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1
Introduction
It is expected that LTE-Advanced UEs will be equipped with multiple transmit antennas to enable SU-MIMO operation, which is needed to meet the peak spectral efficiency target. 
Given the availability of multiple transmit antennas at the UE, it is important to consider possible open-loop transmit diversity schemes for both the data (PUSCH) and control channels (PUCCH) in the uplink. In this paper, we provide our views on transmit diversity schemes for PUCCH. 

2
Transmit Diversity Schemes for PUCCH
In this section, we describe several optional schemes to achieve transmit diversity for PUCCH that preserves the single carrier property at each transmit antenna. 

2.1 
Cyclic Delay Diversity (CDD)
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Figure 1. CDD for PUCCH

CDD (see Fig. 1) effectively combines the channel from one transmit antenna and the delayed channel from the other transmit antenna into one effective channel with longer delay spread. In order to achieve good diversity performance, large delay CDD is more attractive than small delay CDD. However, large delay CDD, e.g. d=2 in Fig. 1, effectively results in each transmit antenna employing a different cyclic shift of the base modulating sequence, which is a special case of the scheme described in the next section. 
Note that CDD could be applicable to all PUCCH formats.

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 let LTE-A UE transmit the same control information from different transmit antennas by using different orthogonal resources including cyclic and orthogonal covers (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
Note that Option 2 introduces additional coding gain on top of diversity gain, and supports a larger control payload compared to Rel-8 encoder.
2.3 
Space Time Block Code

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.  A simple way to deal with the orphan symbol will be letting each transmit antenna send the same symbol (see Fig. 4). Note that in each symbol, different transmit antennas at the same UE utilize the same cyclic shift.  
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Figure 4. STBC for PUCCH format 2 with Normal CP

2.4 
Proposal
1. When one PUCCH is allocated multiple orthogonal resources, for all PUCCH formats:

Space Orthogonal-Resource Transmit Diversity (SORTD) should be applied;

2. For PUCCH format 2 with normal CP (only):

Space Time Block Code (STBC) Transmit Diversity could be applied with special handling of the orphan symbol, e.g. repeating symbol over transmit antennas or STBC coding over the two orphan symbols in two slots.

3. In the case that the UE has four transmit antennas, although SORTD using 4 orthogonal resources or combination of STBC with SORTD using 2 orthogonal resources (for format 2 with normal CP) can be applied for 4-tx diversity, it is envisioned that we should better form two virtual antennas (e.g. Fig. 5) and apply the proposed diversity schemes over the virtual antennas to avoid estimating all channels for all transmit antennas, which will potentially degrade the performance because of the poor channel estimates. Note the precoding vectors for the virtual antennas can randomly hop at the slot boundary to avoid the possible correlation among the transmit antennas.
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Figure 5. Virtualization of antennas
3
Simulation Results 

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

	Carrier frequency
	2.0GHz

	System bandwidth
	5MHz

	PUCCH formats
	1a, 2

	Number of UEs multiplexed
	PUCCH format 1a + SIMO                 : 1 or 18

PUCCH format 1a + SORTD              : 1 or 9

PUCCH format 2  + SIMO or STBC    : 1 or 6 

PUCCH format 2  + SORTD               : 1

	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

	Frequency hopping at slot boundary
	Enabled

	Channel estimation
	Practical
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	Number of CQI bits
	10, 14


Fig. 6 shows the performance of SORTD for PUCCH format 1a with different number of ACKs from different UEs being multiplexed. Here, SORTD is simply repeating the ACK bit at both transmit antennas. It can be seen that SORTD can provide about 1.0dB-1.5dB gain at 0.1 percent BER.
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Figure 6. BER of PUCCH format 1a; Left: 1 UE is multiplexed; Right: 18 UEs multiplexed for SIMO mode vs. 9                  UEs multiplexed in SORTD mode
Fig. 7 shows the performance of STBC scheme described in Fig. 4 when multiplexing different number of CQIs. It can be seen that STBC provides about 0.5dB gain at 1 percent FER when only 1 CQI is multiplexed. When 6 CQIs are multiplexed over one PUCCH RB, STBC has SNR gain about 1.0dB at 1 percent FER compared to SIMO.
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Figure 7. FER of PUCCH format 2 with 10-bit Payload; Left: 1 CQI multiplexed; Right: 6 CQIs multiplexed
Fig. 8 - 12 show the performance of PUCCH format 2 with SORTD for different number of CQI bits. In these simulations, SORTD is either with Option 1: simple repetition or with Option 2: joint coding. 
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 [3] is used as the encoder for the joint coding scheme described in Fig. 3b. 
From Fig. 8, we see SORTD (either simple repetition or joint coding) provides about 1.2dB gain relative to SIMO performance at 1 percent FER when the payload is 10 bits. With 14-bit CQI payload, it can be seen from Fig. 9 that SORTD with joint coding provides about 2.7dB gain at 1 percent FER, while SORTD with simple repetition provides about 2.0dB gain.

From the figures we see that for payload sizes < 11 bits, simple repetition coding outperforms joint coding. For payload sizes > 11 bits, joint coding outperforms simple repetition. 

Note that LTE Rel-8 PUCCH 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 support joint coding and spatial multiplexing for PUCCH transmission. Finally, for UEs supporting multiple Tx antennas, the multiplexing rules for UL transmissions could be facilitated while keeping the SC property on each antenna if allowing different control information types be transmitted on orthogonal resources of different antennas. 
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Figure 8. FER of PUCCH format 2 with 8-bit Payload (1 CQI multiplexed)
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Figure 9. FER of PUCCH format 2 with 10-bit Payload (1 CQI multiplexed)
[image: image14.png]FER

10

rm : reed-muller code

—e— SIMO - thee
=@ SIMO - m

—e— STBC-thee

@ STBC-m

—&— SORTD-Repeating - thec
=+~~~ SORTD-Repeating - rm
—&— SORTD-Joint Coding - thee

10 E] 5 4

2 0

Average Tone SNR per Rx Antenna (dB)




Figure 10. FER of PUCCH format 2 with 12-bit Payload (1 CQI multiplexed)
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Figure 11. FER of PUCCH format 2 with 14-bit Payload (1 CQI multiplexed)
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Figure 12. FER of PUCCH format 2 with 16-bit Payload (1 CQI multiplexed)
4
Conclusions 

In this contribution, we have provided our views on PUCCH transmit diversity schemes in LTE-A, in summary:

· Space Orthogonal-Resource Transmit Diversity (SORTD) 
· with repetition coding for Rel-8 PUCCH payload sizes (<=11 bits)

· with spatially joint coding for large payload sizes if needed for LTE-A (>11 bits);

· Space Time Block Code Transmit Diversity for PUCCH format 2 with normal CP with special handling of the orphan symbol, e.g. simply sending the same modulation symbol over all transmit antennas;

· Use of antennal virtualization for UEs supporting more than 2 physical antennas (transmission scheme as in 2-way transmit diversity).
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