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1. Introduction
The Work Item on HSUPA TX diversity was initiated at RAN#50 [1] and recent RAN1 meetings witnessed preliminary discussion of closed loop algorithms [2, 3, 4, 5, 6]. This document presents simulation results for closed loop beamforming options discussed in [2, 7], namely:

· Single pilot beamforming.

· Dual pilot beamforming, one power control loop (equal transmit power).

· Dual pilot beamforming, two power control loops (equal receive SINR).

A number of parameters, such as TX antenna correlation, imbalance, TX weight reporting period and codebook size are tested in the propagation environments of PA 3/30 kmph and VA3/30 kmph.
Based on the analysis, we propose that a dual-pilot, single inner PC loop architecture is adopted for HSUPA beamforming.

We note that there exist further sub-options within the “dual pilot, single PC loop” class. Initial analysis of these is presented in [8].
2. Simulation Results
The following subsections provide simulation results under different codebook size, antenna imbalance, correlation and weight reporting period. The detailed simulation assumptions can be found in the Annex.
Results are presented relative to the SIMO case, with the convention that a positive TX power gain means that less power is required compared to the reference. A positive RX Ec/N0 gain means that a lower Ec/N0 is required compared to the reference.

2.1. TX Antenna Correlation Impact

The impact of antenna correlation is shown in the following table. TX power gains of up to 2.5 dB can be observed in the pedestrian A channel, irrespective of antenna correlation. For the vehicular channel profile, TX power gains increase from ~0.8..1.2 dB to ~1.8 dB as antenna correlation increases from 0 to 0.7.
Table 1 – TX antenna correlation simulation results.
	PA 3kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna correlation

	Scheme
	0.0
	0.3
	0.7

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	1.93
	-0.23
	2.02
	-0.24
	1.93

	Dual pilot BF Eq Tx Power (1x CLPC)
	-0.27
	2.56
	-0.25
	2.57
	-0.24
	2.48

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.04
	1.86
	0.07
	1.9
	0.07
	2.18


	PA 30kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna correlation

	Scheme
	0.0
	0.3
	0.7

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.45
	0.01
	-0.437
	0.3
	-0.38
	1.28

	Dual pilot BF Eq TxPower (1x CLPC)
	0.17
	1.79
	0.118
	1.83
	-0.12
	2.11

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.52
	1.69
	0.448
	1.77
	0.26
	2.27


	VA 3kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna correlation

	Scheme
	0.0
	0.3
	0.7

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	0.80
	-0.29
	0.95
	-0.21
	1.63

	Dual pilot BF Eq TxPower (1x CLPC)
	-0.36
	1.16
	-0.38
	1.26
	-0.34
	1.87

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	-0.07
	1.11
	-0.09
	1.25
	-0.02
	2.02


	VA 30kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna correlation

	Scheme
	0.0
	0.3
	0.7

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.42
	-0.19
	-0.42
	0.29
	-0.27
	1.48

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.24
	0.77
	-0.28
	0.98
	-0.36
	1.78

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.09
	0.87
	0.03
	1.12
	0.028
	2.06


2.2. TX Antenna Imbalance Impact

The impact of TX antenna imbalance is shown in the following table. TX power gains are observed in the PA channel, even in the case of negative imbalance; this is not the case for the VA channel where losses are seen for negative imbalance.
Table 2 – TX antenna imbalance simulation results.
	PA 3kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna imbalance

	Scheme
	- 3 dB
	0 dB
	+ 3 dB

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	0.59
	-0.29
	1.93
	-0.31
	3.55

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.27
	1.19
	-0.27
	2.56
	-0.27
	4.18

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.03
	0.08
	0.04
	1.86
	0.03
	3.1


	PA 30kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna imbalance

	Scheme
	- 3 dB
	0 dB
	+ 3 dB

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.50
	-1.29
	-0.45
	0.01
	-0.49
	1.72

	Dual pilot BF Eq TxPower(1x CLPC)
	0.16
	0.46
	0.17
	1.79
	0.17
	3.45

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.53
	-0.07
	0.52
	1.69
	0.53
	2.97


	VA 3kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna imbalance

	Scheme
	- 3 dB
	0 dB
	+ 3 dB

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	-0.5
	-0.29
	0.80
	-0.32
	2.46

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.38
	-0.18
	-0.36
	1.16
	-0.36
	2.81

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	-0.06
	-0.66
	-0.07
	1.11
	-0.07
	2.37


	VA 30kmph
	Tx Diversity gains over reference [dB]

	
	TX antenna imbalance

	Scheme
	- 3 dB
	0 dB
	+ 3 dB

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.45
	-1.48
	-0.42
	-0.19
	-0.42
	1.52

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.26
	-0.55
	-0.24
	0.77
	-0.24
	2.45

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.08
	-0.91
	0.09
	0.87
	0.07
	2.13


2.3. Precoding Weight Reporting Period

The impact of the precoding weight reporting period is evaluated in the following table. As expected, the evaluated reporting periods do not impact the performance of dual pilot schemes in slowly varying channels i.e. at 3 km/h. However, at 30 km/h, losses are seen beyond the reporting period of 3 slots. For single pilot BF, frequent weight updates are essential: the 15 slot update interval is not acceptable even at 3 km/h.
Table 3 – TX weight reporting period simulation results.
	PA 3kmph
	Tx Diversity gains over reference [dB]

	
	Tx weights update every:

	Scheme
	1 slot
	3 slots
	15 slots

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	1.93
	-0.32
	1.60
	-0.82
	0.08

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.27
	2.56
	-0.26
	2.55
	-0.25
	2.49

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.04
	1.86
	0.04
	1.85
	0.02
	1.78


	PA 30kmph
	Tx Diversity gains over reference [dB]

	
	Tx weights update every:

	Scheme
	1 slot
	3 slots
	15 slots

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.45
	0.01
	-0.44
	-0.05
	-0.34
	-0.14

	Dual pilot BF Eq TxPower(1x CLPC)
	0.17
	1.79
	-0.09
	1.29
	-0.39
	0.24

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.52
	1.69
	0.42
	1.32
	0.20
	0.55


	VA 3kmph
	Tx Diversity gains over reference [dB]

	
	Tx weights update every:

	Scheme
	1 slot
	3 slots
	15 slots

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.29
	0.80
	-0.28
	0.62
	-0.50
	-0.22

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.36
	1.16
	-0.36
	1.16
	-0.34
	1.13

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	-0.07
	1.11
	-0.08
	1.09
	-0.09
	1.06


	VA 30kmph
	Tx Diversity gains over reference [dB]

	
	Tx weights update every:

	Scheme
	1 slot
	3 slots
	15 slots

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-0.42
	-0.19
	-0.39
	-0.24
	-0.32
	-0.23

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.24
	0.77
	-0.37
	0.45
	-0.53
	-0.20

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.09
	0.87
	0.02
	0.61
	-0.13
	0.07


2.4. Codebook Size Impact

The impact of the codebook size is shown in this subsection. It is interesting to note that significant TX power gains are observed already with a 2-entry codebook. Gains increase by 0.2..0.4 dB as the code book size increases to 4, and by a further 0.1 dB as the code book size grows to 16 entries. Thus, there is little motivation to move beyond a 4-entry codebook.
Table 4 – Codebook size impact simulation results.
	PA 3kmph
	Tx Diversity gains over reference [dB]

	
	Number of Tx weights

	Scheme
	2
	4
	16

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-
	-
	-
	-
	-
	-

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.29
	1.99
	-0.27
	2.43
	-0.27
	2.56

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	-0.07
	1.19
	0.01
	1.69
	0.04
	1.86


	PA 30kmph
	Tx Diversity gains over reference [dB]

	
	Number of Tx weights

	Scheme
	2
	4
	16

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-
	-
	-
	-
	-
	-

	Dual pilot BF Eq TxPower(1x CLPC)
	0.12
	1.37
	0.19
	1.71
	0.17
	1.79

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.47
	1.26
	0.50
	1.58
	0.52
	1.69


	VA 3kmph
	Tx Diversity gains over reference [dB]

	
	Number of Tx weights

	Scheme
	2
	4
	16

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-
	-
	-
	-
	-
	-

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.41
	0.71
	-0.36
	1.07
	-0.36
	1.16

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	-0.11
	0.67
	-0.08
	1.01
	-0.07
	1.11


	VA 30kmph
	Tx Diversity gains over reference [dB]

	
	Number of Tx weights

	Scheme
	2
	4
	16

	
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No
	Rx Ec/No
	Tx Ec/No

	Single pilot BF
	-
	-
	-
	-
	-
	-

	Dual pilot BF Eq TxPower(1x CLPC)
	-0.26
	0.48
	-0.21
	0.72
	-0.24
	0.77

	Dual pilot BF Eq Rx SINR  (2x CLPC)
	0.03
	0.54
	0.07
	0.79
	0.09
	0.87


3. Discussion and Way Forward
Based on the provided simulation results, we observe that closed loop beamforming can show significant gains, especially at low velocity and in the presence of low dispersive channels.

Antenna correlation in effect increases the coupling between the channel impulse responses, which may result in a less frequent feedback reporting requirement. The negative antenna imbalance of -3 dB leads to beamforming gains only in the PA3 channel. At the moderate velocity of 30 km/h it becomes challenging to achieve gains with limited feedback. The codebook of size 4 is showing acceptable performance and further codebook extension does not seem justified.
When comparing single pilot BF against dual pilot schemes, the following observation can be made:
· With isolated exceptions, single pilot beamforming is outperformed by both dual pilot beamforming options.

When comparing dual pilot schemes, the following can be observed:
· The equal TX power scheme is usually superior to the equal SINR scheme in terms of TX power.

· The equal TX power scheme is usually inferior to the equal SINR scheme in terms of RX Ec/N0.

However, the equal TX power method has advantages beyond link level gains, such as no need for an additional power control loop and balanced PA operation, leading to more efficient battery usage and no corner cases in a power limited scenario.
Therefore, we propose that a dual-pilot, single inner PC loop architecture is adopted for HSUPA beamforming.

We note that there exist further sub-options within the “dual pilot, single PC loop” class. Further analysis of these is presented in [8].

Annex
Simulation Assumptions

Table 5 Simulation assumptions

	Parameter
	Value

	Physical Channels
	E-DPDCH, E-DPCCH, DPCCH

	E-DCH TTI 
	2 ms

	Modulation
	BPSK

	TBS [bits]
	2ms TTI: 2020

	Number of physical data channels and spreading factor
	2xSF2

	20*log10(βed/βc) [dB]
	optimized for best link performance

	20*log10(βec/βc) [dB]
	2

	Number of H-ARQ Processes
	 8

	Target Number of H-ARQ Transmissions
	  1

	BLER target
	30%

	Number of Rx Antennas
	2

	Channel Encoder
	3GPP Release 6 Turbo Encoder

	Turbo Decoder
	Log MAP

	Number of iterations for turbo decoder
	8

	DPCCH Slot Format
	1 (8 Pilot, 2 TPC)

	Channel Estimation
	Realistic, 3 slots FIR

	Tx weight selection
	Realistic, based on the channel estimates

	Inner Loop Power Control
	ON

	Outer Loop Power Control
	ON

	Inner Loop PC Step Size
	+/- 1 dB

	UL TPC Delay
	2 slots

	UL TPC Error Rate
	4%

	Precoding weight feedback error rate
	4%

	Propagation channel , velocity
	PA3, VA3, VA30

	NodeB receiver type
	Rake Receiver

	BF codebook size
	16*, 2, 4

	Long term antenna imbalance [dB]
	0*, -3 , +3

	UE Tx antenna correlation
	0*, 0.3, 0.7

	Tx weight reporting period  [slots]
	1*, 3, 15 

	Tx weight feedback delay
	2 slots

	UE DTX
	OFF


* - default parameter  
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