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1. Introduction
In 3GPP TSG-RAN WG1 #46, the multi-codeword based MIMO scheme was adopted for the E-UTRA downlink SU-MIMO. In this contribution we discuss the maximum number of codewords for each antenna configurations. 

Theoretically, it is natural to adopt the minimum of {number of Tx antennas, number of Rx antennas} as the maximum number of codewords in order to fully exploit the benefit of multi-codeword MIMO achieving the MIMO channel capacity [1]-[3]. On the other hand, if the performance loss is minimal, we might potentially consider a reduced number of codewords [4].  

The following antenna configurations have been mostly considered up to now:

· 2x2 (2Tx and 2Rx) – Maximum 2 codewords,
· 4x2 (4Tx and 2Rx) – Maximum 2 codewords,
· 4x4 (4Tx and 4Rx) – Maximum 2 or 4 codewords. 
In contrast to the 2x2 or 4x2 configurations, there have been considerable discussions in terms of performance, complexity, and feedback overhead between max 2 codewords [4] and max 4 codewords [1]-[3] in the 4x4 configurations. We detail the comparisons between the max 2 and the max 4 codewords in the following sections.
2. Max 2 vs. 4 Codewords for 4x4 Configuration

Though performance degradations are expected, the potential advantages of the maximum 2 codewords in the 4x4 configurations [4] are
· Reduced CQI feedback overhead,
· Reduced ACK/NACK overhead,
· Reduced number of SIC operations at UE.
However, most of the claims are not valid any more due to the following reasons:

· Due to the introduction of layer permutation and spatially differential CQI [2], the max 2 codewords based scheme does not have an advantage over the max 4 codewords based scheme in terms of CQI feedback reduction. – The max 2 codewords based scheme in [4] needs 14 bits feedback for CQI/grouping information while the max 4 codewords based scheme in [2] needs 12 bits feedback for CQI/antenna subset information. (The scheme in [4] may also reduce the feedback to 12 bits by applying the codeword permutation and spatially differential CQI.)
· Number of ACK/NACK does not need to be tied to the number of codewords. – Multi-codeword MIMO can maximize the system performance by three components: 1) SIC operation per layer 2) rate control and rank adaptation per layer (reflecting the SIC gain) 3) HARQ ACK/NACK control per layer. By using 4 codewords for 4 layers, we can fully achieve the SIC gain and the rate/rank control gain, however, we may either consider 4 full (independent) or reduced (dependent) ACK/NACK feedbacks for the 4 codewords depending on the trade-off between performance and overhead [5].
· The UE complexity improvement by reducing the SIC operation is minimal. – Both the max 2 codewords based scheme [4] and the max 4 codewords based scheme [1]-[3] need 4 Rx antennas and 4 RF chains, need to keep the buffer of the same number of received samples, need to equalize the same number of symbols, and need to decode the same number of soft bits, which are responsible for most of the expensive receiver implementation and operational complexity. The max 2 codewords based scheme with only 1 (long) cancellation [4] can only reduce the re-modulation and cancellation operations by the factor of 2/3 (not 1/3) with respect to the max 4 codewords based scheme with 3 (short) cancellations.  

Considering that the UE is already incorporated with expensive 4 Rx antennas and 4 RF chains as well as buffering, equalization, and decoding capability and that there is no benefit of adopting max 2 codewords in terms of overhead reduction, the selection should be made on the basis of the achievable performance unless the performance difference is negligible.

In evaluating the performance of multi-codeword, we should not satisfy only a specific receiver architecture. Potentially, there are a variety of UE receiver architectures in the E-UTRA such as MMSE-SIC, linear MMSE, and low- or full- complexity ML. In the following sections we compare the performances between max 2 codewords and max 4 codewords.
3. Simulation Set-up

In this simulation study we focus on the two critical limitations of the max 2 codewords based scheme, which may be responsible for a part of the potential performance degradation.

· Deficiency of Rank 3 – Max 2 codewords based scheme [4] allows only 1 layer (1 codeword), 2 layers (2 codewords), and 4 layers (2 codewords, with 2 layers per codeword).
· Grouped Rate Control – Max 2 codewords based scheme [4] allows only 2 CQIs, setting an MCS for the first two layers and another MCS for the last two layers.  
In this simulation, we did not evaluate the potential performance degradation originating from the reduced number of SIC operations. That is, we assumed a CRC per layer and 3 cancellations even when we report only 2 CQIs. Instead, we did not utilize the antenna grouping information [4], which would have partly compensated for a loss if a reduced number of SIC operations had been used. Note that the grouping information will not contribute to the performance improvement of the 2 codewords based scheme in the linear MMSE receiver.   
Table 1 and Table 2 describe the numerology and the resource allocation for the link throughput simulation. Transmitter, channel, and receiver configurations are as follows:
· 4x4 (maximum 4 layers) antenna configurations 

· 4x time-frequency scattered FDM pilot structures

· Pilot and data tones are uniformly spaced across the entire band

· Bandlimited white interference and noise

· 5MHz BW SCM-C channel [6] and frequency-flat Rayleigh fading channel [7] – 3kmph

· Channel estimator length – 15 OFDM symbols

· Feedback delay for CQI and preferred virtual antenna subset – 6 TTIs (i.e., 3ms)
· Generation frequency for CQI and preferred virtual antenna subset – once per TTI

· Generation of CQI and preferred virtual antenna subset –  Modulation order constrained (up to 64QAM) capacity formula based effective SINR method averaging the MMSE output SINR of individual tones

· Number of  parallel H-ARQ processes – 6

· Maximum number of retransmissions – 4 (including the first transmission)

· Adaptive H-ARQ BLER control – 10% BLER target after the first transmission 

· Signal detection – linear MMSE and MMSE-SIC for S-VAP [2] and S-PARC

· Transmit precoding for S-VAP – virtual antenna subset selection with DFT signaling matrix

· Sub-band scheduling – 3 subbands are assumed in 5MHz system BW, each of which having 1.5MHz BW.

	Slot duration
	0.5 ms

	TTI
	0.5 ms

	Symbols / Slot
	7

	FFT size
	512

	Tone spacing
	15 KHz

	Flat guard samples 

(Number of symbols)
	29 (4)

28 (3)

	Flat guard period 

(Number of symbols)
	3.78 µs (4)

3.65 µs (3)

	Window length 

(Number of samples)
	1.04 µs (8)

	Guard tones per symbol
	212

	Pilot tones per symbol
	48

	Pilot Ec/Ior
	- 8.23 dB


Table 1
Evaluation Numerology
	Data tones per symbol per antenna per subband
	80

	Data Ec/Ior per subband
	- 6dB


Table 2
DL Data Resource Allocations for Simulation

	Packet format index
	Spectral efficiency per antenna on the

 1st transmission

(bits/tone)
	Payload size per antenna

(80 tones/OFDM symbol,

7 OFDM symbols/TTI)
	Modulation order

	0
	0.259
	145
	2

	1
	0.396
	222
	2

	2
	0.487
	272
	2

	3
	0.579
	324
	2

	4
	0.703
	394
	2

	5
	0.841
	471
	2

	6
	0.969
	543
	2

	7
	1.118
	626
	2

	8
	1.278
	716
	2

	9
	1.444
	809
	4

	10
	1.754
	982
	4

	11
	1.971
	1104
	4

	12
	2.204
	1234
	4

	13
	2.447
	1370
	6

	14
	2.683
	1502
	6

	15
	2.922
	1636
	6

	16
	3.296
	1846
	6

	17
	3.571
	2000
	6

	18
	3.828
	2144
	6

	19
	4.115
	2304
	6

	20
	4.399
	2463
	6

	21
	4.681
	2621
	6

	22
	4.961
	2778
	6

	23
	5.224
	2925
	6

	24
	5.461
	3058
	6

	25
	5.653
	3166
	6

	26
	5.801
	3249
	6

	27
	5.900
	3304
	6

	28
	5.956
	3335
	6

	29
	5.984
	3351
	6

	30
	5.996
	3357
	6

	31
	6.000
	3360
	6


Table 3
MCS Table
Table 3 describes the MCS format table used for adaptive modulation and coding of each layer, which is composed of 32 entries. Thus, we allocated 5bits for the full CQI description. On the other hand, we allocated 3bits for the incremental CQI description in the MMSE-SIC based S-VAP scheme. Therefore, S-VAP needs 8 bits to report CQI for the 4x4 configuration. S-PARC uses 20 bits to report CQI.  

We took a primitive precoding (i.e., virtual antenna signalling) by use of a fixed 4x4 DFT matrix for S-VAP. Virtual antenna subset selection needs 4 additional antenna subset indication (ASI) bits on top of CQI bits for the 4x4 configuration.
4. Simulation Results

Figure 1 compares the throughput performances of the 4x4 S-VAP scheme with a linear MMSE receiver when rank 3 is allowed and not allowed. As we see in the throughput vs. geometry result, the performance loss is significant around 10-15 dB geometry if rank 3 is not allowed. The preferred rank distribution reveals that the rank 3 is dominant around 10-15dB and the range of rank 3 is very wide, thus the scheme which does not allow rank 3 suffers in a wide range (especially around 10-15dB). As we use a layer permutation, we need only 1 full CQI feedback (5 bits) regardless whether we allow rank 3 or not. 

The comparison results reflect a part of performance loss when we restrict the maximum number of codewords to 2 in the 4x4 configuration.   

In Figure 2, we carried out the same comparisons in the 4x4 S-PARC scheme (without layer permutation and virtual antenna transmission). In order to focus on the effect of the deficiency of rank 3, we assumed 4 full CQIs (20 bits) in the evaluation. The results show almost the same trend – The deficiency of rank 3 significantly degrades the throughput performance in a certain geometry range.

In Figure 3, we compare the throughput performances of the 4x4 S-VAP scheme with an MMSE-SIC receiver for two cases: 1) No restriction in rank and rate adaptation and 2) Rank 3 is not allowed and 2 CQIs are reported for the grouped rate control. We applied 3 SIC operations for both cases but we reported the CQIs of the 1st layer and the 3rd layer for the grouped rate control, setting one MCS for the 1st and the 2nd layers and another MCS for the 3rd and the 4th layers. In terms of feedback overhead, both cases need only 1 full CQI (5 bits) and 1 delta CQI (3 bits) due to the layer permutation and spatially differential CQI feedback.

The throughput performance results show that the performance loss originating from the deficiency of rank 3 and the grouped rate control is mostly smaller in the MMSE-SIC receiver than in the linear MMSE receiver, as the rank 2 and rank 4 are dominant in a wide range of geometry, but we still find non-negligible performance degradation around 5-10dB geometry where the preferred rank is still rank 3.     
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Figure 1
(a) Throughput and (b) preferred rank distribution vs. geometry (4x4 S-VAP with rank 3 vs. without rank 3, linear MMSE, 3km/h, SCM-C [6]).
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Figure 2
(a) Throughput and (b) preferred rank distribution vs. geometry (4x4 S-PARC with rank 3 vs. without rank 3, linear MMSE, 3km/h, SCM-C [6]).
[image: image5.emf]Throughput vs. Ior/No 

(4x4, 3km/h, Single-path Rayleigh, 80 Data Tones, Layer Permutation, 

1.5MHz Subband Scheduling in 5MHz System BW, 

r

_T = 0.7, 

r

_R = 0.0 )

0

5

10

15

20

-5 0 5 10 15 20 25

Ior/No (dB)

Throughput (Mbps)

S-VAP-MMSE-SIC

S-VAP-MMSE-SIC w/o Rank3

w/ Group Rate Control


(a)

[image: image6.emf]Preferred Rank vs. Ior/No 

(4x4, 3km/h, Single-path Rayleigh, 80 Data Tones, S-VAP-MMSE-SIC, 

1.5MHz Subband Scheduling in 5MHz System BW, 

r

_T = 0.7, 

r

_R = 0.0)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

-5 0 5 10 15 20 25

Ior/No (dB)

Rank Distribution 

Rank 4

Rank 3

Rank 2

Rank 1


(b)

Figure 3
(a) Throughput and (b) preferred rank distribution vs. geometry (4x4 S-VAP with rank 3 vs. without rank 3 with group rate control, MMSE-SIC (3 SIC operations), 3km/h, single-path correlated Rayleigh with Tx correlation coefficients of 0.7 [7]).
5. Conclusions

We compared the max 2 and the max 4 codewords based schemes in the 4x4 antenna configuration. 

The potential benefits of the max 2 codewords over the max 4 codewords in terms of feedback overhead are not valid any more after the introduction of the layer permutation and spatially differential CQI [2] and the reduced number of ACK/NACKs. 
For example, the 2 codewords based scheme in [4] needs 14 bits to feed back CQI/antenna grouping information while the 4 codewords based scheme in [2] needs 12 bits to feed back CQI/antenna subset information. If necessary, by reducing the number of independent ACK/NACKs in the 4 codewords based scheme instead of reducing the number of codewords itself, we can take the benefit of the full SIC gain and the per stream rate control gain of the 4x4 multi-codeword MIMO with the similar ACK/NACK overhead.
Further, the SIC complexity reduction by restricting the number of codewords to 2 in the 4x4 antenna configuration is quite minimal in the MMSE-SIC receiver, given that the UE is already incorporated with the expensive 4 Rx antennas and 4 RF chains as well as 4x buffering, equalization, and decoding capabilities. For the linear MMSE receiver and low- or full- complexity ML receiver, there is no benefit in restricting the number of codewords to 2.

On the other hand, the max 2 codewords based scheme [4] noticeably degrades the system performance in the 4x4 antenna configuration, especially for the linear MMSE receiver due to the deficiency of rank 3.         

Therefore, we propose to adopt the max 4 codewords for the 4x4 SU-MIMO in the E-UTRA downlink.
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