:  Total feedback (bits per resource block per feedback period)
	
	Single Codeword System
	Multiple Codeword System (with precoding)
	Multiple Codeword System (wo/precoding)

	2x2, 2 streams
	2.2 kbps
	2.8 kbps
	2.4 kbps

	4x2, 2 streams
	3.2 kbps
	3.8 kbps 
	2.4 kbps

	4x4, 4 streams
	4.4 kbps
	6.2 kbps
	4.4 kbps


Table 2:  Example feedback for several antenna configurations (5 ms feedback period)
For the MCW system, we assume that the CQI feedback is five bits for the first codeword, and 3 bits for the differential MCS indices for each of the subsequent code-words, following [2].    In this case, the differential MCS index is measured against the MCS used for the first codeword.  The CQI feedback for the pre-coded SCW system is less than that of the MCW system because the precoding technique is “ordered” in the sense that the eigenvectors are quantized from largest to smallest eigen-value. Therefore, the differential MCS selection is monotonically decreasing with respect to the MCS chosen for the first codeword.  The second reason is because in the SCW system we have described, the same code-rate is used for all the streams, so only the modulation order is chosen.  As a result, CQI feedback can be 5 bits for the first stream, and at most 2 bits for each subsequent stream. 
For the MCW system, we assume that the H-ARQ feedback is 2 bits per codeword, following [8].  The H-ARQ feedback for a SCW system should be less than that for a MCW, since there is only one H-ARQ mechanism, no matter how many streams (2 bits total).  
We total up the feedback for both pre-coded SCW and non-precoded MCW systems for several antenna configurations of interest.  We find that for certain configurations, precoded SCW systems can actually require less or equal feedback to a non-precoded MCW system, because of the higher H-ARQ and CQI feedback requirements of the MCW system.  This is a comparison that is not quite fair for the pre-coded SCW system, since the performance of the pre-coded SCW system should be greater than PARC for those configurations where there is beam-forming gain, so the increase in uplink feedback should be matched by like gains in the downlink.  
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6. Appendix
Tables A.1 and A.2 show some of the key link-level and channel modeling assumptions.  

Table A.1– OFDMA simulation parameters
	Issues
	Details

	DL Modulation
	QPSK, 16-QAM, 64-QAM

	Coding for data channel and Mother code rate
	Turbo, 1/3(3/4 (7 code rates)

	Non-ideal receiver functions
	Ideal channel estimation 

	Subframe duration
	0.5ms

	Transmission BW
	10MHz

	Usable subcarriers
	600

	CP Length 
	Short

	Number of OFDM symbols per subframe
	5 (data) + 2 (pilot) 

	RB size
	25 tones, 1 sub-frame

	Block size
	FEC block fills up one or three RB blocks.

	HARQ
	Bit level Chase combining. The maximum retransmission number is 3.  Transmission is synchronous transmission with a period of 6 subframes. 

	Target PER
	1%


Table A.2 – Channel model assumptions
	Parameter
	Assumption

	Carrier Frequency / Bandwidth
	2 GHz

	Channel model
	Typical Urban (TU) with spatial extension

	Spatial channel model
	Tx/Rx correlation matrices

	Tx correlation 
	0.25 according to the latest SCME model

	Rx correlation
	0

	UE speed
	3km/h

	Target PER
	1%

	Beamform Feedback delay (between channel estimation and beam-forming application)
	10 TTI = 5 ms

	CQI delay 
	10 TTI (3km/hr)

	Feedback period
	5 ms (3 km/hr)
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