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1 Introduction
During 2009-2010 RAN1 evaluated the merits of open loop uplink transmit diversity techniques in which the UE autonomously selects a pre-coding vector with which the physical channels are multiplied. The selection of pre-coding vector was based on feedback transmitted on some of the existing feedback channels (e.g., F-DPCH). The related studies were summarized in TR 25.863 [1]. At RAN#50 a work item aiming at introducing support for closed loop transmit diversity was initiated [2]. One of the open issues for closed loop transmit diversity is the codebook design and this is topic treated in this contribution. In particular this contribution 
· Evaluates whether there is a need to have a codebook in which the antenna weights in a pre-coding vector have different magnitude.

· Evaluates how many code words that the codebook needs to include.

In part, this contribution is based on results that we have presented previously in [3]. However, in that paper we assumed ideal channel estimation. In this contribution we also evaluate the performance when realistic channel estimation with a 3-slot average is been used. 
2 Codebook design 

With respect to the codebook design the following alternatives could be used:

· Explicit codebook where each codeword represents a specific pre-coding vector,
· Implicit codebook where each codeword represents an additional phase/amplitude offset that the UE should apply,
or combinations of the above. An example that combines explicit and implicit codebook design would be to initially use an explicit codebook for finding the approximate phase of the channel and then adapt the relative phase difference by means of an implicit codebook. The implicit codebook can have higher granularity for tracking the time-varying changes, e.g., in slowly varying channels (i.e. channels where the coherence time is long). 
Before having a discussion on the preferred codebook design it is appropriate to analyze the performance that can be achieved with a varying number of code words and when the antenna weights in a pre-coding vector incorporate both a relative phase differences and different magnitudes. An initial analysis of this is given in the following section. The simulation assumptions are presented in section 5 but in general they comply with the simulation assumptions used for the open loop transmit diversity study item.
2.1 Link level results 

Throughout this section the following two closed loop beam forming algorithms are evaluated:

· Codebook based pre-coding selection:  This algorithm determines the pre-coding vector that maximizes the received power. Hence the UE will utilize the pre-coding vector 
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 denotes the l:th channel matrix (contains all Tx-Rx pairs) for slot k. Note also that we for this algorithm assume that the input power to the two transmit antennas is identical, i.e. |w1|=|w2|.
· Non-codebook based pre-coding selection: This algorithm determines the pre-coding vector based on a singular value decomposition (SVD) of the channel matrix. The pre-coding vector is chosen as the singular vector associated with the maximum singular value. Note that SVD based pre-coding in general results in pre-coding vectors where the magnitudes of the two antenna weights differ (i.e. |w1|≠|w2|). Hence, the difference in performance between the SVD and the codebook based beam forming algorithms can be interpreted as an approximation of the additional performance gain that could be achieved if the codebook contained both different phases and different amplitudes and an infinite number of codewords were supported.
2.1.1 Link level results with ideal channel estimation (see [3])
This subsection presents simulation results that focus on quantifying how the link level gains from closed loop beam forming depend on the codebook size. All evaluations in this subsection have been performed for a genie setting with ideal channel estimation. The simulation parameters are similar to those used in the study item for open loop transmit diversity and they are listed in section 5. Note that the evaluations have been performed for the PA3, VA30, and PA0.1 channels.

2.1.1.1 Impact of codebook size

This section illustrates how the performance gain of CLTD depends on the codebook size and the frequency with which the pre-coding vectors are updated. As mentioned above all code words in the codebook based algorithm have the same magnitude. Hence, if the codebook consists of n code words the relative phase difference between pre-coding vector two adjacent code words is 2π/n. It should be noted that the results presented in this subsection assume that the antenna imbalance is 0 dB.
Results showing the gain in transmit and receive power for the different algorithms (compared to a reference case without beam forming) are shown in Figure 1 to Figure 6. In the figures the Tx and Rx performance is shown for different channels, code book sizes and pre-coding weight update rates. A summary of the results for the case where the pre-coding vector is updated once every slot is shown in Table 1 and Table 2.

From the results shown in Figure 1 – Figure 6 a number of observations can be made. First it is evident that the granularity of the codebook has significant impact on the results. Based on the results presented here the additional gain associated with a codebook consisting of more than 8 code words is small. Secondly, the results indicate that the Rx performance is less sensitive with respect to the number of code words than the Tx performance. This is expected since the ILPC loop will, if the granularity of the pre-coding vectors is too coarse, compensate for the reduced beam forming gain and increase the UE transmit power so that SIR target is met.
A third observation that can be made, e.g., from Table 1 is that the SVD based pre-coding selection provides approximately 0.5 dB larger reduction in transmit power as compared to the codebook based algorithm where all antenna weights have the same magnitude. This gives an indication (upper bound) of the magnitude of the additional gain that could be attained if code words where the antenna weights had different magnitude were included in the codebook.
 

A final observation is that the intensity with which the pre-coding vector needs to be updated is highly dependent on the coherence time of the wireless channel. In slowly varying channels it is sufficient to update the pre-coding vectors quite seldom. However, in channels which changes more rapidly the pre-coding vectors need to be updated more often. From the figures we observe that a pre-coding vector update rate of once every 5th to 10th slot is sufficient for the PA3 channel, a pre-coding weight update intensity of once every 30th slot is sufficient for the PA0.1 channel, and a pre-coding weight update every slot is necessary for the VA30 channel.
Table 1: Summary of Tx power reduction for the case of balanced antennas. The columns represent different codebook sizes for the codebook based algorithm except the last column which is the SVD based beam forming algorithm.

	
	Codebook size
	

	
	2
	3
	4
	6
	8
	12
	16
	32
	SVD

	PA3
	2.23
	2.60
	2.66
	2.81
	2.84
	2.80
	2.82
	2.85
	3.34

	PA0.1
	2.21
	2.44
	2.57
	2.68
	2.73
	2.68
	2.71
	2.70
	3.10

	VA30
	1.41
	1.68
	1.73
	1.72
	1.82
	1.79
	1.86
	1.81
	2.20


Table 2: Summary of Rx gain for the case of balanced antennas. The columns represent the codebook sizes for the codebook based algorithm except the last column which is the SVD based beam forming algorithm.

	
	Codebook size
	

	
	2
	3
	4
	6
	8
	12
	16
	32
	SVD

	PA3
	0.06
	0.09
	0.05
	0.11
	0.12
	0.06
	0.08
	0.10
	0.01

	PA0.1
	0.04
	0.05
	0.06
	0.07
	0.10
	0.06
	0.05
	0.03
	0.12

	VA30
	0.21
	0.24
	0.22
	0.15
	0.24
	0.18
	0.25
	0.19
	0.28
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Figure 1: Transmit power reduction when beam forming is used (as compared to the case without beam forming) as a function of codebook size for the PA3 channel. The legends correspond to different phase update rates (once every x slots). 
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Figure 2: Receive power gain when beam forming is used (as compared to the case without transmit diversity) as a function of the codebook size for the PA3 channel. The legends correspond to different phase update rates (once every x slots). From the figure we can observe that the impact on the Rx performance is less than 0.1 dB. Note also that a positive value in the figure corresponds to a performance loss and that the loss increases with the intensity of which the Node-B updates the pre-coding vectors.
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Figure 3: Transmit power reduction when beam forming is used (as compared to the case without any transmit diversity) as a function of number of phases for the PA0.1 channel. The legends correspond to different phase update rates (once every x slots). 
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Figure 4: Received power gain when beam forming is used (as compared to the case without any transmit diversity) as a function of number of phases for the PA0.1 channel model. The legends correspond to different phase update rates (once every x slots). The main conclusion from the figure is that the impact on the Rx performance is less than 0.1 dB.
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Figure 5: Transmit power gain when beam forming is used (as compared to the case when no transmit diversity is used) as a function of the codebook size for the VA30 channel. The legends correspond to different update rates of the pre-coding vectors (once every x slots). 
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Figure 6: The received power gain when beam forming is used (as compared to the case when no beam forming is used) as a function of the codebook size for a VA30 channel. The legends correspond to different pre-coding vector update rates (once every x slots). 
2.1.1.2  Sensitivity with respect to error rate of PCI feedback channel
This subsection evaluates how sensitive the performance gain is with respect to the error rate on the feedback channel carrying the PCI information. Note that throughout the evaluation an error on the feedback channel results in that a random weight is chosen, but the correct weight cannot be chosen.

Transmit power reductions and the received power increase for beam forming (as compared to the case without any transmit diversity) as a function of the feedback error rate for different channel models is presented in Figure 7. Evidently the gains decrease with an increased feedback error rate. For the PA3 channel the loss is roughly 0.25dB as the error rate on the feedback channel increase with 10 percent, whereas the corresponding loss is slightly smaller for the VA30 channel. Nevertheless it seems like the performance gain of beam forming is rather insensitive as long as the feedback error rate is kept on a reasonable level. It should however be noticed that the pre-coding updating rate in these simulations was once per slot and the probability of experiencing error on the feedback channel was assumed to be independent between adjacent slots. Together, these assumptions could reduce the impact of errors on the PCI feedback channel since the UE given that it has received an erroneous pre-coding vector is likely to change to the “correct” one in the following slot.
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Figure 7: Power gains for beam forming (as compared to the case without any transmit diversity) as a function of the feedback error rate. The legends correspond to different channel models and Tx power (solid lines) or Rx power (dashed lines). 
2.1.1.3 Sensitivity with respect to antenna imbalances

The transmit power reduction and the received power increase between the case where beam forming is applied and the case where no transmit diversity is used is shown in Figure 8 - Figure 10 for varying antenna imbalances. As expected we can observe that the reduction in transmit power increases with increasing antenna imbalance whereas the loss in receiver performance is insensitive to the antenna imbalance. When comparing the codebook and the SVD based pre-coding algorithm the gain in transmit power seems fairly insensitive with respect to the antenna imbalance. For all studied antenna imbalances the transmit power reduction is approximately 0.5 dB. 
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Figure 8: Gains in transmit power (solid lines) and received power (dashed lines) for beam forming (as compared to the case without any transmit diversity) for a PA3 channel. Note that the pre-coding vector is updated once per slot.
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Figure 9: Gains in transmit power (solid lines) and received power (dashed lines) for beam forming (as compared to the case without any transmit diversity) for a PA0.1 channel. Note that the pre-coding vector is updated once per slot.
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Figure 10: Gains in transmit power (solid lines) and received power (dashed lines) for beam forming (as compared to the case without any transmit diversity) for a VA30 channel. Note that the pre-coding vector is updated once per slot.
2.1.1.4 Sensitivity with respect to the transmission attempt target

This section evaluates how sensitive the performance of closed loop transmit diversity is with respect to the operating point of the outer loop power control (OLPC) loop. For this purpose we compare the performance when the target number of transmission attempts is 1 with the case where the target number of transmission attempts is 4 (which have been assumed in previous sections).
The gain in transmit power is shown in Figure 11 whereas the increase in received power is at the Node-B in Figure 12. A general conclusion from the figures is that the performance is insensitivity with respect to the target number of transmission attempts. For slowly varying channels the retransmission mechanism does not provide very much additional time diversity. However, for a fast changing channel the retransmission mechanism can provide significant time diversity gains. Hence, in this case the transmit diversity gain is much larger when the target is one transmission as compared to the case where the target is four transmissions since diversity follows the law of diminishing returns. 
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Figure 11: Transmit power reduction when beam forming is used (as compared to the case without transmit diversity) as a function of the codebook size. The legends correspond to different channel models and different operating points of the OLPC.
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Figure 12: Receive power increase when beam forming is used (as compared to the case without transmit diversity) as a function of the codebook size. The legends correspond to different channel models and different number of transmission attempts targets.
2.1.2 Link level results with realistic channel estimation

This subsection presents results when practical channel estimation is assumed at the Node-B. Note that the evaluations have been performed for the PA3, VA30, and PA0.1 channels. Throughout these simulations it is assumed that both pilots are transmitted with the same power and that only the primary DPCCH (P-DPCCH), i.e. the DPCCH which is transmitted using the same pre-coding weight as used by the other data channels, is used for demodulation purposes. For a more detailed discussion on the uplink pilot structure the reader is referred to [4].
2.1.2.1 Impact of codebook size

Here we present results when realistic channel estimation is used at the Node-B and where the PCI is based on a 3-slot average of the channel estimates. All other simulation assumptions are identical to those used in section 2.1.1.1. Notice that the channel estimation algorithm does not take changes of the pre-coding weight into account. 
Figure 13 and Figure 14 illustrate the gain in transmit power and received power as a function of the number of code words for different update intensities in a PA3 channel. 
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Figure 13: Transmit power reduction when beam forming is used (as compared to the case without beam forming) as a function of codebook size for the PA3 channel. The legends correspond to different phase update rates (once every x slots). 
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Figure 14: Receive power gain when beam forming is used (as compared to the case without transmit diversity) as a function of the codebook size for the PA3 channel. The legends correspond to different phase update rates (once every x slots). From the figure we can observe that the impact on the Rx performance is less than 0.1 dB. Note also that a positive value in the figure corresponds to a performance loss and that the loss increases with the intensity of which the Node-B updates the pre-coding vectors.
Figure 15 and Figure 16 show the gain in transmit and received power for a PA0.1 channel. From Figure 15 we can observe that the gain in transmit power is independent on the intensity with which the pre-coding vectors are updated. This is in contrast with the results observed in Figure 13 which considered the PA0.1 channel. 
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Figure 15: Transmit power reduction when beam forming is used (as compared to the case without any transmit diversity) as a function of number of phases for the PA0.1 channel. The legends correspond to different phase update rates (once every x slots). 
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Figure 16: Received power gain when beam forming is used (as compared to the case without any transmit diversity) as a function of number of phases for the PA0.1 channel model. The legends correspond to different phase update rates (once every x slots). The main conclusion from the figure is that the impact on the Rx performance is modest.

Figure 17 and Figure 18 presents the gain in transmit and receive power for VA30 channel.
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Figure 17: Transmit power gain when beam forming is used (as compared to the case when no transmit diversity is used) as a function of the codebook size for the VA30 channel. The legends correspond to different update rates of the pre-coding vectors (once every x slots). 
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Figure 18: The received power gain when beam forming is used (as compared to the case when no beam forming is used) as a function of the codebook size for a VA30 channel. The legends correspond to different pre-coding vector update rates (once every x slots).

The transmit power reduction and the gain in received power are summarized in Table 3 and Table 4 below. In the tables it is assumed the pre-coding vector is updated once every subframe. 
Compared to the genie results it is evident that the reduction in transmit power is smaller. We can also observe that there is loss in the received power. The latter is because we throughout the simulations have assumed that the P-DPCCH and the S-DPCCH (i.e., the DPCCH that does not use the same pre-coding weight as used for the transmissions of data channels; see [4]) are transmitted continuously. Hence, we need more power to obtain the same QoS. Notice that results presented in Table 4 corresponds to a pessimistic scenario since: 
· We neither have gating nor power reduction of the S-DPCCH, 
· The channel estimate does not take pre-coding into account, and 
· The data-to-pilot power ratio is rather low (i.e. a large portion of the transmit power is spent on DPCCH transmissions).
Table 3: Summary of Tx power reduction for the case of balanced antennas. The columns represent different codebook sizes for the codebook based algorithm.
	
	Codebook size
	

	
	2
	3
	4
	6
	8
	12
	16
	32
	SVD

	PA3
	0.98
	1.75
	2.12
	2.43
	2.58
	2.59
	2.57
	2.60
	

	PA0.1
	1.54
	2.05
	2.31
	2.46
	2.49
	2.52
	2.49
	2.42
	

	VA30
	-0.26
	-0.16
	0.01
	0.20
	0.23
	0.28
	0.23
	0.29
	


Table 4: Summary of Rx power loss associated for the case of balanced antennas. The columns represent the codebook sizes for the codebook based algorithm.
	
	Codebook size
	

	
	2
	3
	4
	6
	8
	12
	16
	32
	SVD

	PA3
	-0.29
	-0.17
	-0.08
	-0.02
	0.05
	0.02
	-0.02
	0.01
	

	PA0.1
	-0.13
	-0.12
	-0.09
	-0.11
	-0.09
	-0.03
	-0.12
	-0.12
	

	VA30
	-0.33
	-0.42
	-0.43
	-0.40
	-0.38
	-0.34
	-0.38
	-0.33
	


2.1.2.2 Sensitivity with respect to antenna imbalances

Figure 19 and Figure 20 show the relative gain in transmit power and received power for different antenna imbalances for the PA3 and PA0.1 channel. From the figures it is evident that for codebooks in which all code words have equal magnitude (i.e. |w1|=|w2|) there is only marginal gains of using more than 4 code words. Additionally, if one compares the gains from the codebook based approach with the upper bound SVD approach we can observe that the SVD approach provides approximately 0.5 dB higher reduction in transmit power. 
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Figure 19: Gains in transmit power (solid lines) and received power (dashed lines) for beam forming (as compared to the case without any transmit diversity) for a PA3 channel. Note that the pre-coding vector is updated once per slot.
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Figure 20: Gains in transmit power (solid lines) and received power (dashed lines) for beam forming (as compared to the case without any transmit diversity) for a PA0.1 channel. Note that the pre-coding vector is updated once per slot.
3 Conclusions
This contribution has discussed the codebook design for closed loop transmit diversity and provided link-level simulation results. Based on our analysis of these results we propose:

Proposal 1: For closed loop beam forming the non-zero pre-coding weights should have equal magnitude. 
Proposal 2: For pre-coding vectors where all pre-coding weights are non-zero the pre-coding weights are symmetric.
Proposal 3: The preferred codeword should be signaled explicitly by the Node-B to the UE.
Proposal 4: It is FFS whether there should be any support for closed loop antenna switching.
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5 Appendix

Table 5
Link simulation parameters.

	Parameter
	Value

	Physical Channels
	E-DPDCH (ideal decoding), E-DPCCH, DPCCH

	E-DCH TTI [ms]
	2

	Modulation
	QPSK

	TBS [bits]
	2ms TTI: 2020

	Number of physical data channels and spreading factor
	2ms TTI TBS2020: 2xSF2

	20*log10(βed/βc) [dB]
	2ms TTI TBS2020: 9

	20*log10(βec/βc) [dB]
	2ms TTI: 2

	Number of H-ARQ Processes
	2ms TTI: 8

	Target Number of H-ARQ Transmissions
	2ms TTI: 4

	Residual BLER
	1%

	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
	Ideal/Realistic

	Path searcher
	Ideal

	Inner Loop Power Control
	ON

	Outer Loop Power Control
	ON – TA_Target = 4

	Inner Loop PC Step Size
	+/- 1 dB

	UL TPC Delay (sent on F-DPCH)
	2 slots

	UL TPC Error Rate (sent on F-DPCH)
	4%

	Propagation Channel
	PA0.1, PA3, VA30

	NodeB Receiver Type
	MMSE Receiver, 2 Rx antennas

	Antenna Imbalance [dB]
	0

	UE Tx Antenna Correlation
	0

	UE DTX
	OFF




















































































































� The same observations can be made also for other choices of codebook size and pre-coding vector update rates.
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