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1 Introduction
During RAN1#63bis several decisions and working assumptions related to uplink (UL) closed loop transmit diversity (CLTD) were agreed. However, there are still open questions that need to be resolved. One of these questions concerns the codebook design which is the topic of this contribution. In particular, aspects such as codebook size, pre-coding weight update rate, and the need for different amplitude components in the codebook are addressed. 
2 Codebook design 

A number of previous contributions have addressed the issue of how to design the codebook for UL CLTD, see e.g. [2]. Although the conclusions from previous studies give some guidelines for how to design the CLTD codebook a number of open questions remain. The main questions concern:
· Codebook size – A codebook consisting of 4 to 8 codewords seems sufficient.
· Pre-coding weight update rate – A slot based or TTI based update rate seems sufficient.
· Codeword design – Is it enough to consider only phase differences or should we include amplitude differences as well.
This contribution takes a closer look at these questions.
2.1 Link level results 

The baseline simulator assumptions are in line with those stated in [1] (and repeated in the appendix for completeness). In particular, we will show results for two different payload set-points (TBS=2020 and TBS=16218) and two different channel models (PA3 and VA30) using realistic 3-slot causal channel estimation where we compensate for possible pre-coding weight updates. Furthermore, the default antenna setting is no antenna correlation and no antenna imbalance.
The following two algorithms for choosing the pre-coding weights are evaluated:

· Codebook based pre-coding selection:  Given a specific codebook this algorithm determines the pre-coding vector w=[w1 w2]T that maximizes the received SNR. Note also that by default we assume that the input power to the two transmit antennas are identical, i.e. |w1|=|w2|.
· Non-codebook based pre-coding selection (SVD): 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 result in pre-coding vectors where the magnitude 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.
As mentioned above all code words in the codebook based algorithm have by default the same magnitude. Hence, if the codebook consists of n code words the relative phase difference between two adjacent codewords (pre-coding vectors) is 2π/n. 

2.1.1 Balanced antennas

Previous investigations in low speed scenarios (PA3) have shown that a sub-frame based pre-coding weight update rate is sufficient. From Table 1 it is further seen that the impact of the feedback delay is small, and the gains by having a codebook of size 8 compared to size 4 is also rather small (in the order of 0.3dB). From Table 2 it seems as the same conclusions hold also for a scenario with high-data rates. One observation is that the CLTD performance is much more sensitive to PCI feedback errors in a high-data traffic scenario which is natural since the demodulation process is more sensitive to channel estimation errors which occurs due to incorrect PCI compensation.
Table 1
Results showing average Tx and Rx gains (UL CLTD versus no TxD) for various pre-coding feedback settings in a scenario with the PA3 channel model and TBS=2020. The feedback update rate is once every TTI. Phase4 and Phase8 correspond to codebooks consisting of 4 and 8 different phases, respectively.

	PA3,

TBS2020
	Rx gain

[dB]
	Tx gain
[dB]
	PCI feedback

error [%]
	PCI feedback 

delay [slot]

	Phase4
	-0.15
	2.07
	0
	0

	Phase4
	-0.09
	2.08
	0
	2

	Phase4
	-0.15
	1.92
	0
	4

	Phase8
	-0.02
	2.51
	0
	0

	Phase8
	-0.01
	2.45
	0
	2

	Phase8
	-0.06
	2.30
	0
	4

	Phase4
	-0.35
	1.80
	4
	2

	Phase8
	-0.33
	2.09
	4
	2


 
Table 2
Results showing average Tx and Rx gains (UL CLTD versus no TxD) for various pre-coding feedback settings in a scenario with the PA3 channel model and TBS=16218. The feedback update rate is once every TTI. Phase4 and Phase8 correspond to codebooks consisting of 4 and 8 different phases, respectively.

	PA3,
TBS16218
	Rx gain
[dB]
	Tx gain

[dB]
	PCI feedback

error [%]
	PCI feedback

delay [slot]

	Phase4
	0.08
	2.57
	0
	1

	Phase4
	0.07
	2.52
	0
	2

	Phase4
	0.05
	2.46
	0
	3

	Phase8
	0.15
	2.95
	0
	1

	Phase8
	0.15
	2.89
	0
	2

	Phase8
	0.12
	2.80
	0
	3

	Phase4
	-1.10
	1.43
	4
	1

	Phase4
	-1.13
	1.39
	4
	2

	Phase4
	-1.15
	1.33
	4
	3


Table 3 shows results for a more high-speed scenario (VA30) using TBS=2020. The results indicate that there is no significant benefit of having a codebook of size 8 compared to size 4. Furthermore it is seen that an increased feedback delay has a negative effect on the CLTD gain, and this effect appears to be more severe when using a sub-frame based pre-coding weight update rate compared to a slot based update. At low feedback delays the difference between a sub-frame based and a slot based pre-coding weight update is small, whereas the difference increases at larger delays. 
Table 3
Results showing average Tx and Rx gains (UL CLTD versus no TxD) for various pre-coding settings in a scenario with the VA30 channel model and TBS=2020. Phase4 and Phase8 correspond to codebooks consisting of 4 and 8 different phases, respectively.

	VA30,

TBS2020 
	Rx gain

[dB]
	Tx gain

[dB]
	PCI feedback

error [%]
	PCI update 

rate [slot]
	 PCI feedback

delay [slot]

	Phase4
	-0.08
	1.06
	0
	1
	0

	Phase4
	-0.14
	0.94
	0
	1
	1

	Phase4
	-0.21
	0.79
	0
	1
	2

	Phase4
	-0.28
	0.61
	0
	1
	3

	Phase4
	-0.18
	0.93
	0
	3
	0

	Phase4
	-0.25
	0.73
	0
	3
	1

	Phase4
	-0.61
	0.22
	0
	3
	2

	Phase4
	-0.44
	0.22
	0
	3
	3

	Phase8
	-0.09
	1.12
	0
	1
	0

	Phase8
	-0.13
	1.00
	0
	1
	1

	Phase8
	-0.18
	0.87
	0
	1
	2

	Phase8
	-0.23
	0.69
	0
	1
	3

	Phase8
	-0.13
	1.03
	0
	3
	0

	Phase8
	-0.27
	0.76
	0
	3
	1

	Phase8
	-0.52
	0.34
	0
	3
	2

	Phase8
	-0.47
	0.22
	0
	3
	3


2.1.2 Imbalanced antennas

Figure 1 shows the CLTD Tx gain as a function of the antenna imbalance for different codebook settings in the PA3 channel with TBS=2020 and 2 slot PCI feedback delay (SVD has no PCI feedback delay). The different codebook settings are
· SVD – non-codebook based pre-coding using the dominant singular value of the channel matrix.
· 8 phases – a codebook containing 8 different phases.
· 4 phases – a codebook consisting of 4 different phases.
· SATD – a codebook containing the codewords [1 0] and [0 1], i.e. switched antenna transmit diversity (SATD).
· Mixture of 2 amplitude values and 4 phases – a codebook containing 8 codewords. There are 2 different amplitude levels, each with 4 different phases.
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Figure 1
 Results showing average Tx gain (UL CLTD versus no TxD) as a function of the antenna imbalance for different codebook settings in a scenario with the PA3 channel model and TBS=2020. The pre-coding weight update rate is once every TTI and the PCI feedback delay is 2 slots (for SVD there is no delay).
For balanced antennas there is clearly no need to include an amplitude difference in the codebook (compare 8 phases with mix 2 amp and 4 phases). With an increased antenna imbalance there is a gain by having a mixed codebook (both amplitude and phase), but it is rather small. Furthermore it is interesting to see that for very large antenna imbalances the SATD codebook with only 2 codewords performs even better than the mixed codebook consisting of 8 codewords. This might be an important scenario, for example a stationary user with one bad or blocked antenna (e.g., due to body effects).
2.1.3 Discussion
Based on the link level evaluations the following observations can be made:

· For most scenarios it is sufficient to have only 4 codewords in the codebook.
· For most scenarios it also seems sufficient to only include phase differences in the codebook, i.e. there is no need to have amplitude differences.

· For a scenario with very large antenna imbalance it might be beneficial to include the SATD codewords (i.e. [1 0] and [0 1]) in the CLTD codebook. 

· Another aspect is that there might be merits in aligning the CLTD codebook and a potential UL MIMO codebook. This is yet another reason for including the SATD codewords in the CLTD codebook since it might turn out that these codewords will be employed for dual-stream UL MIMO transmissions, e.g. due to CM reasons (as for LTE).

· For most scenarios is appears sufficient to have a TTI based pre-coding weight update rate. However, for high-speed scenarios there could be a benefit of having a more frequent update rate, e.g. slot based, especially when the PCI feedback delay is large. It should however be mentioned that a slot based PCI updating rate may be complicate in the case of advanced receivers (e.g. non-linear MIMO receivers or SIC receivers) and that we here have assumed that the Node-B always compensate for the pre-coding weights in the channel estimate.
 We also recall that the gain from CLTD in high-speed scenarios, where a slot based PCI update rate may be motivated is limited. 
Based on the presented observations we propose:

Proposal 1: Update the PCI information once per sub-frame.

Proposal 2: The codewords [1 0] and [0 1] should be included in the PCI codebook. 
Proposal 3: Four symmetric pre-coding vectors, each characterized by that both antenna weights have the same magnitude, should be included in the PCI codebook.

3 Conclusions
This contribution has discussed the codebook design for closed loop transmit diversity. In particular link level simulations have been run in order to investigate how the CLTD performance is affected by the codebook size, the pre-coding weight update rate and the chosen codewords. Based on our analysis we propose:

Proposal 1: Update the PCI information once per sub-frame.

Proposal 2: The codewords [1 0] and [0 1] should be included in the PCI codebook. 
Proposal 3: Four symmetric pre-coding vectors, each characterized by that both antenna weights have the same magnitude, should be included in the PCI codebook.
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5 Appendix

Table 5
Link simulation parameters.

	Parameter
	Value

	Physical Channels
	E-DPDCH, E-DPCCH, DPCCH, HS-DPCCH

	E-DCH TTI [ms]
	2

	TBS [bits]
	2020
16218 (*)


	Modulation
	TBS2020: QPSK

TBS16218: 16QAM (*)

	Number of physical data channels and spreading factor
	TBS2020: 2xSF2
TBS16218: 2xSF2+2xSF4 (*)

	20*log10(βed/βc) [dB]
	TBS2020: 9
TBS16218: 10 (Non E-DPCCH boosting) (*)

	20*log10(βec/βc) [dB]
	TBS2020: 2
TBS16218: 2 (Non E-DPCCH boosting) (*)

	20*log10(βhs/βc) [dB]
	2

	Power ratio between Secondary DPCCH and DPCCH (S-DPCCH/DPCCH) [dB]
	To be described

	Number of H-ARQ Processes
	8

	Target Number of H-ARQ Transmissions
	4

	H-ARQ operating point
	TBS2020: 1 % Residual BLER after 4 H-ARQ attempts

TBS16218: 10 % BLER after 1 H-ARQ attempt OR 30 % BLER after 1 H-ARQ attempt (*)

	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)

	Secondary DPCCH Slot Format
	1 (8 Pilot, 2 TPC)

	Channel Estimation
	Realistic

	Compensation of phase discontinuity
	To be described

	Inner Loop Power Control
	ON

	Outer Loop Power Control
	ON

	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
	PA3, VA30

	NodeB Receiver Type
	TBS2020: RAKE 
TBS16218: LMMSE (*)

	Antenna imbalance [dB]
	0, +3 (*), -3 (*)

	UE Tx Antenna Correlation
	0, 0.3 (*), 0.7 (*)

	UE DTX
	OFF

	CLTD Codebook Size
	To be described

	CLTD Feedback Error Rate
	To be described

(e.g. Ideal, 4 %, …)

	CLTD Feedback Update Rate
	To be described

	CLTD Feedback Delay
	To be described


� A slow pre-coding weight update rate might be preferred in situations where the channel estimation algorithm is using filtering over several slots and cannot compensate for pre-coding weight updates. This is the case, for example, for a non-serving NodeB in a SHO situation.





