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1. Summary and recommendation
We provide updated results on the benefit of frequency domain precoding, considering 4x2 spatial multiplexing MIMO configurations as well as the behavior of nonlinear receivers. We examine the performance of precoded MIMO when the precoding is done once per stream (“broadband” or “BB” precoding) or adapted in the frequency domain (“frequency selective” or “FS” precoding).  Simulations are in the “case 1” urban environment for ideal LMMSE and SIC receivers.  We observe:

· FS precoding can improve user data rates for MMSE receivers on the order of 15-18%, or 6-13%, for round robin and ideal proportional fair scheduling, respectively.

· SIC also improves data rates, but less than FS precoding with MMSE receivers, and over a more limited range of outage.  At sufficiently high outages, the performances of MMSE and SIC receivers with FS precoding converge. For example, for round robin we observed gains on the order of 7-10% at low (5-50%) outages and 9-16% at higher (75%-90%) outages.  

· FS precoding is also beneficial when SIC receivers are used.  At moderate and higher outages, FS precoded SIC outperforms FS precoded MMSE.  In these outage regions, gains over 20% and 25% relative to MMSE with BB precoding were observed for proportional fair and round robin schedulers, respectively.
· Results do not vary much as a function of cell isolation: gains from FS precoding and SIC do not tend to vary dramatically between 0 and 6 dB isolated cells.
· FS precoding gains are most significant in scenarios with limited frequency or time domain diversity, such as round robin scheduling.
We would therefore conclude:

· FS precoding is attractive for cases where improving coverage of higher data rates for a user is desirable, 4 antennas are used at Node B, and/or multiuser diversity (through frequency selective scheduling) can’t be exploited.

2. simulations

We provide system level results in the case 1 scenario of [
] for 10 MHz bandwidth using the SCM-E channel model. Detailed simulation assumptions are provided in Appendix B.

We assume that a UE uses the entire bandwidth, and report CDFs of the data rate achievable over positions in the cell.  Therefore, UEs are not scheduled together, since there is only one UE being served at any point in time.  This means that this analysis is most applicable to cases where low latency (e.g. TDM) is desirable, which is one of the main applications for MIMO.

In order to study the benefit of adapting the transmit array weights in the frequency domain, we consider the cases where each resource block has a unique weight vector, and where one weight vector is used for all the resource blocks in the band.  Note that in these simulations we use a 25 subcarrier resource block.  
We simulate both round robin and ideal proportionally fair schedulers in quasi-static channels (where the channel is constant over a TTI but uncorrelated between TTIs).  This allows us to consider the cases where no multi-user diversity is available, or maximum multi-user diversity is available.  As such, the gains from proportional fair scheduling are an upper bound.

The user throughput results are shown in the figures and tables in Appendix A.  The legends contain the mean of each curve (in Mbps).   Table below summarizes the results, showing the gain in user throughput over the non-frequency adaptive transmission for both round robin and proportional fair.
Gain of Adaptive over Non-Frequency Adaptive Array Weights vs. Outage
	
	
	Data Rate Gain vs. Outage: Round Robin
	
	Data Rate Gain vs. Outage:

Proportional Fair
	

	Test
	Isolation
	5-50% 

Outage
	75-90% Outage
	Mean Cell Throughput Gain
	5-50% 

Outage
	75-90%

Outage
	Mean Cell Throughput Gain

	MMSE 1Wt / 10 MHz
	0 dB
	0%
	0%
	0%
	0%
	0%
	0%

	MMSE 1Wt / RB
	0 dB
	15-18%
	12-16%
	16%
	6-13%
	8-12%
	8%

	SIC 1 Wt / 10 MHz
	0 dB
	7-9%
	9-14%
	11%
	3-6%
	9-11%
	8%

	SIC 1 Wt / RB
	0 dB
	16-19%
	20-26%
	22%
	8-14%
	16-20%
	14%

	MMSE 1Wt / 10 MHz
	6 dB
	0%
	0%
	0%
	0%
	0%
	0%

	MMSE 1Wt / RB
	6 dB
	12-19%
	14-15%
	14%
	6-9%
	4-11%
	7%

	SIC 1 Wt / 10 MHz
	6 dB
	9-10%
	14-16%
	11%
	2-8%
	8-13%
	8%

	SIC 1 Wt / RB
	6 dB
	19-21%
	24-25%
	20%
	7-17%
	9-21%
	13%


Examining the date rate gains in the table above, we see:

· MMSE + FS precoding can provide gains on the order of 15-18% for both low and high outages, independent of cell isolation when round robin scheduling is used.  These gains are reduced for proportional fair scheduling, and are on the order of 6-13%.

· SIC + BB precoding also improves performance, but to a lesser degree, and is more dependent on outage.  For both isolated and non-isolated cell conditions and a round robin scheduler, gains are of the order of 7-10% at low outages and 9-16% at high outages.   For proportional fair and both isolated and non-isolated cells, the gains are of the order of 2-8% at low outages and 9-13% at high outages.

· FS precoding is also beneficial when SIC receivers are used. FS precoding also significantly improves SIC, especially at the higher outages.   For the 75-90% range, we see gains of 20-26%, and 16-21% for round robin, and proportional fair, respectively.

Considering the mean cell throughput gains for both the isolated and non-isolated cases:

· For the round robin scheduler, MMSE + FS precoding has about 14-16% gain, whereas SIC + BB precoding has about 11% gain.
· For the proportional fair scheduler, both MMSE + FS precoding and SIC + BB precoding have about 8% gain.  
· SIC + FS precoding has better throughput than FS precoded MMSE and SIC + BB precoding.  SIC + FS precoding has 20-22% gains for round robin, and 13-14% gains for proportional fair.

We should also point out that the system level gains shown here are lower than those previously observed in [
].  In those simulations, CSD was applied to the precoded MIMO transmissions.  While this would allow a single set of common reference signals to be used for both CSD and precoded MIMO, and allow CSD to be supported transparently to the UE, it somewhat artificially increases the benefit of FS precoding.  The results presented here are more conservative in that no delay is introduced between the array elements.

3. feedback overhead

We briefly consider here the antenna array weight feedback indication (“FBI”) overhead for this 4 bit codebook case.  Given the observation that FBI is only needed when a UE is to be scheduled, we can calculate total uplink overhead independently of the number of users to schedule.  Assuming that the uplink has around 0.5bps/Hz, and that the FBI can be transmitted as efficiently as other traffic, then the overhead from the FBI for a 10MHz downlink is about 2% (=24RB*4bits/1.0ms/(0.5bps/Hz*10MHz)).  
We should also observe that these feedback rates are probably conservative for low mobility usage cases, and that there are various proposals to reduce the feedback further still.
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Appendix A: simulation results
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Figure 1: Sector Throughput CDF, 4x2 MIMO, Proportional Fair
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Figure 2: Sector Throughput CDF, 4x2 MIMO, Round Robin
Capacity Gains vs. MMSE w/ Freq. Non-Selective Precoding: 4x2 TDM, Round Robin

	
	Outage
	

	Test
	0.05
	0.1
	0.5
	0.75
	0.9
	Mean

	CSD
	-42%
	-45%
	-43%
	-30%
	-29%
	-34%

	Precoded, MMSE, 1 Wt/24RB
	0%
	0%
	0%
	0%
	0%
	0%

	Precoded, MMSE, 1 Wt/RB
	18%
	17%
	15%
	12%
	16%
	16%

	Precoded, SIC, 1 Wt/24RB
	9%
	9%
	7%
	9%
	14%
	11%

	Precoded, SIC, 1 Wt/RB
	19%
	19%
	16%
	20%
	26%
	22%


Capacity Gains vs. MMSE w/ Freq. Non-Selective Precoding: 4x2 TDM, Ideal Prop. Fair

	
	Outage
	

	Test
	0.05
	0.1
	0.5
	0.75
	0.9
	Mean

	CSD
	-54%
	-47%
	-44%
	-36%
	-33%
	-40%

	Precoded, MMSE, 1 Wt/24RB
	0%
	0%
	0%
	0%
	0%
	0%

	Precoded, MMSE, 1 Wt/RB
	11%
	13%
	6%
	8%
	12%
	8%

	Precoded, SIC, 1 Wt/24RB
	5%
	6%
	3%
	9%
	11%
	8%

	Precoded, SIC, 1 Wt/RB
	12%
	14%
	8%
	16%
	20%
	14%
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Figure 3: Sector Throughput CDF, 4x2 MIMO, Round Robin
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Figure 4: Sector Throughput CDF, 4x2 MIMO, Round Robin

Capacity Gains vs. MMSE w/ Freq. Non-Selective Precoding: 4x2 TDM, Round Robin, 6 dB Isolation

	
	Outage
	

	Test
	0.05
	0.1
	0.5
	0.75
	0.9
	Mean

	CSD
	-38%
	-41%
	-31%
	-28%
	-33%
	-35%

	Precoded, MMSE, 1 Wt/24RB
	0%
	0%
	0%
	0%
	0%
	0%

	Precoded, MMSE, 1 Wt/RB
	18%
	19%
	12%
	14%
	15%
	14%

	Precoded, SIC, 1 Wt/24RB
	9%
	10%
	10%
	14%
	16%
	11%

	Precoded, SIC, 1 Wt/RB
	19%
	21%
	20%
	25%
	24%
	20%


Capacity Gains vs. MMSE w/ Freq. Non-Selective Precoding: 4x2 TDM, Ideal Prop. Fair, 6 dB Isolation

	
	Outage
	

	Test
	0.05
	0.1
	0.5
	0.75
	0.9
	Mean

	CSD
	-51%
	-54%
	-36%
	-31%
	-45%
	-40%

	Precoded, MMSE, 1 Wt/24RB
	0%
	0%
	0%
	0%
	0%
	0%

	Precoded, MMSE, 1 Wt/RB
	6%
	9%
	9%
	11%
	4%
	7%

	Precoded, SIC, 1 Wt/24RB
	2%
	5%
	8%
	13%
	8%
	8%

	Precoded, SIC, 1 Wt/RB
	7%
	11%
	17%
	21%
	9%
	13%


Appendix B: simulation assumptions

	Parameters
	Value
	Remarks

	Bandwidth
	10 MHz
	

	Site-Site Spacing
	 500 m
	Per Case 1

	Building Penetration
	20 dB
	Per Case 1

	UE Speed
	Quasi-static
	Time samples independent; channel constant over 1 TTI

	Number of Sectors
	3
	

	Number of Tx, Rx Antennas
	4,2
	

	Node B, UE Antenna Separation
	4, 0.5 Wavelengths
	

	Channel Model
	SCM-E Urban Macrocell, 

15( Angle Spread
	System Level SCM-E: 

3 Midpaths

	Usable Subcarriers
	600
	Per 25.814

	Subcarriers / Resource Block
	25
	

	Usable Symbols
	6
	Assumes 1 symbol for pilot & control

	HARQ 
	Ideal
	Throughput calculated using 

1-BLER

	CQI 
	Ideal
	0 delay, perfect link adaptation

	Max MCS State
	¾ 64 QAM
	

	Waterfilling
	On for MIMO Schemes
	Streams either both on at equal power or one stream only is on.

	Precoder Code Book
	4 bit Grassmannian
	

	Propagation Law
	Loss=128.1+37.6*d; d in km
	Per 25.814

	Lognormal
	8 dB
	Per 25.814

	Receiver Type
	Linear Space-Time MMSE
	

	Sampling Rate
	15.36 Msamp/s
	Per 25.814

	Channel Estimation
	Ideal
	

	Node B Tx Power
	46 dBm
	

	Serving Cell Selection Hysteresis
	0 dB
	Assumes low mobility

	Schedulers
	Round robin 

and proportional fair
	10 Users Simulated

	Traffic Model
	Full Buffer
	

	Link Mapping
	EESM
	

	TTIs per User Position 
	1000
	

	Number of User Positions
	1000
	


[�]	3GPP TR 25.814, “Physical Layer Aspects for Evolved UTRA”


[�]	Motorola, “Frequency-Domain Adaptive Precoding for EUTRA MIMO”, TSGR1(06)2904, Seoul, South Korea, October 9- 13, 2006





[image: image5.wmf][image: image6.wmf][image: image7.wmf][image: image8.wmf]