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1. Introduction

While several transmit diversity (TxD) schemes for PUCCH format 2 (CQI) have been proposed [1] [2] [3] [4], very few have been proposed for PUCCH format 1/1a/1b, because PUCCH format 1/1a/1b employs code spreading in both frequency and time domain and the constraint is tighter than that of format 2. Since the LTE-A coverage is fixed by the coverage of LTE and LTE UE’s, TxD for LTE-A for PUCCH format 1/1a/1b would not be useful to increase the coverage beyond LTE, but it is important in the LTE-A case to reduce the interference into other cells by use of TxD.
In this contribution, we evaluate the candidates for TxD schemes applied to PUCCH format 1/1a/1b that do not require a change in physical structure, and we show their performance comparison by the simulation. We show that SCTD can achieve the best performance.

2. Evaluation of candidate schemes for TxD 

The following are well-known candidates for TxD, applied to PUCCH format 1/1a/1b:

1. SFBC (Space Frequency Block Coding)
2. STBC (Space Time Block Coding) 
3. FSTD (Frequency Switched Transmit Diversity)

4. TSTD (Time Switched Transmit Diversity) – transmit antenna switching within one slot
5. CDD (Cyclic Delay Diversity)

6. SCTD (Space Code Transmit Diversity) [2] a.k.a. ORT (Orthogonal Resource Transmission) [5]
We evaluate these 6 schemes from the viewpoint of:

(A) PAPR

(B) Backward Compatibility
· whether LTE UEs and LTE-A UEs can be multiplexed on the same PUCCH resource or not

(C) Need for assignment of additional orthogonal resources
(D) Gain

As a First Step, we evaluate the 6 candidates based on (A)-(C) to narrow them down to the best 2, and then, we evaluate (D) by a Second Step simulation of the best surviving 2 candidates . 
The result of the First Step evaluation of all 6 candidates is summarized in Table 1. In our view, backward compatibility with LTE is a critical GO/No-GO factor for TxD scheme selection because a reduction in the coverage as determined by the LTE UEs’ capability is not an option which can be considered. Therefore, based on this mandatory backward compatibility requirement and the Table 1 evaluation, we focus on only CDD and SCTD for the Second Step simulation-based evaluation of (D) Gain in the next section. 
Please refer to the following subsections of 6.2.1-6.2.6 for a more detailed discussion of the First Step evaluation results in Table 1 for each candidate.

Table 1. First Step Comparison of the 6 TxD candidate schemes
	Evaluation
 item

TxD scheme
	(A) PAPR
(cubic metric)
	(B)Backward Compatibility
	(C)Orthogonal Resources
(2 Tx antenna)
	Accept for TxD PUCCH 1/1a/1b

	1. SFBC
	2.53 dB
	Bad
	2 for DM RS
1 for Data
	No

	2. STBC
	0.60 dB
	Bad
	2 for DM RS
1 for Data
	No

	3. FSTD
	1.78 dB
	Bad
	2 for DM RS
1 for Data
	No

	4. TSTD
	0.60 dB
	Bad
	2 for DM RS
1 for Data
	No

	5. CDD
	Larger delay
	0.60 dB
	Bad
	1 for DM RS,
1 for Data
	No

	
	Smaller delay
	0.60 dB
	Good
	1 for DM RS
1 for Data
	Yes

	6. SCTD
	0.60 dB
	Good
	2 for DM RS
2 for Data
	Yes


3. Simulation Results

As the Second Step evaluation of CDD and SCTD described in the previous section, we show a couple of computer simulation results to evaluate the (D) Gain of CDD and SCTD. Simulation assumptions are shown in Table 2 in the Annex. All transmission mechanisms are implemented based on Rel-8 specifications.
The Summary of these results is shown below 

· SCTD can achieve the highest TxD gain regardless of the number of Rx antennas. 
· CDD has benefits and should be specified only when the cyclic delay
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3.1. Orthogonality evaluation of CDD
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[image: image4]
Figure 1 shows the inter-code interference caused by CDD depending on Nd, the cyclic delay in terms of sampling point operated by CDD. In this simulation, only one PUCCH is investigated and the transmitted data (i.e. orthogonal sequence) is limited to one. The horizontal axis denotes the interference power from the different orthogonal sequences after the signal detection, and the vertical axis denotes the C.D.F. of interference power. The C.D.F. is calculated assuming full code multiplexing, i.e. 36 orthogonal sequences within one PUCCH resource.

This result shows that the inter-code interference isn’t negligible in the case of
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, the interference C.D.F. converges when Nd becomes smaller than or equal to 32 - and this tendency is independent of UE mobility. Therefore, we conclude here that CDD should be specified only when 
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3.2. BER Performance of CDD and SCTD
Figure 2 and Figure 3 show the simulation results of BER performance for PUCCH format 1b (2 bit transmission by QPSK). Two and four Rx antenna configuration is assumed in Figure 2 and Figure 3, respectively. Note that no multiplexing is assumed for both Figure 2 and Figure 3. These results show that SCTD can achieve the best performance compared to single antenna and CDD, irrespective of N, for the 2 Rx antenna case. However, it is also shown that the performance difference between SCTD and CDD becomes smaller when the number of Rx antennas is 4, because better diversity gain can be obtained by the increased Rx diversity. In this case, CDD with Nd=8 (or 4) can also achieve good performance.

Figure 4 shows BER performance for 12 UEs multiplexing with a 2x2 antenna configuration. This figure shows that SCTD has the best performance in the case when inter code interference exists. CDD can achieve good performance with Nd=16. 
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4. Conclusion

In this contribution, we evaluated six candidate schemes for TxD for PUCCH format 1/1a/1b. 
The results demonstrated that SCTD can achieve the highest TxD gain regardless of the number of Rx antennas. CDD has benefits and should be specified only when 
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Therefore we propose that SCTD should be selected for TxD for PUCCH format 1/1a/1b. CDD may also be considered when 
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6. Annex

6.1. Simulation Assumptions

Table 2. Simulation Assumptions
	Parameter
	Explanation/Assumption

	Bandwidth
	20 MHz

	Carrier Frequency
	2.0 GHz

	Antennas Configuration
	Tx: 2
Rx: 2 or 4

	Channel Model
	Typical Urban 6
UE mobility: 3 or 120 km/s 

	Antenna Correlation
	Tx: 0.1
Rx: 0.5

	PUCCH format
(Modulation Scheme)
	Format 1b
(QPSK )

	Receiver Type
	MMSE

	Orthogonal Resource assignment for UE
	Based on 3GPP TS 36.211 v 8.4.0

	Sampling Frequency
	32.55 ns

	FFT size
	2048

	Number of Occupied Subcarriers
	1200 (100 RBs)

	Channel Estimation
	Realistic

	Cyclic Prefix Type
	Normal CP


6.2. Detail for the First Step evaluation
6.2.1. SFBC

(A) PAPR: The single carrier property of CAZAC sequences (which is used as the root sequence of code spreading on the frequency domain), is no longer kept because it requires data switching mapped on REs in the frequency domain. The PAPR is consequently increased as shown in Table 1.

(B) Backward Compatibility: The orthogonality with LTE UE is not also kept due to the same reason as PAPR. This would result in inter-code interference to LTE UEs which is multiplexed on the same RB.

(C) Need for Additional Orthogonal Resources: SFBC requires separate channels corresponding to the multiple transmit antennas, and assignment of multiple orthogonal sequences for DM RSs to a UE will be necessary. In addition, the procedure(s) to assign additional resources should be considered because the procedures in LTE Rel-8 can assign only one resource.

6.2.2. STBC

(A) PAPR: In STBC, the transmit signals for each antenna are generated by multiplication of the QPSK symbol (and its complex conjugate), cyclic shift and CAZAC sequence. Therefore, the single carrier property would also be kept and PAPR would be the same as in the single transmission antenna case.

(B) Backward Compatibility: PUCCH format 1 currently employs an orthogonal sequence over the SC-FDMA symbols in the slot for UE multiplexing purposes. STBC will need to implement time-based switching of these same SC-FDMA symbols to e.g. 2 antennas, which will destroy the current orthogonality in format 1, thus STBC is not backward-compatible.

(C) Need for Additional Orthogonal Resources: STBC requires multiple orthogonal DM RSs for the same reason as for SFBC above.

6.2.3. FSTD

(A) PAPR:　Because the transmitted signal is separated into two or more antenna parts, the signal transmitted from one Tx antenna is no longer a CAZAC sequence. Therefore, the single carrier property can’t be retained, resulting in PAPR degradation. 

(B) Backward Compatibility: Focusing on the demodulation (de-spreading) of one SC-FDMA symbol, the receiver has to equalize the fading per RE by the estimated channel corresponding to the Tx antenna. The orthogonality can be kept but the receiver design might need to be changed from LTE eNB to accomplish this. Otherwise, orthogonality with LTE Rel-8 UE would be decreased.

(C) Need for Additional Orthogonal Resources: FSTD requires multiple orthogonal DM RSs because of the same reasons described in (B).

6.2.4. TSTD

(A) PAPR: Focusing on one SC-FDMA symbol, the transmitted signal is the same as for the single Tx antenna case. Therefore, the single carrier property is kept and PAPR would be the same as in the single transmission antenna case. 

(B) Backward Compatibility: If Tx antenna switching for one SC-FDMA symbol is assumed, TSTD will impact the orthogonality in the time domain. Therefore, orthogonality with not only LTE UEs but also other LTE-A UEs would be decreased.

(C) Need for Additional Orthogonal Resources: Similar to FSTD, TSTD requires multiple orthogonal DM RSs in order to estimate/demodulate the separate channel corresponding to Tx antennas. 

6.2.5. CDD

(A) PAPR: Because the transmit signal operated by CDD is a cyclic shift in time domain, the single carrier property is kept. 

(B) Backward Compatibility: When the CDD factor Nd corresponding to the cyclic delay becomes larger, the channel variation within one RB will be larger and the orthogonality for frequency domain will be degraded.
In this contribution, we define an equation of CDD operation as following: 

[image: image15.wmf]FFT

d

2

)

(

,

)

(

)

(

)

(

)

(

N

N

n

j

v

u

e

n

D

n

r

n

D

n

y

p

a

-

=

=

… (1)
where y(n) is a transmit signal in frequency domain without data symbol and scrambling, D(n) denotes the phase rotation due to CDD operation, n denotes the subcarrier index, and 
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 denotes the CAZAC sequence with cyclic shift 
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. Nd is a factor of CDD corresponding to the cyclic delay in time domain, and NFFT denotes the IFFT point size. 
Regarding this equation, Nd should be set to a smaller value than a certain threshold in order to avoid inter-code interference. However, this threshold has not investigated yet and should be evaluated.
(C) Need for Additional Orthogonal Resources: Pre-coded DM RS is applicable to CDD, thus only one orthogonal sequence is required. In that sense, CDD is superior compared to the above schemes in terms of a spec change.

6.2.6. SCTD

(A) PAPR: Each signal from each Tx antenna is a CAZAC sequence. Therefore the single carrier property is kept. 

(B) Backward Compatibility: This scheme is almost the same as the single Tx antenna case, i.e. it looks as if two PUCCH signals are transmitted from two different UEs. Therefore, the orthogonality would be the same as for the single antenna case. 

(C) Need for Additional Orthogonal Resources: Orthogonal resource for both format 1/1a/1b data and DM RS are required. In other words, the resource efficiency would be the lowest compared to all other schemes. However, if the same procedure(s) in LTE Rel-8 are reused to assign orthogonal resources, those for both data and DM RS are assigned simultaneously. Therefore, the complexity of procedure change would be the same as SFBC, STBC, FSTD and TSTD. 














































































































































































































































































Figure � SEQ 図 \* ARABIC �2�. BER performance of PUCCH format 1b transmission.�(2x2 antenna, UE mobility = 3 kmph, 1 UE)






































Figure � SEQ 図 \* ARABIC �1�. C.D.F. of inter-code interference power after signal detection for CDD �(2x2 antenna, 36-code-multiplexing within 1 PUCCH resource)


























Figure � SEQ 図 \* ARABIC �4�. BER performance of PUCCH format 1b transmission.�(2x2 antenna, UE mobility = 120 kmph, 12 UEs multiplexing)














Figure � SEQ 図 \* ARABIC �3�. BER performance of PUCCH format 1b transmission.�(2x4 antenna, UE mobility = 3 kmph, 1 UE)
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