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1. Introduction
The exact design of rank-1 and 2 codebooks proposed in [1] were confirmed in RAN1#58 [2]. In addition, the following decisions were made in relation to the 4Tx UL SU-MIMO codebook design for rank-3 [2]:

· Non-zero elements from BPSK/QPSK alphabet
· Try to jointly assess CM property and performance. 

· Power constraint per antenna pending RAN4 response

· Provide CDF of transmit power as e.g. done in R1-093056

· Codebook size: 20

· Motorola to draft an LS to RAN4 asking the question below (3668 agreed in 3735)
· What is the implication of CM difference (e.g. 1dB CM difference) on the actual transmit power / PA efficiency when 1) PA is operating at peak power; 2) PA is operating below peak power limit?
While the final performance comparison of different rank-3 codebook designs may have to wait for the RAN4 response to R1-093735, the RAN4 response to the PA architecture was given in [3]. In relation to the 4Tx scenario, the following response is relevant to the 4Tx rank-3 codebook design:
1. What is a sensible transmit PA architecture (or multiple architectures) for UEs with 4Tx antennas? 

For the case of 4Tx antennas RAN4 has come to a similar conclusion as for the 2 Tx antenna case and support for the  following should be included as 4Tx antenna UE PA configurations for LTE–A.

1. 17dBm + 17dBm + 17dBm + 17dBm

2. 23dBm + 23dBm + 23dBm + 23dBm and

3. 23dBm + x + x  + x  where x ≤ 23dBm
2. RAN1 kindly requests RAN4 to start looking at how is Pmax going to be defined for UEs with multiple transmit antennas and with possible precoding, and to let us know of the progress of these discussions as conclusions are made.
RAN4 has considered the issue and concludes that Pmax should be defined based on the total transmit power, and that its definition should be decoupled from the number of antennas used, and should be defined as 23dBm regardless of the number of antennas, PAs and precoding used 
In this contribution, we provide two different rank-3 codebook designs based on the CM-preserving (CMP) and CM-friendly (CMF) designs [4, 5, 6] based on the agreement in RAN1#58 (QPSK alphabet and size-20). Since there are several variants for each of the two codebook structures, the RAN4 response in [3] is taken into account in narrowing down the alternatives. Preliminary performance comparison is done without taking into account the impact of CM difference. 
2. Codebook Design
The design principles are given in [4] and repeated here for convenience:

· The rank-3 throughput can be used to compare different rank-3 codebook designs. In addition, the throughput with rank adaptation can also be used since the codebooks for rank-1 and 2 have been agreed upon [1]. 

· The simulation assumptions are given in the Appendix. 
· The dual-polarized transmit antenna configuration is simulated according to the agreement in RAN1#57 [7]. It is understood that the resulting spatial channel is inherently less correlated due to the low transmit correlation. It is also expected that the performance is less sensitive to the eNB (receive) antenna configuration.

· Another simple metric used for codebook selection is the minimum chordal distance where the chordal distance between two matrices is defined as: 
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Such metric gives a reasonable indication of the performance in low spatial correlation. At the same time, this metric may not reflect the throughput performance for the agreed upon antenna configuration and spatial channel characteristics.

For non-uniform antenna configurations such as dual-polarized arrays, the antenna element indexing is crucial since it may affect the performance due to the non-uniform correlation profile. Figure 1 depicts the indexing which we assume in this contribution. The antenna indexing is used to enumerate the spatial channel coefficients 
[image: image3.wmf]m

n

H

,

where n and m are the receiver and transmitter antenna indices, respectively. Observe that the indexing for the 2 pairs of cross-polarized antennas (Figure 1(c).) represents the grouping of two antennas with the same polarization which tend to be more correlated. This is analogous to the indexing of 2 pairs of ULA in Figure 1(b). 
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Figure 1. Antenna element indexing (transmitter and receiver)
2.1. Rank-3 CM-Preserving (CMP)
To date, there are two variations of rank-3 CMP codebook design:
· Alt1, Original design (see, e.g. [4, 5, 8]): In this case, the power on the first layer is twice the power on the other layer. However, the power on each antenna is the same. 
· Alt2, Power balancing across layers [9]: To ensure that the power across layers is the same, the signal on the first layer is scaled by 0.707 relative to the other layers. While this is perceived to improve performance, the power across 4 antennas varies. In particular, two of the four antennas have half the power of the other two antennas. 
Based on the reply from RAN4 [3], it can be seen that Alt2 reduces the total maximum transmit power when 4x17dBm PAs are used, which is essentially the same as a maximum PA back-off of 1.25dB. Since 4x17dBm is one of the important PA architectures that is supported in LTE-A, this is a significant drawback for Alt2. Notice that Alt1 does not suffer from the same drawback regardless of the PA architecture since the total transmit power is kept 23dBm. Based on this fact, Alt1 is preferred for the CMP-based design. 
In [9], a mixture between Alt1 and Alt2 was proposed where Alt1 and Alt2 are used interchangeably depending on whether the UE is power-limited (transmitting at peak power) or not. To some extent, this design philosophy is the same as that in [10] where a mixture between CMP (Alt1) and CMF was proposed for the same reason. While such design philosophy seems to be plausible, the following issues need to be resolved in order to proceed:
· How does the eNB determine whether the UE is power-limited or not? 
· There may be several solutions to this including the use of UL power control history and power headroom report. This, however, further complicates the precoding matrix selection (adaptation) procedure at the eNB. Furthermore, it increases the coupling between precoding adaptation and UL power control. 
· Hence, unless some significant gain can be reaped from the mixture design, this incurs unnecessary complexity at the eNB. Such increase in complexity is undesirable since the eNB is required to perform precoding adaptation for a large number of UEs. 
· If a mixture design is indeed desired (e.g. due to the possibility for compromise), why a mixture between Alt1 and Alt2 [9] instead of a mixture between Alt1 and CMF [10]? 
· Since the impact of Alt2 CMP is essentially a 1.25dB increase in the maximum PA back-off, it can be treated as an increase in CM to a certain extent. Therefore, Alt2 is comparable to a CMF codebook with 1.25dB higher CM. 
· In that case, Alt2 can be compared with a number of CMF designs to gauge whether the mixture of Alt1+Alt2 offers a promising advantage over the mixture of Alt1+CMF by taking into account the increase in the maximum PA back-off for Alt2 (1.25dB) as well as CMF (CM increase over Alt1).
In light of the above consideration, we focus on the design of size-20 QPSK-based CMP codebook with Alt1 structure. The proposed design is given in Table 1. 
Table 1. Rank-3 CMP codebook
	Rank-3 codebook – CM-preserving
· Size = 20

· Minimum chordal distance = 0.3538
· Mean chordal distance = 0.3585
· Without power balancing across layers (original design)

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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	Index 16 to 19
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2.2. Rank-3 CM-Friendly (CMF)
Similar to CMP, there are two alternatives in CMF design: 
· Alt1, without power balancing across layers 

· Alt2, with power balancing across layers
Unlike for CMP, however, power balancing across layers can be achieved without creating imbalance across antennas. This can be done by scaling the first layer with 0.707 relative to the other two layers. Other than resulting in some additional arithmetic complexity, Alt2 does not create any significant issue. In addition, it has been attested that power balancing across layers improves the performance of CMF design (see, e.g. [4, 6, 10, 11]). Hence, Alt2 is preferred for CMF design.
The proposed design for size-20 QPSK-based CMF codebook is given in Table 2. 
Table 2. Rank-3 CMF codebook
	Rank-3 codebook – CM-friendly
· Size = 20
· Minimum chordal distance = 0.2357
· Mean chordal distance = 0.2757
· With power balancing across layers

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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	Index 16 to 19
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3. Simulation Results
The performance comparison between the codebooks in Table 1 and the 4Tx Rel-8 DL Householder codebook is depicted in Figures 2 to 5. The performance of size-16 CMP codebook in [4] is also simulated for reference. For the results with rank adaptation, we use the rank-1 and rank-2 designs given in [1]. 
We observe the following:

· Overall, the proposed size-20 UL SU-MIMO codebooks perform similarly to the 4Tx Rel-8 Householder codebook.
· For 4x4 scenario, notice that CMF codebook results in 1-2.5% better performance than CMP within the region of interest. It should be noted that this performance does not reflect the effect of PA back-off due to the higher CM from the CMF codebook.
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Figure 2.Throughput comparison with rank adaptation: absolute performance
[image: image46.emf]5 10 15 20 25 30

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

G(dB)

Gain over HH (%)

4x4 rank adaptation:rank-3 CB comparison

 

 

CMP size-20

CMF size-20

CMP size-16


Figure 3.Throughput comparison with rank adaptation: relative performance over HH
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Figure 4.Throughput comparison with rank-3: absolute performance
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Figure 5.Throughput comparison with rank-3: relative performance over HH
4. Conclusion

Following the decision in RAN1#58, two size-20 codebooks based on the CM-preserving (CMP) and CM-friendly (CMF) criteria were designed.  The two size-20 codebooks were simulated and compared with the 4Tx Dl Householder and size-16 CMP codebook. 
· Overall, the proposed size-20 UL SU-MIMO codebooks perform similarly to the 4Tx Rel-8 Householder codebook.

· For 4x4 scenario, notice that CMF codebook results in 1-2.5% better performance than CMP within the region of interest. It should be noted that this performance does not reflect the effect of PA back-off due to the higher CM from the CMF codebook.
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Appendix: Simulation Assumptions

Table 1. Simulation assumptions

	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of SC-FDMA symbols per TTI
	12

	UE speed and fading model
	3 Kmph

	Antennas Configurations
	4x4 

	Channel models and antenna configurations
	1) TU-6 delay profile + spatially uncorrelated channel; 

2) System-level SCM Urban Macro:
· Tx (UE): 2 pairs of XP antennas separated by /2

· Rx (eNB): 2 pairs of XP antennas separated by 4

	Center frequency
	2GHz

	BLER target for 1st transmission
	10%

	MCS Set
	28-level MCS with QPSK, 16QAM, and 64QAM

	Allocated RBs
	4

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3 (total of 4 transmissions)

	Number of HARQ processes
	8

	Processing delay 
	4 ms

	Receiver
	MMSE
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