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1. Introduction

This paper deals with L1/L2 control signalling transmitted in the LTE UL. We concentrate on the case when the UE has only L1/L2 control signals to be transmitted (i.e., data-non-associated control such as ACK/NACK and CQI) but not the UL data. 
So far, some working assumptions related to the UL control signaling have been agreed. Related to the data-non-associated control signal transmission in absence of UL data, the working assumptions is to use a reserved frequency and time resource for control signaling. Furthermore it has been agreed that
· For coverage reasons the control information spans over the whole subframe 
· Different UEs can be allocated on different frequency resources (FDM) of size 180 kHz
· Slot-based FH is used for the given resources   

· Code-domain multiple-access is applied between the UEs simultaneously transmitting control signals on the same frequency resource. 
This contribution presents our views on the control signal transmission w/o UL data. As can be seen from Figure 1, there are lots of combinations related to the transmission of data-non-associated control signals and UL data. One goal for control signal design is to keep the system simple enough.
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2. Requirements for the preferred multiplexing scheme
The criteria for the preferred multiplexing schemes are listed below: 

· Multiplexing capacity in terms of number of UEs considering all the possible control signalling combinations:  ACK/NACK , CQI and (CQI+ACK/NACK)

· Multiplexing capacity and flexibility in terms of CQI size (i.e., supported symbol space)

· Spectral efficiency

· Performance of control channel signalling

· Coverage

· Interference randomization properties

· Cubic Metric: Maintaining the SC properties

· Simplicity  
· Number of transmission formats of control signalling (w/ and w/o UL data)

· Signalling complexity

3. Multiplexing and Modulation options

This chapter discusses the multiplexing and modulation options related to the control signal transmission w/o UL data.
Multiplexing between different UEs

There two ways to arrange CDM between UEs simultaneously transmitting data-non-associated control signals without UL data [1, 2]
· CDM within data blocks (i.e., frequency domain CDM  based on cyclic shifts of the CAZAC sequences)
· CDM between data blocks (i.e. time domain  CDM based on cyclic shifts of the CAZAC block spreading)

In addition to the CDM it could be possible to utilize TDM inside the subframe to multiplex control signals from different UEs [6].  ACK/NACK detection performance of two approaches (CDM within data block + CDM between data blocks vs. CDM within data block + TDM between data blocks) with equal number of UEs is presented in [3]. Results show that combination of the two CDM-based techniques provides the best fit with requirements in terms of multiplexing capacity and link performance.
ACK/NACK Modulation

The first issue to be selected is whether to have coherent or non-coherent transmission (i.e., having no separated reference signal) for ACK/NACK transmission. A benefit of non-coherent approach is that it does not need a separate reference signal.
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With non-coherent modulation the ACK/NACK bit is indicated in different cyclic shifts of the same ZC sequence.  In coherent modulation the ZC sequence with UE specific cyclic shift is multiplied by phase modulated bit. The link performance of two approaches is compared in [2]. From performance point of view the two approaches are almost equivalent. However, taking into account the multiplexing capacity [2] with CQI only (and CQI+ACK/NACK from the same UE) the preferred solution is based on non-coherent modulation 
CQI Modulation
CQI can be modulated similarly as ACK/NACK by using coherent or non-coherent sequence modulation schemes shown in Figure 2. An alternative way is to utilize the same DFT-S-OFDMA scheme, which is used for data transmission.  Sequence modulation suffers from flexibility in terms of CQI size because only one symbol per data block can be transmitted:
· Coherent approach (Figure 2): We note that in single-carrier system it is not possible to increase the CQI symbol space by allocating more than 1 CAZAC sequence per UE (thus the symbol space is always limited into 12 symbols/TTI).

· Non-coherent approach (Figure 2): 2 uncoded bits (i.e. output bits of the CQI encoder) per symbol can be transmitted using cyclic shifts inside the data blocks (assuming 6 out of 12 cyclic shifts are in use). Thus, one can transmit 6 uncoded bits /UE/TTI with 6 simultaneous UEs per PRB. We note that having DFT-S-OFDM transmission with QPSK modulation we can transmit as many as 48 uncoded bits /UE/TTI with 6 simultaneous UEs per PRB. 
The symbol space of DFT-S-OFDMA in 180 kHz bandwidth is shown in Table 1. It assumes that UEs allocated to the same PRBs are separated using block level CDM (SF=spreading factor of block level CAZAC code). This means that the symbol space of 144 symbols is divided between the allocated UEs in PRB.
One important metric for evaluation of the merits of DFT-S-OFDM and CAZAC sequence modulation is the spectral efficiency in terms of symbols/slot (or subframe). It has been shown e.g. in [7] that due to the duration of the channel impulse response only 6 out of 12 cyclic shifts can be utilized within long blocks at maximum. Thus the number of symbols that can be transmitted simultaneously in one slot is 6 users * 6 symbols = 36 symbols/slot 
With DFT-S-OFD, however, such restriction does not exist and a total of 72 symbols can be transmitted in one slot (12 symbols * 6 users, assuming SF = 6). Hence, the spectral efficiency with DFT-S-OFDM is twice as high as with CAZAC sequence modulation based on cyclic shifts. The use of DFT-S-OFDM helps in minimizing the overhead caused of CQI reporting and/or allows for more detailed and reliable CQI reports. 
Table 1. Symbol space of shared CQI resource, 180 kHz.
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4. Preferred multiplexing and modulation scheme
This chapter presents our views on the scheme having the best fit regarding to requirements given in Chapter 2.
Multiplexing scheme
 The preferred multiplexing scheme is shown in Figure 3. 
· ACK/NACK is transmitted as a combination of two CDM based schemes. ACK/NACK is transmitted without separate reference signal.
· CQI is transmitted using DFT-S-OFDM transmission with CDM used in block domain. CQI is transmitted with a dedicated reference signal.
· Symbol level multiplexing is used for ACK/NACK and CQI of the same UE. The ACK/NACK and CQI is transmitted on CQI resource using DFT-S-OFDM transmission with CDM in block domain.
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ACK/NACK transmission
This section presents our preferred scheme related to the ACK/NACK transmission in the absence of UL data. 
Here we define the ACK/NACK transmission scheme in more exact manner. Matrix Qm shows the available cyclic shifts of the mth CAZAC sequence of length 12 symbols used within data block (sequence modulation Matrix Gm shows the available cyclic shifts of the nth CAZAC sequence of length 6 symbols between the data blocks (i.e., block level spreading).
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The combination two CDM options is capable of multiplexing 36 ACK/NACK sequences simultaneously in 180 kHz bandwidth corresponding to 18 UEs with 1 bit each
. This is under the assumption that within data blocks only every second cyclic shift is utilized (6 out of 12) and that the information in the first slot of the subframe is repeated in the second slot in order to exploit the gain from frequency diversity and repetition. Each ACK (and NACK) message is linked into a single code resource in frequency (y) and time (x). The transmitted signal of a certain time slot can be formulated as follows.

It is noted that in case of synchronized network one can arrange optimized cross-correlation properties between ACK/NACK sequences transmitted form different cells. This can be done by a coarse planning of the different CAZAC sequences, i.e., n and m in the network level. Use of different CAZAC mother sequences in different cells in both frequency and time domain will provide optimized cross-correlation properties between the control channels resources used in adjacent cells [5]. The processing gain with ACK/NACK signalling equals to 10*log10(6*12)=18.6 dB.
CQI Transmission
As mentioned we propose that CQI is transmitted with DFT-S-OFDM transmission combined with block-level spreading of CAZAC sequences. The spreading matrix in case with SF=6 equals to G m shown in previous section. We can scale the symbol space of the shared control channel resource adjusting the SF of block level spreading. The SF of block-level spreading code can vary between 1 and 6, according to Table 1. The corresponding symbol space for CQI signalling is also calculated in Table 1.

There are several benefits when transmitting the CQI using DFT-S-OFDM transmission instead of CAZAC sequence modulation:
· DFT-S-OFDM transmission is much more efficient in carrying larger CQI packets than the sequence modulation (see Table 1). The larger symbol space provides higher coding gain. 
· Usage of block-level spreading provides capability to combine flexibly CAZAC sequence based ACK/NACK signalling and DFT-S-OFDM based CQI (and CQI + ACK/NACK) transmission into the same frequency resource as shown in Table 2.

· Utilizing the different CAZAC mother sequences as block spreading codes in different cells provides good cross-correlation properties between control signals transmitted from different cells

· [3] shows that block-level spreading provides sufficient performance also with the highest UE velocities

· DFT-S-OFDM transmission is utilized also in case that UL has both CQI and UL data,  see [4]

Table 2: Number of UEs that can be multiplexed on a single PRB

	Case
	# of UEs with ACK/NACK only (1 bit)
	# of UEs with CQI or CQI + ACK/NACK (24 symbols, e.g. 48 bits with QPSK)

	1
	18
	0

	2
	15
	1

	3
	12
	2

	4
	9
	3

	5
	6
	4

	6
	3
	5

	7
	0
	6


CQI+ACK/NACK transmission and Multiplexing
This chapter considers the multiplexing of ACK/NACK and CQI from the same UE. As mentioned in Chapter 2 one requirement for the control signal design is that transmission formats for ACK/NACK and CQI transmitted with and without data should be as similar as possible. 

Having symbol level multiplexing between ACK/NACK and CQI we can have the same transmission format (i.e., DFT-S-OFDM combined with block-level spreading) for ACK/NACK transmitted [4]

· with CQI

· with UL data

· with UL data and CQI

The only exception is the case with ACK/NACK only which is transmitted using CAZAC sequence modulation combined with block level spreading. Bit level multiplexing proposed in [7] has the problem that separate ACK/NACK resources should be provided for different multiplexing combinations.
5. Conclusions 

This contribution presents our preferred approach for control signal multiplexing in the absence of UL data. We have discussed that combination of CAZAC sequence modulation in frequency and CAZAC block spreading in time provides several advantages over the other approaches
· Having CDM both within and between the data blocks will provide the highest multiplexing capacity for ACK/NACK signalling [1-3]

· The usage of block-level spreading provides optimized coverage for control signalling due to the fact that control signal transmission (w/o UL data) for all UEs spans over the whole TTI [3]

· The usage of block-level spreading provides capability to combine CAZAC sequence based ACK/NACK signalling and DFT-S-OFDM based CQI transmission into the same frequency an time  resource

· Sequence modulation is very inefficient to carry larger CQI packets. DFT-S-OFDM is much more suitable for that purpose having much larger symbol space and optimized spectral efficiency [see Chapter 4]

· The proposed approach has lots of similarities when the control signals are multiplexed with UL data [4]
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Figure � SEQ Figure \* ARABIC �1�. Different combinations of data and control signal transmission.





Figure � SEQ Figure \* ARABIC �2�. Coherent and non-coherent modulation for ACK/NACK.





Figure � SEQ Figure \* ARABIC �3�. Multiplexing scheme combining the coherent and non-coherent methods. In the case of ACK/NACK only transmission the RS LBs are left empty to enable robust channel estimation for the coherent UEs with CQI or CQI+ACK/NACK.
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2nd cyclic shift within data block (y=2), y([1, 12]
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2nd cyclic shift of block level code (x=2), x([1, 6]
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� An ACK/NAK pair requires two resources in non-coherent approach
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