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1
Introduction
In RAN1 #58, it has been agreed that Space Orthogonal-Resource Transit Diversity (SORTD) should be applied to achieve transmit diversity for PUCCH format 1/1a/1b.  In this paper, we discuss possible open-loop/closed-loop transmit diversity schemes for PUCCH format 2/2a/2b. 

2
Transmit Diversity Schemes for PUCCH Format 2/2a/2b: Single Carrier Waveform
In this section, we describe several optional schemes that can achieve transmit diversity for PUCCH format 2/2a/2b and preserves the single carrier property at each transmit antenna. 

2.1 
Long-Term Precoding
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Figure 1. Long-Term Precoding for PUCCH
Since there is no scheduling grant for the PUCCH transmission, precoding according to the short-term channel knowledge is not practical here. However, the long term channel spatial covariance information is readily available through non-precoded SRS or non-precoded DM-RS for PUSCH transmission, and precoding along the eigen-direction of the long term channel covariance could be applied to PUCCH [1] with very small signaling overhead required because of the long-term nature. Long-Term Precoding can be applied to all PUCCH formats and is expected to exhibit good performance when the transmit antennas are strongly correlated. 
2.2 
Space Orthogonal-Resource Transmit Diversity (SORTD)
Another natural transmit diversity schemes for PUCCH would be to treat each transmit antenna as a UE in Rel-8 since Rel-8 UE has only one transmit antenna. In other words, we can transmit the control information from different transmit antennas of the LTE-A UE by utilizing different orthogonal resources (see Fig. 2). Since each transmit antenna requires an orthogonal resource for sending modulated data symbols and pilots, the number of UEs that can be multiplexed in one PUCCH RB will be proportionally reduced. One benefit of SORTD is that it applies to all PUCCH formats.
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Figure 2. SORTD for PUCCH

To derive the coded bits to be sent from different transmit antennas over different orthogonal resources, we can perform either one of the following options:

Option 1: simple repetition, i.e., all the transmit antennas send the same coded bits from an encoder with an effective coding rate R (see Fig. 3a);
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Figure 3a. Simple Repetition

Option 2: joint coding, i.e., the control information bits are encoded at rate R/T (assume T tx ant) and different transmit antennas send different parts of the codeword (see Fig. 3b).
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Figure 3b. Joint Coding
Option 3: independent coding, i.e., the control information bits are fist split into T groups and each group is encoded at rate R/T (assume T tx ant) independently;  then different transmit antennas send different codewords (see Fig. 3c).
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Figure 3c. Independent Coding
Note that Option 2 introduces additional coding gain on top of diversity gain, and can support a larger control payload compared to Rel-8 encoder. Option 3 also introduces coding gain; however, this is offset by coding efficiency loss due to smaller code block size and lack of diversity gain. On the other hand, Option 3 is better in the sense that it is able to reuse the existing Rel-8 encoder.
2.3 
Space Time Block Code (STBC)
For PUCCH format 2 with normal cyclic prefix,  the DM-RS is transmitted with “cover” [+1, +1] in LTE Rel-8. By allowing [+1, -1] cover in LTE-A, the multiplexing capability in DM-RS would be doubled. As a result, STBC can be applied to achieve diversity without losing multiplexing capability. 
Since STBC codes across two data symbols, there will be one orphan symbol left in each slot when the slot boundary frequency hopping is ON. A simple way to deal with the orphan symbol is jut letting each transmit antenna send the same symbol (see Fig. 4). Note that in each SC-FDM symbol, different transmit antennas at the same UE utilize the same cyclic shift of the base sequence. 
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Figure 4. STBC for PUCCH format 2 with Normal CP
As pointed out in [2], when we disable the slot boundary frequency hopping, firstly, the orphan symbol problem will disappear, and secondly, without requiring multiple cyclic shifts, the STBC scheme can be applied to PUCCH format 2 with extended CP and PUCCH format 2a/2b with normal CP since we can introduce the time domain orthogonal cover code [+1, -1] over the two un-modulated DM-RS SC-FDM symbols within one sub-frame. 
3
Transmit Diversity Schemes for PUCCH Format 2/2a/2b: NxSC-FDM Waveform
In this section, we describe several schemes that employ multiple orthogonal resources to achieve transmit diversity for PUCCH format 2/2a/2b but will not preserve the single carrier property at the transmit antenna.
3.1 
Space Code Block Code (SCBC)
SORTD scheme described in Section 2 tries to keep single carrier waveform at each transmit antenna. When NxSC-FDM waveform is justifiable, each transmit antenna can transmit over multiple orthogonal resources simultaneously. When two orthogonal resources are available, we can perform Alamouti coding across the two orthogonal resources in each SC-FDM symbol (see details in [3] from Nokia). Since the number of coded modulation symbols that can be conveyed are doubled, joint coding is always assumed. SCBC can be applied to all formats: 2/2a/2b.
3.2 
Multiple Space Time Block Codes (Multi-STBC)
STBC scheme described in Section 2 employs only a single orthogonal resource. When NxSC-FDM waveform is allowed, we can perform the STBC scheme illustrated in Fig. 4 over multiple orthogonal resources to achieve diversity and increase the number of coded modulation symbols that can be conveyed simultaneously. To enjoy the coding gain, joint coding is always assumed for Multi-STBC. Fig. 5 provides an illustration of this scheme. Note that Multi-STBC can be easily extended to 3 or more orthogonal resources while the SCBC in [3] only works for 2 orthogonal resources. Multi-STBC can be applied to all PUCCH formats for CQI. Again, when we disable the slot boundary frequency hopping, there will be no orphan symbols anymore.
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Figure 5. Multi-STBC for PUCCH format 2 with Normal CP
4
Simulation Results: Uncorrelated Transmit Antennas 

The link level simulation parameters are listed as below:
Table 1: Simulation Parameters

	Carrier frequency
	2.0GHz

	System bandwidth
	5MHz

	PUCCH formats
	2

	Number of UEs multiplexed
	SIMO or STBC                            :  1 or 6 

SORTD or SCBC or Multi-STBC : 1 or 3

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	Typical Urban (6 paths)

	Fading speed
	3km/h

	Antenna configuration
	1x2 for SIMO, 2x2 for Tx Div

	Antenna correlation
	0.0 unless specified

	Frequency hopping at slot boundary
	Enabled/Disabled

	Channel estimation
	Practical

	Noise estimation
	Perfect

	Number of CQI bits
	5,10,12,14,16,18

	Encoder
	less than or equal to 11bits: (20, A) Reed-Muller code

greater than 11 bits            : 1/3 Tail Biting Convolutional Code


Fig. 6-7 show the performance of different diversity schemes described in previous sections with uncorrelated transmit antennas and slot-boundary frequency hopping being enabled for different CQI payload (5, 10 bits) when multiplexing different number of CQIs. It can be seen that, for 10bits CQI payload, STBC provides about 0.7-1.0dB gain at 1 percent FER compared to SIMO depending the number of CQIs multiplexed. Meanwhile, SORTD with simple repetition can provide addition 0.7-1.0dB gain relative to STBC. However, SORTD requires more orthogonal resources than STBC.
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Figure 6. FER of PUCCH format 2 with 5-bit Payload; Left: 1 CQI multiplexed; Right: 6 CQIs multiplexed
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Figure 7. FER of PUCCH format 2 with 10-bit Payload; Left: 1 CQI multiplexed; Right: 6 CQIs multiplexed
When slot-boundary frequency hopping is disabled, the performance of different diversity schemes with uncorrelated and correlated transmit antennas are shown in Fig. 8 and Fig. 9 respectively for CQI payload 10 bits. From the results in Fig. 8-9, we can see that slot-boundary frequency hopping does improve SIMO performance. However, when other transmit diversity schemes such as STBC are applied, the improved channel estimation by disabling the slot-boundary frequency hopping turns out to be more important than the additional frequency diversity achieved with frequency hopping at the slot boundary. 
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Figure 8. FER of PUCCH format 2 with 10-bit Payload; Left: 1 CQI multiplexed; Right: 6 CQIs multiplexed 
(no FH, uncorrelated transmit antennas)
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Figure 9. FER of PUCCH format 2 with 10-bit Payload; Left: 1 CQI multiplexed; Right: 6 CQIs multiplexed

(no FH, correlated transmit antennas)

From Fig. 6-9, it is clear that SORTD with simple repetition offers the best performance at a cost of consuming more orthogonal resources. Since LTE Rel-8 PUCCH format 2 can already support CQI payload up to 11 bits with decent FER (around 1%) around the SNR of -2.0dB (per Rx Antenna), we think it is not worthwhile to allocate 2 (or more) orthogonal resources to a single UE for performance improvement from Rel-8 when the CQI payload is less than or equal to 11 bits. Hence, we propose the following:
· for CQI payload less than or equal to 11 bits, Space Time Block Code (STBC)  is the favorable candidate CQI transmit diversity over PUCCH:
· in case of slot-boundary frequency hopping, STBC will not be supported for format 2a/2b;
· in case that slot-boundary frequency hopping is disabled, STBC is supported for all formats.
Note that LTE Rel-8 PUCCH CQI transmission is limited to payload sizes <= 11 bits. There are several LTE-A techniques that may require a larger CQI payload, e.g., in support of CoMP or higher order MIMO. Therefore, for these cases, it would be beneficial to assign more resources to a single UE to support joint coding and spatial multiplexing for PUCCH CQI transmission. 
Fig. 10 - 15 show the performance of PUCCH format 2 with different transmit diversity schemes for different number of CQI payload (12, 16, 20bits) with different number of CQIs multiplexed. Since Tail-Biting Convolution Code (TBCC) is already adopted in Rel-8 to encode CQI in PUSCH when the payload size is greater than 11 bits, TBCC as defined in [4] is used as the encoder for these larger payload. 
From Fig. 10-15, we see SORTD with joint coding provides 0.7-2.5dB gain relative to SORTD with simple repetition at 1 percent FER when the payload increases from 12 bits to 20 bits. Additionally, SCBC and Multi-STBC can provide 0.2-0.5dB gain relative to SORTD with joint coding at 1 percent FER. It is important to keep in mind that both SCBC and Multi-STBC can not preserve single carrier waveform at the transmit antenna. As a result, the cubic metric of the transmitted signal increases to 2.30dB, which is 1.45dB higher than the cubic metric of the transmitted signal with SORTD, which is only 0.85dB. Here, the cubic metric is is normalized as follows to reflect the PA backoff needed when the UE is operating in power-limited situation [5]:
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Figure 10. FER of PUCCH format 2 with 12-bit Payload (1 CQI multiplexed)
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Figure 12. FER of PUCCH format 2 with 16-bit Payload (1 CQI Multiplexed)
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Figure 14. FER of PUCCH format 2 with 20-bit Payload (1 CQI multiplexed)
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Figure 11. FER of PUCCH format 2 with 12-bit Payload (3 CQI multiplexed)
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Figure 13. FER of PUCCH format 2 with 16-bit Payload (3 CQI multiplexed)
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Figure 15. FER of PUCCH format 2 with 20-bit Payload (3 CQI multiplexed)
From Fig. 10-15, it is clear that, by utilizing two orthogonal resources, SORTD with joint coding achieves close to best performance while keeping low cubic metric at each transmit antenna. So we would like to propose the following:

· Space Orthogonal-Resource Transmit Diversity (SORTD) with joint coding is adopted in LTE-Adv as the baseline  approach for CQI transmit diversity with payload greater than 11 bits to achieve both diversity and coding gains while keeping single-carrier waveform with low cubic metric at each transmit antenna

5
Simulation Results: Correlated Transmit Antennas 

The link level simulation parameters are the same as those listed in Table 1 except we will focus on correlated transmit antenna cases here. Implementation details of the Long-Term Precoding scheme simulated in the following results can be found in the Appendix.
Fig. 16-17 show the performance of different single-resource based transmit diversity schemes described in previous sections under different transmit antenna correlation values for CQI payload of 10 bits. It can be seen that, STBC without slot-boundary frequency hopping offers the best performance when transmit antennas are uncorrelated. For correlated transmit antennas (correlation > 0.3), Long-Term Precoding has the best performance. In particular, at correlation value of 0.5, Long-Term Precoding has about 1.0dB gain relative to STBC at 1% FER.
Fig. 18 show the performance of different two-resource based diversity schemes described in previous sections under different transmit antenna correlation values for CQI payload of 16 bits. Similarly, we can see that, at correlation value of 0.5, Long-Term Precoding with two resources gives above 1.0dB gain relative to other diversity schemes at 1% FER.
From the results depicted in Fig. 16-18, we can have the following observation:

· for strongly correlated transmit antenna cases (correlation > 0.3), precoding along the eigen-direction of the long-term channel spatial covariance offers the best performance.
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Figure 16. FER of PUCCH format 2 with 10-bit Payload; Left: TxAnt Corr: 0.0; Right: TxAnt Corr: 0.3
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Figure 17. FER of PUCCH format 2 with 10-bit Payload; Left: TxAnt Corr: 0.5; Right: TxAnt Corr: 0.7
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Figure 18. FER of PUCCH format 2 with 16-bit Payload; Left: TxAnt Corr: 0.0; Right: TxAnt Corr: 0.7
6
Conclusions 

In this contribution, we have compared different transmit diversity schemes for PUCCH format 2/2a/2b in LTE-A. Our views are summarized as follows:

· For CQI payload less than or equal to 11 bits:
· since Rel-8 already supports this payload, we should limit the transmit diversity scheme to those schemes requiring only one orthogonal resource
· Space Time Block Code (STBC)  is the favorable candidate

· in case of slot-boundary frequency hopping, STBC will not be supported for format 2a/2b
· in case that slot-boundary frequency hopping is disabled, STBC is supported for all formats

· For CQI payload greater than 11 bits:
· Space Orthogonal-Resource Transmit Diversity (SORTD) with joint coding is the favorable candidate to achieve both diversity and coding gains while keeping single-carrier waveform at each transmit antenna
· For strongly correlated transmit antenna cases (correlation > 0.3), precoding along the eigen-direction of the long-term channel spatial covariance offers the best performance

· We propose to consider a semi-static signaling switch between the long-term precoding and the diversity schemes described in the first two bullets.
· For UEs supporting more than 2 physical antennas:
· Use of antennal virtualization to get 2 virtualized transmit antennas

· 2-Tx transmit diversity scheme as described above is applied to the virtual tx antennas
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Appendix: Implementation Details of Long-Term Precoding 

The details of simulating Long-Term Precoding are listed in the following table:
Table 2: Simulation Parameters for Long-Term Precoding
	System bandwidth
	5MHz (300 Tones)

	SRS Period
	2ms

	SRS Transmission BW
	10 middle RBs (120 Tones)

	PUCCH Transmission BW
	1 RB at the edge of the system bandwidth

	Long-Term Channel Covariance

Estimate
	For each time SRS is sent:

Step 1: Average over the 120 SRS tones:
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Step 2: IIR filtering with a forgetting factor of 0.02:
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	Codebook for Precoding Vectors
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	Precoding Vector Update Rate
	Once every 100ms
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