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Introduction
In [1] we compared four codebooks for 4Tx DL precoding – 1 Identity [2], 1 DFT [2], 4 DFT [2], and 16 HH [3]-[4]. In [5], a new set of 16 HH including the identity matrix was added (called AS-HH) on top of the constant-modulus 16 HH (called CM-HH). 

In this contribution, we further evaluate the DFT based matrices and the Householder (HH) based matrices to determine the precoder set for 4Tx LTE DL MIMO.
In [6], the AS-HH precoder set was proposed as the 4Tx precoding codebook claiming the following advantages over the rotated DFT based codebook:

· Comparable performances with lower complexity

· Matrix entries taken out of {±1, ±j} for multiplier-free operation

· Constant modulus property for low PAPR

· Inclusion of Identity matrix for a certain (cross-pole) antenna configuration    
However, among the four claims, the last two can certainly be satisfied by the DFT based design as well. Moreover, we can design the DFT based precoder set on the basis of only {±1, ±j} as we see below. Through link level performance evaluations, we extensively compare several DFT based precoder sets against the CM-HH and AS-HH precoder sets proposed in [5]. The following precoding matrices are considered in the analysis:

· 1 Identity: A single identity matrix with column subset selection [1] – {4, 6, 4, 1} precoders for rank {1, 2, 3, 4}
· 1 DFT: A single DFT matrix with column subset selection [1] – {4, 6, 4, 1} precoders for rank {1, 2, 3, 4}
· 2 DFT: Two rotated DFT matrices with column subset selection [1] – {8, 12, 8, 2} precoders for rank {1, 2, 3, 4}

· 4 DFT: Four rotated DFT matrices with column subset selection [1] – {16, 24, 16, 4} precoders for rank {1, 2, 3, 4}
· AS-QDFT: Four DFT based matrices with quaternary alphabet {±1, ±j} with column subset selection
 – {16, 16, 16, 4} precoders for rank {1, 2, 3, 4}

· CM-HH: Constant-modulus Householder matrices with quaternary alphabet {±1, ±j} [5] – {16, 16, 16, 16} precoders for rank {1, 2, 3, 4}

· AS-HH: Identity matrix and constant-modulus Householder matrices with quaternary alphabet {±1, ±j} [5][6] – {16, 16, 16, 13} precoders for rank {1, 2, 3, 4}

For the 4 transmit antennas, the identity precoding matrix is defined by 4x4 matrix
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The DFT precoding matrix is defined by the 4x4 matrix
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The G (=4) rotated DFT precoding matrices for 4 transmit antennas are defined by G 4x4 matrices
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The AS-QDFT precoding matrices for 4 transmit antennas are defined by 


[image: image4.wmf]ï

ï

þ

ï

ï

ý

ü

ï

ï

î

ï

ï

í

ì

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

I

P

P

j

j

P

P

,

0

0

0

0

0

0

0

0

1

0

0

0

0

1

,

1

0

0

0

0

1

0

0

0

0

1

0

0

0

0

1

,

0

0

0

.
Note that all non-zero elements in the AS-QDFT precoding matrices are taken out of {±1, ±j}.

For the rank adaptation of all the four types of precoding above (except for a further restriction for rank 2 in AS-QDFT), we assume that UE selects the best column subset (i.e., the best sub-matrix) of the selected square precoding matrix that maximizes the sum-capacity, which is consistent with the 2x2 precoder design [7].
On the other hand, the CM-HH and AS-HH precoding matrices for each rank in the 4 transmit antennas are defined in [5]-[6].  
Note that the total number of precoders (counted across all ranks) is 15 for 1 Identity precoding, 15 for 1 DFT precoding, 30 for the 2 DFT precoding, 60 for the 4 DFT precoding, 52 for AS-QDFT precoding, 64 for CM-HH precoding, and 61 for AS-HH precoding.
For a low rank transmission, the total energy allocated to data tones is evenly divided and allocated only to the active (virtual) antennas.
When we compare the rank adaptation between DFT based design (or, column subset selection) and HH based design, the column subset selection realizes an efficient nested structure while the HH based design realizes an inefficient nested structure: The advantage of the nested structure is maximized in the CQI or PMI generation when a higher-rank metric generation is maximally based on the intermediate calculations obtained as a result of the lower-rank metric generation. The AS-HH or CM-HH in [5]-[6] compromises the nested structure in designing the rank-2 precoders in order to minimize the performance loss, which was reported in [1].     
2. Simulation Set-up

The channels models used for the analysis in this document are

· Two polarized antenna pairs with 
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 separation at Node B and a polarized antenna pair at UE – 4x2 SCM-B [8] (Case 3 in [9])
· Two polarized antenna pairs at Node B and UE with no spatial correlation between the cross-pole pairs and SCM-C [8] polarization matrix and delay profile (Case 4 in [9])
Other channel models such as uniform and non-uniform linear array with different antenna spacing will be investigated in the companion document [10].
	Slot duration
	0.5 ms

	Subframe duration
	1 ms

	Symbols / Subframe
	14

	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 Allocation
	See TS 36.211. [7]

	Data Allocation
	5RBs

	Sub-band size (CQI reporting unit)
	900 kHz (5 RBs)

	RB size
	180 kHz (12 tones)


Table 1
Evaluation Numerology
Table 1 describes the numerology and the resource allocation for the link throughput simulation. Transmitter, channel, and receiver configurations are as follows:

· 4x2 and 4x4 antenna configurations
· Fixed codeword to layer mapping 
· Rank 1: CW1 to 1st layer
· Rank 2: CW1 to 1st layer, CW2 to 2nd layer
· Rank 3: CW1 to 1st layer, CW2 to 2nd and 3rd layers
· Rank 4: CW1 to 1st and 2nd layers, CW2 to 3rd and 4th layers)
· CPICH structures in [7]
· CPICH and data have the same energy per tone per antenna for the full rank data transmission, and the total energy allocated to data tones is evenly divided and allocated only to the active (virtual) antennas for the lower rank transmission 
· Bandlimited white interference and noise

· 5MHz system BW and 3km/h mobility
· Channel estimator length – 15 OFDM symbols

· Feedback delay for CQI and preferred precoding (sub)matrix – 3 TTIs (or, 3ms)
· Generation of CQI and preferred precoding (sub)matrix – 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 – LMMSE
· Sub-band scheduling – 5 sub-bands are assumed in 5MHz system BW, each of which having 5 resource blocks (i.e., 900 kHz BW).
· Data transmission bandwidth and number of data symbols – 5 resource blocks, 11 OFDM symbols (4th – 14th symbols) per TTI 
Table 2 describes the MCS format table used for adaptive modulation and coding of each layer, which is composed of 32 entries (but the last 5 entries are reserved). Thus, we may allocate 5 bits for the CQI description of each codeword. In order to reduce the CQI feedback overhead, we allocated a 5-bit full CQI with 1dB granularity for the 1st codeword and a 3-bit differential CQI with 2dB granularity for the 2nd codeword.  

When a low rank transmission occurs using a sub-matrix of the identity precoding matrix, we assumed that the total power can be redistributed only to the active antennas without any power loss, which is an optimistic assumption favorable to the identity matrix. 
	Packet format index
	Spectral efficiency per antenna on the

 1st transmission

(bits/tone)
	Modulation order

	0
	0.259
	2

	1
	0.396
	2

	2
	0.487
	2

	3
	0.579
	2

	4
	0.703
	2

	5
	0.841
	2

	6
	0.969
	2

	7
	1.118
	2

	8
	1.278
	2

	9
	1.444
	4

	10
	1.754
	4

	11
	1.971
	4

	12
	2.204
	4

	13
	2.447
	6

	14
	2.683
	6

	15
	2.922
	6

	16
	3.296
	6

	17
	3.571
	6

	18
	3.828
	6

	19
	4.115
	6

	20
	4.399
	6

	21
	4.681
	6

	22
	4.961
	6

	23
	5.224
	6

	24
	5.461
	6

	25
	5.653
	6

	26
	5.801
	6

	27
	5.801
	6

	28
	5.801
	6

	29
	5.801
	6

	30
	5.801
	6

	31
	5.801
	6


Table 2
MCS Table
3. Simulation Results

Figures 1 compares the throughput performances among 1 Identity, 1 DFT, 2 DFT, 4 DFT, CM-HH, and AS-HH schemes in the 4x2 SCM-B channel model [8]. As we observe in the figures, the 4 DFT scheme shows a slightly better performance than the CM-HH and AS-HH schemes. The 2 DFT scheme shows almost the same performance as the CM-HH and AS-HH schemes with a smaller number of precoders, which contributes to reducing the control signaling overhead and feedback signal generation complexity. Even the gap between 1 DFT and CM-HH or AS-HH scheme is very small though the number of precoders of 1 DFT scheme is a quarter of that of the CM-HH or AS-HH scheme. The 1 Identity scheme shows a significantly poorer performance than the others in the 4x2 SCM-B channel.  
Figure 2 compares the throughput performances among 1 Identity, 1 DFT, AS-QDFT, CM-HH, and AS-HH schemes, whose non-zero entries are all taken out of the quaternary alphabet {±1, ±j}. The AS-QDFT, CM-HH, and AS-HH schemes show almost the same performances and the gap between the 1 DFT scheme and those three schemes is very small. In terms of feedback signal generation complexity, the AS-QDFT scheme has an advantage over the CM-HH or AS-HH scheme due to the efficient nested structure of the column subset selection. Certainly, the complexity required in the 1 DFT scheme is significantly lower than that of the other schemes.
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Figure 1
Throughput (kbps) vs. geometry (4x2, 3km/h, SCM-B, CQI reporting delay = 3ms, CQI reporting bandwidth unit = 5 RBs, scheduled bandwidth = 5 RBs, reduced number of DFT matrices vs. HH)
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Figure 2
Throughput (kbps) vs. geometry (4x2, 3km/h, SCM-B, CQI reporting delay = 3ms, CQI reporting bandwidth unit = 5 RBs, scheduled bandwidth = 5 RBs, quaternary alphabet)
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Figure 3
Throughput (kbps) vs. geometry (4x4, 3km/h, two cross-pole pairs with zero correlation between the cross-pole pairs, SCM-C polarization matrix and delay profile, CQI reporting delay = 3ms, CQI reporting bandwidth unit = 5 RBs, scheduled bandwidth = 5 RBs, reduced number of DFT matrices vs. HH)
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Figure 4
Throughput (kbps) vs. geometry (4x4, 3km/h, two cross-pole pairs with zero correlation between the cross-pole pairs, SCM-C polarization matrix and delay profile, CQI reporting delay = 3ms, CQI reporting bandwidth unit = 5 RBs, scheduled bandwidth = 5 RBs, quaternary alphabet)

Figure 3 and Figure 4 repeat the same comparisons in the 4x4 channel models with SCM-C delay profile [8]. In the 4x4 channel, all the precoding schemes show almost the same performance.
4. Conclusions

In this contribution, we analyzed the throughput performances of several precoding matrices (1 Identity, 1 DFT, 2 DFT, 4 DFT, AS-QDFT, CM-HH, AS-HH) in 4x2 and 4x4 SCME channel models.
Based on the performance comparison results, we conclude that the DFT based precoder is superior to the AS-HH or CM-HH precoder. Details are as follows:

· The performance of the 2 DFT design with only 30 precoders is comparable to that of the CM-HH or AS-HH design with about 60 precoders. Even the 1 DFT design with only 15 precoders shows a very marginal performance difference compared to the CM-HH or AS-HH design. When Node B restricts the precoder set, the DFT based design works in a robust way.

· The DFT based design can also be based only on the quaternary alphabet {±1, ±j} and it can include the identity matrix. The resulting AS-QDFT scheme provides a comparable performance to that of the CM-HH or AS-HH design and minimizes the CQI/PMI generation complexity through the efficient nested structure in contrast to the inefficient nested structure of the HH based design.
Therefore, based on the link analyses as well as the system analyses in [10]-[11], we recommend adopting the DFT based design for the 4Tx precoding codebook in LTE DL MIMO.
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� In the simulation, we reduced 24 precoders to 16 precoders for the rank-2 transmission for a conservative comparison with HH based design according to Table 2 in [12].
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