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1. Introduction 

One of the key features of LTE-Advanced (LTE-A) is simultaneous transmission from multiple antennas in the uplink (UL) [2]. This MIMO configuration can be exploited by a suitable transmit diversity (TxD) scheme to improve the coverage in an LTE-A system. For physical uplink control channel (PUCCH), some TxD schemes have been proposed and investigated. Although most of these schemes enjoy a better performance compared to single antenna transmission, their drawback is that each UE requires twice as many orthogonal sequences (OSs) to enable eNB to estimate the channel of each Tx antenna separately. As a result, the number of UEs that can be multiplexed in the same resource block (RB), i.e. multiplexing capacity, is reduced by a factor of two as compared with transmission with single antenna. In this paper, for a certain class of TxD schemes, i.e. TxD schemes that use only one OS at the time of data symbol (DS) transmission, we consider a slot structure in which the position of reference symbols (RS) in each slot is different from UE to UE. This rearrangement of RS positions frees up more orthogonal resources for additional UEs to be multiplexed in the same RB, which will therefore lead to increased multiplexing capability of PUCCH. Simulation results show that the new slot structure can increase the multiplexing capacity by 50% while keeping the performance comparable to the conventional Rel.-8 RS arrangement. Alternatively, the new RS arrangement provides significant performance gain and increased robustness as compared with the conventional RS arrangement when both slot structures are examined with the same number of multiplexed UEs.  
2. TxD for PUCCH in LTE-A
The discussions of TxD for PUCCH in LTE-A have been mainly focused on investigating TxD schemes that preserve the low PAPR property of the UL signal. There exist several schemes with this characteristic [3]-[6]. These schemes can be categorized in three groups as follows.

1- Transparent Schemes Using One Orthogonal Sequence on DS: The main goal of these schemes is to utilize the power resources of both transmit antennas while making the scheme transparent to eNB. Examples of this group are RF combining and slot-based precoding vector switching (PVS) [3],[4]. The advantage of these schemes is that both transmit antennas use the same OS. Hence the multiplexing capacity remains the same as in Rel.-8. On the negative side, these schemes only provide a UE PA power pooling benefit, but little or no spatial diversity gain over the single antenna transmission.

2- Non-Transparent Schemes Using One Orthogonal Sequence on DS: Examples of this group include STBC based TxD schemes [3]-[5]. In these schemes, both transmit antennas use the same OS for transmission of DS. However, for RS transmission, different antennas will still need to use different OSs to make it possible for eNB to estimate the channels from each Tx antenna separately. Since two OSs are needed for RS, the multiplexing capacity of these schemes is reduced by a factor of two as compared with the single antenna transmission in Rel.-8. The advantage of these schemes is that they exploit spatial diversity and hence achieve a better performance as compared with the schemes described in group 1.
3- Non-Transparent Schemes Using Two Orthogonal Sequences on DS: In these schemes, different transmit antennas use different OSs for transmission of both DS and RS. An example of this group is SORTD [3]-[6] in which the same modulated symbols are transmitted simultaneously from different antennas using different OSs. The advantage of these schemes is that their performance is better than the schemes in group 1. However, as a result of using twice as much orthogonal resource, its PUCCH multiplexing capacity is reduced by a factor of two as compared with the multiplexing capacity of single antenna transmission in Rel-8.
As mentioned above, the non-transparent schemes have better performance in comparison with the transparent schemes. However, non-transparent schemes may overuse limited orthogonal resources. In PUCCH formats 2/2a/2b, which is the focus of this paper, the orthogonal resources are 12 cyclic shifts (CS) of a base sequence. For non-transparent schemes, eNB needs to estimate the channel coefficients of two transmit antennas. Hence, two different OSs should be used for transmission of RS from the two transmit antennas, and the PUCCH multiplexing capacity is reduced to 6.

Table 1 shows an example of OS assignment for STBC for PUCCH format 2. A normal cyclic prefix (CP) has been assumed. Hence, one slot consists of 7 OFDM symbols (S1 to S7) from which symbols S2 and S6 are used for RS transmission and other symbols are used for data transmission. In the table, RS locations are marked with a dark background color. As mentioned before, for each symbol transmission in STBC, UE utilizes one OS if it is a DS and 2 OS if it is RS. The numbers in the table are the index of OS (namely, the index of cyclic shift sequences) as an example, which ranges from 1 to 12. The index below Si in each row of the table shows what OSs are used by the corresponding UE at the ith symbol. It is seen that at most 6 UEs can be multiplexed in the same RB. This limit is set by the RS, because they use all the OSs in the corresponding symbol.
Table 1: OS assignment for STBC with Normal CP
	UE
	S1
	S2
	S3
	S4
	S5
	S6
	S7

	1
	1
	1,7
	1
	1
	1
	1,7
	1

	2
	2
	2,8
	2
	2
	2
	2,8
	2

	3
	3
	3,9
	3
	3
	3
	3,9
	3

	4
	4
	4,10
	4
	4
	4
	4,10
	4

	5
	5
	5,11
	5
	5
	5
	5,11
	5

	6
	6
	6,12
	6
	6
	6
	6,12
	6

	
	
	
	
	
	
	
	

	
	RS
	
	
	DS
	
	
	


Table 2: UE-specific slot structure for Normal CP

	UE
	S1
	S2
	S3
	S4
	S5
	S6
	S7

	1
	1,10
	1
	1
	1
	1,10
	1
	1

	2
	2
	2,10
	2
	2
	2
	2,10
	2

	3
	3
	3
	3,10
	3
	3
	3
	3,10

	4
	4,11
	4
	4
	4
	4,11
	4
	4

	5
	5
	5,11
	5
	5
	5
	5,11
	5

	6
	6
	6
	6,11
	6
	6
	6
	6,11

	7
	7,12
	7
	7
	7
	7,12
	7
	7

	8
	8
	8,12
	8
	8
	8
	8,12
	8

	9
	9
	9
	9,12
	9
	9
	9
	9,12

	
	
	
	
	
	
	
	

	
	RS
	
	
	DS
	
	
	


Table 3: UE-specific slot structure for Extended CP

	UE
	S1
	S2
	S3
	S4
	S5
	S6

	1
	1
	1
	1
	1
	1,11
	1

	2
	2
	2
	2
	2,11
	2
	2

	3
	3
	3
	3,11
	3
	3
	3

	4
	4
	4,11
	4
	4
	4
	4

	5
	5,11
	5
	5
	5
	5
	5

	6
	6
	6
	6
	6
	6
	6,12

	7
	7
	7
	7
	7
	7,12
	7

	8
	8
	8
	8
	8,12
	8
	8

	9
	9
	9
	9,12
	9
	9
	9

	10
	10
	10,12
	10
	10
	10
	10

	
	
	
	
	
	
	

	
	RS
	
	
	DS
	
	


3. UE-Specific Slot Structure

In this section, to improve PUCCH multiplexing capability for LTE-A, a UE-specific slot structure is discussed which would mitigate the RS multiplexing issue.  The discussions in this section are applicable to any non-transparent TxD scheme using one OS for DS (category 2 in Section 2). 

As discussed before, TxD schemes in category 2 use two OSs for RS transmission. This limits their multiplexing capacity to 6 UEs. However, at each DS, only 6 OSs are used and 6 OSs are left idle.  To utilize these free OSs to support more UEs, one way is to define a UE-specific slot structures in such a way that RS locations of different UEs are distributed across the slot. As a result, the utilization of OS could be evenly distributed across the symbols of one slot and the multiplexing capacity will be increased. In other words, by adopting an appropriate slot structure, congestion on CS resources at specific symbols (RS symbols of Rel. 8) is avoided and unused OSs in all symbols are freed up. In consequence, these freed OSs can be used to multiplex more UEs in the same RB.
UE-specific slot structures and the corresponding OS assignments can be defined in several ways. Examples of UE-specific slot structures and the corresponding OS assignments for normal CP andextended CP
 are shown in Tables 2 and 3, respectively. According to Table 2, UE#1 will be assigned symbols #1 and #5 for its RS transmission, and CS-1 and CS-10 (cyclic shift sequences with indices 1 and 10) are allocated for its RS transmission from antennas 1 and 2, while for the DS, which will be transmitted on symbols 2,3,4,6 and 7, CS-1 will be used. For UE#6, symbols #3 and #7 will be used for its RS transmission, and CS-6 and CS-11 will be used for its RS transmission on antennas 1 and 2, respectively, while DS will be transmitted on symbols 1,2,4,5 and 6 using CS-6. Please note that the OS indices in these tables are logical indices; however, as in Rel. 8, these indices can be mapped to the actual indices.
It can be seen from the tables that by using this scheme, all 12 OS resources will be fully utilized without losing OS orthogonality. This leads to increased multiplexing capability of UEs. To be more specific, 9 UEs can be multiplexed for the normal CP, and 10 UEs can be multiplexed for the extended CP as shown in the examples.

Note that this method is backward compatible with LTE Rel-8 UEs as Rel-8 UEs could still transmit PUCCH using the Rel-8 slot formats, and the new slot structure could be used for LTE-A UEs to transmit its PUCCH. As the new slot structure still uses orthogonal CSs, there is no impact to the Rel-8 UE.

4. Simulation Results

To evaluate the performance of the new slot structure, we present some simulation results in this section. UE-specific slot structure (USSS) of Table 2 is evaluated by being applied to STBC as the representative of non-transparent TxD schemes with one OS for data. As for Rel. 8 slot structure, simulation results are provided for STBC, SORTD, and single antenna transmission (single Tx).

In simulation of STBC, the orphan symbols of the two slots are paired together and, like other paired symbols, they are encoded using Alamouti code. Other simulation assumptions are given in Table 4. Here, the signal to noise ratio (SNR) is the ratio of signal power to thermal noise power in each subcarrier. 

Table 4: Simulation Assumptions
	Parameter 
	Assumption 

	Carrier Frequency 
	2 GHz 

	Bandwidth 
	5 MHz 

	Cyclic Prefix
	Normal

	PUCCH Configuration 
	Format 2 

	Channel Code 
	Reed-Muller (20,11) 

	Number of PRBs 
	1 

	MIMO Configuration 
	1x2 and 2x2 

	Channel Model 
	Uncorrelated TU6, Uncorrelated EPA , or

SCM Urban Macro (8◦ Angle Spread, 0.5( UE antenna spacing, 4( eNB antenna spacing; bulk parameters redrawn for each subframe)

	UE Speed 
	3 km/h (unless otherwise specified)

	Channel Estimation 
	Realistic 

	Number of UEs in the cell 
	6 & 9 
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Fig. 1: BLER vs. SNR for PUCCH format 2, high delay spread (TU6 channel), 3km/h.
4.1. High delay spread channel scenarios

Figure 1, demonstrates BLER vs. SNR for various TxD schemes and slot structure combinations in a highly frequency selective channel (TU6 channel model) at low speed of 3 km/h. For UE-specific slot structure, UE index #2 from Table 2 has been simulated. It is observed that:

1- With UE-specific slot structure, STBC can support 9 UEs. In this case, STBC provides about 1.1dB gain over single antenna transmission at a BLER of 10-2.

2- The performance of STBC with 9 UEs (using the UE-specific slot structure) is only slightly worse than the performance of STBC with 6 UEs (using Rel. 8 slot structure).

3- Compared to SORTD with 6 UEs, STBC with 9 UEs requires 1.1dB additional SNR to achieve a BLER of 10-2. In other words, 50% more users can share the same PUCCH at the cost of about 1 dB in transmission power.  

4- The performance of STBC with 6 UEs (UE-specific slot structure) is slightly better than the performance of SORTD with 6 UEs (Rel. 8 slot structure) at BLER of 10-2.  One of the potential Ack/Nack transmission schemes for carrier aggregation is format 2 [7]-[8]. Hence, it is useful to compare the curves in Fig. 1 at BLER of 10-3, which is indicative of Nack to Ack error rate requirements. At this BLER, STBC with 6 UEs (using the UE-specific slot structure) requires about 2.5dB and 3.2dB less transmission power compared with SORTD and STBC (using the Rel. 8 slot structure), respectively. The gain in comparison with single Tx is on the order of 4 dB or more.
5- STBC with UE-specific slot structure and with 6 UEs outperforms STBC with Rel. 8 slot structure and with 6 UEs. The difference is about 1.0dB at a BLER of 10-2.
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Fig. 2: BLER vs. SNR for PUCCH format 2, low delay spread (EPA channel), 3km/h.
4.2. Low delay spread channel scenarios

Figure 2 demonstrates the performance of various TxD schemes in a relatively low frequency selective channel (EPA channel model). All other simulation assumptions are the same as in Fig. 1. It is observed that:

1- Since both 6 and 9 UEs require about the same amount of UE transmit power for STBC, the slot structure and the number of multiplexed UEs do not significantly affect the performance of STBC. This is due to the relatively flat behavior of the EPA channel model.  
2- SORTD with 6 UEs outperforms all STBC scenarios by about 0.8 dB at BLER of 10-2. 
3- Both SORTD and STBC provide significant gain (about 2.5 and 1.7 dB, respectively) with respect to single antenna transmission.

4- STBC with 9 UEs requires only 0.8 dB more SNR compared to SORTD with 6 UEs. Therefore, the 50% multiplexing gain from the new slot format is easier to obtain in relatively flat channels than in higher delay spread channels. 

4.3. High speed scenarios

A natural concern regarding the UE-specific slot structure and the RS relocation is the effect on channel estimation quality and BLER performance at high speeds. To evaluate this effect, Figure 3 shows the performance of the previous configurations at a high speed (120 km/h) for UE#2 and UE#3 of Table 2. UE#2 uses the Rel-8 slot format, whereas UE#3 uses the new slot structure with the RS shifted by one symbol. We observe from Figure 3 that the difference between performance of UE #2 and UE #3 is negligible even with 9 UEs multiplexed in the same RB. Furthermore, the performance benefit from using the new slot structure over the Rel-8 structure with the same number of UEs and over single antenna transmission is almost the same as at 3 km/h.

[image: image3.emf]-6 -5 -4 -3 -2 -1 0 1 2 3 4 5

10

-3

10

-2

10

-1

10

0

Sub-carrier SNR (dB)

BLER

 

 

STBC, 6UE (USSS - UE#2)

STBC, 6UE (USSS - UE#3)

SORTD, 6UE (Rel. 8)

STBC, 6UE (Rel. 8)

STBC, 9UE (USSS, UE#2)

STBC, 9UE (USSS - UE#3)

Single Tx, 6UE (Rel. 8)

Single Tx, 9UE (Rel. 8)


Fig. 3: BLER vs. SNR for PUCCH format 2, TU6 channel, high speed (120 km/h).
4.4. Limited Angle Spread Scenario

The benefit of open loop transmit diversity schemes diminishes as the antennas become more correlated, and so it is important to consider their behavior in environments with limited amounts of angle spread.  Therefore, we simulated the diversity schemes and single antenna transmission using an SCM urban macro channel model.  We find that STBC with the new slot structure is considerably more robust to the increased antenna correlation in this scenario when 6 UEs are multiplexed together.  Examining Figure 4, we see that the BLER curves for both SORTD and STBC with the Rel-8 structure begin to flatten around 1% BLER, such that they are about 2 dB worse than STBC with the new slot structure at 0.7% BLER, and then have error floors around 0.2-0.4% BLER.  STBC with the new slot structure continues to improve with increasing SNR, and does not exhibit any flooring down to 0.1% BLER.
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Figure 4: BLER vs. SNR for PUCCH format 2, SCM Urban Macro channel, 4λ eNB antenna spacing
5. Conclusions

In this paper, we considered methods to increase the multiplexing capacity of TxD schemes for LTE-A format 2/2a/2b.  We found that a UE-specific slot structure for PUCCH formats 2/2a/2b can lead to improved PUCCH TxD multiplexing capacity by 50% while still providing significant (1.1-1.7 dB) diversity gain over single antenna transmission at 1% BLER. Furthermore, the new slot structure can improve TxD robustness, avoiding error floors in the presence of antenna correlation at greater levels of multiplexing capacity than TxD schemes based on the Rel.8 structure, as well as offering substantial performance benefit in uncorrelated channels (up to about 3 dB gain) at 0.1% BLER.  We observe:

· This new slot structure can be used with any non-transparent TxD scheme that uses one orthogonal sequence for data transmission (such as STBC).   

· Simulation results show that the new slot structure can support 9 UEs (with normal CP) with about 1dB less power than for single antenna transmission with the same number of UEs in a TU channel. 
· In a highly frequency selective channel (TU6) with 6 multiplexed UEs, the performance of STBC with UE-specific slot structure is almost the same as SORTD (with the Rel. 8 slot structure) at 1% BLER.  However, STBC with the new slot structure is substantially better at 0.1% BLER, requiring about 2.5dB and 3.2dB less transmission power compared with SORTD and STBC (using the Rel. 8 slot structure), respectively.
· High speed has a negligible effect on UE performance when the new slot format is used. 

· Transmit diversity using the new slot structure is more robust to antenna correlation.  We see in an SCM Urban Macro channel that when 6 UEs transmit PUCCH, both SORTD and STBC with the Rel. 8 slot structure perform about 2 dB worse than STBC with the new slot structure at 0.7% BLER.  Furthermore, both SORTD and Rel. 8 based STBC have an error floor at around 0.2-0.4% BLER, whereas the new version of STBC does not exhibit any flooring down to 0.1% BLER.
· In a low delay spread channel, to achieve a 1% BLER, the required SNR of STBC with 9 UEs (using the new slot structure) is only 0.7dB more than that of SORTD with 6 UEs. In other words, 50% more users can share the same PUCCH at the cost of about 0.7 dB in transmission power.  
Given that it appears possible to significantly improve the multiplexing capacity, we propose that TxD schemes and slot structures for PUCCH format 2/2a/2b be evaluated using their multiplexing capability as one of the primary criteria.  
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� The difference between normal CP and extended CP in terms of slot structure is that the latter includes 6 symbols from which one is RS, whereas the former includes 7 symbols from which two are RS [1].





3

