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1 Introduction
Advanced E-UTRA targets significantly increased peak data rates, e.g., up to 500 Mbps in uplink [1]. To attain this peak data rate, MIMO configurations of up to 4x4 for UL have been assumed [1]. In an open loop scenario, multiple antennas at the UE can be utilized by a properly designed transmit diversity (TxD) scheme.

In Rel. 8 E-UTRA, low PAPR for physical uplink control channel (PUCCH) is guaranteed by feeding a low PAPR sequence to the IDFT block. Hence, the main challenge in designing a TxD scheme for uplink is how to incorporate this low PAPR technique into an existing TxD scheme so that the PAPR is kept as low as possible. 
There are already several proposals and discussions for the potential TxD schemes in PUSCH and further studies are ongoing. However, for PUCCH, the studies are just at the beginning stages. Some views on the design criteria for TxD in PUCCH and some discussions on the potential TxD techniques can be found in [2]-[5]. Explicit solutions and their performance evaluations have been presented in [2], [6]-[9].

In PUCCH, both multiple-access method and channel estimation are CDM-based. Hence, the number of UEs that can be simultaneously multiplexed in the same frequency band is limited by the number of available orthogonal sequences. In such a scenario, adding more antennas to the UE is equivalent to adding an additional dimension of interference which makes the channel estimation a challenging problem. Hence, the design of the TxD scheme for PUCCH should be conducted jointly with the design of its reference symbol (RS) configuration and its channel estimation scheme.

In a previous contribution [2], for the case of two transmit antennas, it was proposed to assign the same orthogonal sequence to both antennas of each UE; then, a Walsh code is applied in the time domain so that the channels of the two antennas can be separated at the eNB. With this method, the UEs do not require any additional orthogonal sequence resources for MIMO channel estimation. Since, in formats 2a/2b the second RS at each slot is modulated by a control data, this RS configuration is only applicable to format 2. In general
, the need for estimating two independent channels (for the case of two transmit antennas) entails the allocation of two orthogonal sequences to each UE (at each RS). As a result, the limited resource of orthogonal sequences is shared by less number of UEs. However, this approach paves the way to have a unified TxD scheme for all formats of PUCCH. In this contribution, we continue our study of possible UL TxD techniques for PUCCH with two transmit antennas. For each scheme, it will be specified whether that scheme needs one or two orthogonal sequences as the DMRS.
This contribution is a modified version of [6].
2 Transmit diversity for PUCCH
With the understanding that it is important to maintain the coverage of PUCCH, in this contribution we only consider transmit diversity techniques that are able to preserve the PAPR property of transmitted signals. These schemes include:
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Fig. 1: PUCCH (format 2) Transmitter with STBC.
· Space-time block code (STBC)

· Space-code transmit diversity (SCTD)

· Symbol-based PVS

· Slot-based PVS
It is well-known that cyclic delay diversity (CDD) is also a transmit diversity scheme that preserves the PAPR property. However, as it will be discussed in Section 2.2.1, SCTD is a special case of CDD. Due to the reasons explained in the same section, it is preferred to consider the special case (SCTD) instead of the general case (CDD). To demonstrate the gain of transmit diversity schemes, the performance evaluation of RF combining (RFC) will be also presented in the simulation results.
2.1 STBC

STBC is an appealing candidate for TxD in uplink not only because of its good performance, but also because it can maintain a low PAPR if applied properly. A block diagram of the STBC for PUCCH format 2 is shown in Fig. 1. Complex-valued modulation symbols s1 and s2 enter the space-time encoder and an Alamouti codeword is generated as shown in the figure. Then, the cyclically shifted length 
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 is multiplied by the signal on each antenna port. Note that the sequence 
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 is the same for both antennas; however, it may be different for subsequent OFDM symbols depending on the value of the cyclic shift 
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). This scheme can be also used for formats 2a and 2b. Note that in formats 1a/1b, where the modulation symbols s1 and s2 are the same, STBC converts to symbol-based PVS. Hence, in the evaluation of the transmit diversity schemes for format 1a, we do not consider STBC.
The problem with STBC is that it requires an even number of OFDM symbols, which is not always guaranteed. In PUCCH, the number of OFDM symbols carrying control data may be even or odd depending on factors such as CP length, and number of RS symbols. Nevertheless, both slots in a sub-frame should have the same number of OFDM symbols. Based on this characteristic, we propose to apply STBC as follows:
1. If the number of PUCCH symbols in each slot is even, these symbols can be paired up to build the blocks of STBC.

2. If the number of PUCCH symbols in each slot is odd, the symbols in each slot could be paired-up first, leaving one orphan symbol in each slot. These two orphan symbols can then be paired together. Note that each slot in a PUCCH sub-frame is located at one edge of the system bandwidth. Hence, it makes channels observed on these orphan symbols quite different. As a result, MMSE decoder as opposed to the Alamouti decoder can be used to decode the STBC block built from these orphan symbols.

2.2 SCTD

In the STBC scheme, at each time, each UE uses only one of the 12 orthogonal sequences for the transmission of the control data. However, since for the RS each UE uses two orthogonal sequences, at most six UEs can be multiplexed to each PUCCH. This means, at the time of control data transmission, half of the available orthogonal resources remain unused. As opposed to STBC, SCTD utilizes the whole resource of orthogonal sequences. In [7] a similar method with the name of orthogonal resource transmission (ORT) was also introduced.
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Fig. 2: PUCCH Transmitter with SCTD.

Fig. 2 demonstrates the block diagram of the PUCCH (format 2) transmitter when SCTD is applied as the TxD scheme
. In the SCTD scheme, the same control data is transmitted over the two antennas. To provide the receiver with two independent replicas of the same control data, the cyclically shifted sequence of each antenna is chosen differently from the sequence of the other antenna. This means that for the transmission of control data, each UE uses two orthogonal sequences. Since the number of UEs is limited to six (by the RS configuration), it is possible to assign orthogonal sequences to all the UEs.
It should be emphasized that assigning two orthogonal sequences to each UE does not require additional signalling; to keep the signalling the same as in Rel. 8, it is enough to define a one-to-one mapping from the first sequence to the second sequence. This means when the first sequence is assigned to a UE, the second one is uniquely determined from the predetermined mapping. 
As compared to STBC, SCTD enjoys the following benefits:

i. No need for even number of symbols: Since SCTD performs on each individual symbol, it does not matter whether the number of PUCCH symbols is even or odd.

ii. Better performance due to lower sensitivity to channel estimation errors: In STBC, two independent symbols are mixed together and they can be separated at the receiver providing that the channel estimation is ideal. However, with a realistic channel estimation inter-symbol interference occurs that can cause performance degradation. This is not the case in SCTD, because at any time only one symbol is transmitted.

iii. Lower receiver complexity: The receiver of SCTD can be a decorrelator followed by a simple MRC. This is a natural extension of the decoder of 1-Tx PUCCH and is simpler than the MMSE receiver of STBC. 
2.2.1 SCTD a special case of CDD

Since the orthogonal sequences are cyclic shifts of the same basic sequence, the signal transmitted from the second antenna in the SCTD is a cyclic shift of the signal transmitted from the first antenna. This implies that SCTD is basically equivalent to CDD. However, since the cyclic shifts n_cs are chosen from a limited set of integers, i.e. {0, 1, …, 11}, the cyclic delay of the equivalent CDD captures only a few values. This means that SCTD is a special case of CDD.

A few remarks should be made here regarding the comparison of SCTD and CDD:
· CDD with cyclic delays other than those values captured by SCTD generates sequences on the second antenna which are orthogonal neither to sequences of the other UEs nor to the sequence of the first antenna. This can cause excessive interference which cannot be easily cancelled at the receiver. SCTD by explicitly assigning orthogonal sequences to the two antennas prevents such a problem.
· In general, when CDD is combined with CDMA as in PUCCH, its optimum receiver structure is not easy to design. However, the presentation of SCTD in Fig. 2 makes it clear that the optimum receiver for CDD in these special cases includes a two-branch dispreading followed by an MRC.

2.3 PVS
Another transmit diversity scheme that preserves the PAPR property is precoding vector switching (PVS). In PVS, the data to be transmitted over two antennas is precoded and the precoding vector is periodically switched to another precoding vector. Similar to STBC, at the time of transmitting control data, PVS uses only one orthogonal sequence.

Although different levels of precoding vector switching exists, it is suggested to utilize symbol-level or slot-level switching to preserve the PAPR property; sub-carrier level switching may result in PAPR increase.

Symbol-based PVS: In this case, both the transmitter and the receiver know the precoding vectors and the switching pattern. By switching the precoding vector over the OFDM symbols, the maximum diversity gain is achieved. However, since this scheme is not transparent to the eNB, two independent channels (from two transmit antennas) should be estimated. Hence, two orthogonal sequences are needed as DMRS.
Slot-based PVS: by switching the precoding vector over the slots, this scheme remains transparent to the eNB. Hence, only one orthogonal sequence is sufficient for DMRS. However, the diversity gain provided by this scheme can be limited.
Susceptibility to Channel Spatial Correlation: Both symbol-based and slot-based PVS are similar to RFC in the sense that all of these three schemes transmit the same data over both antennas. However, these schemes are different in terms of susceptibility to channel correlation. It is well understood that RFC demonstrates a poor performance in correlated channels due to the possibility of destructive addition of the signals at the receiver (this depends on the phase of the correlation factor). On the other hand, symbol-based PVS is more robust to the channel correlations due to the phase changes from symbol to symbol.

Among these three schemes, the behaviour of slot-based PVS in a correlated scenario needs a more careful consideration of the channel model. If the phase of the correlation factor remains constant across the system bandwidth, slot-based PVS provides some level of robustness against correlation. This is because if the signals are added destructively over one slot, then they are added constructively over the other slot. Hence, due to the low-rate FEC, the data can be still recovered. However, there is a possibility that the phases of the correlation factor over the two slots are significantly different. This can be caused by a slight timing mismatch between the signals transmitted from the two antennas. In this case, slot-based PVS would perform as poor as RFC. This effect will be shown in the simulation results.
3 Simulation Results
In this section, some simulation results are presented to compare the performance of different candidate schemes for PUCCH with two transmit antennas. To demonstrate the gain of the transmit diversity schemes, simulation results also contain the performance of RF combining (RFC) as a non-transmit diversity scheme. In RFC, data is processed as in the single-antenna case and the same RF waves are transmitted over both antennas. In other words, in RFC, multiple antennas are transparent to the receiver. Consequently, channel estimation of RFC is similar to the channel estimation in Rel. 8 and does not require any additional orthogonal sequences.
In the simulation of SCTD, the cyclic shifts (n_cs) of the sequences assigned to each UE differ by a value of six. This is equivalent to the CDD scheme with cyclic delay of N/2, where N is the IFFT length. For both symbol-based PVS and slot-based PVS, the set of precoding vectors include [+1, +1] and [+1, -1].
Figs. 3-6 demonstrate the block error rate (BLER) vs. SNR for different transmission schemes in PUCCH format 2 (CQI) and format 1a (Ack/Nack) and for different number of UEs multiplexed in the same RB. For each set of simulation results, both correlated and uncorrelated scenarios are evaluated. For the correlated scenario the magnitude of the correlation factor is 
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 and its phase is chosen such that the worst performance is achieved. For example, for RFC, 
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. Power control is assumed such that all UEs have the same average received power at the eNB. Table 1 summarizes other simulation assumptions.
Table 1: Simulation Assumptions.
	Channel bandwidth
	10 MHz

	Number of total sub-carriers
	601 (including DC)

	Subframe
	1 msec = 14 OFDM symbols

	FFT size
	1024

	Sampling frequency
	15.36 MHz

	Cyclic Prefix
	72 Samples (Normal CP)

	Carrier frequency
	2 GHz

	Data Resource Assignment
	1 RB

	Channel estimation
	Realistic

	Channel Model
	ITU PB

	UE Speed
	3 kph

	PUCCH Format
	Format 2, Format 1a

	Number of Tx Antennas
	2 (Uncorrelated, |ρ|=0.7)

	Number of Rx Antennas
	2 (Uncorrelated)

	Ack/Nack Bits
	1 bit (BPSK) – Format 1a

	CQI Information Bits
	10 bits (QPSK) – Format 2
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From Figs. 3-4 it is observed that for format 2, SCTD and STBC consistently demonstrate the best performance at high SNR regimes (BLER ~ 0.01). Although in the uncorrelated channel the single-orthogonal-resource schemes (slot-based PVS and RFC) perform relatively close to other schemes, in the correlated channel the situation is different. In the latter case, the performance of RFC dramatically deteriorates. As to the slot-based PVS, if the phase of the correlation factor is the same over both slots, its performance degradation is not significant; otherwise, for example in the case that there is one chip timing mismatch between the antennas, the performance of slot-based PVS is as poor as RFC.

Figs. 5-6 show the BLER performance of different transmission schemes for format 1a. It is seen that in the uncorrelated channel, SCTD, symbol-based PVS, and slot-based PVS have almost the same performance. Also, the performance of RFC is just slightly worse than these schemes. In the correlated channel, as expected, the performance of RFC dramatically deteriorates. Also, similar to format 2, the performance of slot-based PVS depends on the channel model: for a constant phase of the correlation factor the impact of the channel correlation is not significant. However, having a small timing mismatch between the two antennas can cause a dramatic degradation in the performance of slot-based PVS. Having all of these observations in mind, it turns out that SCTD and symbol-based PVS have the most robust performance in format 1a.
4 Conclusion

In this contribution, we discussed the transmit diversity for PUCCH in LTE-A. To maintain the coverage of PUCCH, only TxD schemes that are able to preserve the PAPR property of the transmitted signals were considered. In specific, we evaluated STBC, SCTD, symbol-based PVS, and slot-based PVS. All these schemes were also compared to the non-diversity scheme, i.e., RFC. It was noticed that SCTD is equivalent to CDD with a certain cyclic delay, and that CDD with other values of cyclic delay is not suitable for PUCCH because it suffers from the effect of multi-user interference more than its alternatives. By comparing to RFC, it was concluded that in format 2 all of these transmit diversity schemes provide significant diversity gain over the non-transmit diversity schemes. Among the four transmit diversity techniques, SCTD and STBC have the most robust performance for format 2. Also, for format 1a, SCTD and symbol-based PVS have the best performance and are the most promising schemes to be utilized in this format. Slot-based PVS also needs to be considered for further studies because of its good performance in uncorrelated channel, good performance in correlated channel with constant correlation phase, higher multiplexing capacity, and implementation simplicity.
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Fig. 3: Performance comparison of different transmission schemes for PUCCH format 2 with 1 UE (a) Uncorrelated Channel (b) Correlated Channel
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Fig. 4: Performance comparison of different schemes for PUCCH format 2 with 6 UEs (a) Uncorrelated channel
(b) Correlated channel
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Fig. 5: Performance comparison of different transmission schemes for PUCCH format 1a with 1 UE (a) Uncorrelated Channel (b) Correlated Channel
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Fig. 6: Performance comparison of different schemes for PUCCH format 1a with 16 UEs (a) Uncorrelated channel
(b) Correlated channel
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� EMBED Equation.3  ���



































� There are, of course, transmission schemes that take advantage of the power amplifier of both antennas, but are transparent to the eNB. As a result, these schemes need only one orthogonal sequence per UE for the DMRS. Examples of these schemes that are evaluated in this contribution are slot-based PVS and RF combining.


�This block diagram is specific to formats 2/2a/2b, where the orthogonal resource only contains the cyclic shifts. For formats 1a/1b, orthogonal coverings are also part of the orthogonal resource. By taking the orthogonal coverings into account and slightly modifying the block diagram, SCTD can also be applied to formats 1a/1b.





3
1

[image: image18.wmf]PUCCH

shift

D

_1291851979.unknown

_1298375984.unknown

_1298376005.unknown

_1298376345.unknown

_1291851985.unknown

_1291851070.unknown

_1291851557.unknown

_1291851011.unknown

