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1. Introduction
This contribution considers the ACK/NAK transmission in the uplink (UL) for the data non-associated control channel. ACK/NAK transmission methods can be divided into two broad categories: coherent (include transmission of UL reference signal (RS) for ACK/NAK demodulation), and non-coherent (no UL RS for ACK/NAK). Non-coherent methods can be further divided into two sub-classes: ON-OFF based and signal selection based. This contribution considers the tradeoffs for the above methods.   

1.1. Basic Multiplexing Methodology

As a resource block (RB) comprises of 12 sub–carriers, 12 cyclic shifts are in principle possible for the transmission of a Zadoff-Chu (ZC) sequence. However, in order to provide margin against imperfect synchronization and spill-over, it is recommended that only 4-6 cyclic shifts be used for any given ZC code of length 12. In addition, block-spreading is also recommended to increase the multiplexing capacity. 
1.2. Summary of Tradeoffs for ACK Transmission
This section presents a brief summary of the involved tradeoffs. More details are provided in the remaining of this contribution. The summary of tradeoffs is outlined in Table 1.

	
	# of UEs for 1-bit ACK/NAK
	Performance for 1-bit ACK/NAK
	Adaptability for High – Speed
	Interference Generated to Adjacent Cells
	# of UEs for 2-bit ACK/NAK
	Performance for 2-bit ACK/NAK

	Method1:

Coherent
	12
	Same as Method 2
	Worse than Method 2 and Method 3
	Same as Method 2
	12 
	3dB degradation wrt 1bit

	Method2:

Non-Coherent, Signal Selection
	14
	Same as Method 1
	Same as Method 3
	Same as Method 1
	7
	No performance degradation wrt 1 bit

	Method3: Non-Coherent ON-OFF
	24 – 27
	Worse than Method 1 and Method 2
	Same as Method 2
	Better than Method 1 and Method 2
	12
	No performance degradation wrt 1 bit


Table 1: Summary of Tradeoffs for ACK/NAK Transmission
It can be observed that no method is advantageous on all points. As 1-bit transmission is more frequent than 2- bit transmission, non – coherent methods are more appropriate.    
2. Detailed Description of Methods
2.1. Coherent Transmission
Coherent ACK/NAK demodulation [2, 3] requires the transmission of both RS and ACK/NAK modulated (BPSK or QPSK) ZC sequences. Figure 1 (from [2]) shows an example, where RS and ACK/NAK bits are sent in different LBs. Coverage can be improved by applying block spreading codes to RS and ACK/NAK LBs, respectively. Cyclic shifted ZC sequences [3] and Hadamard codes [4] are possible choices for block spreading codes. The multiplexing capacity of the coherent method is mainly limited by the number of available RS. Assuming 4 cyclic shifts per LB RS and 3 RS LBs per slot, the maximum number of different ACK/NAK per sub-frame is 12.
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Figure 1: Coherent ACK/NAK Transmission
2.2. Non-Coherent Method 1: Signal Selection
Non-coherent ACK/NAK transmission with signal selection assigns two orthogonal resources to each UE. Depending on the ACK/NAK bit, the UE transmits on one of the two orthogonal resources. Assuming 4 cyclic shifts per LB and a block spreading factor of 7 (across 7 LBs per slot), there are total of 28 orthogonal resources. Thus, the number of simultaneous ACK/NAK bits per sub-frame is 14. An example is shown in Figure 2. The ACK/NAK bit can be decoded by the maximum energy method as described in [1]. The signal selection non-coherent method is similar to the method in [1], with block spreading applied in each sub-frame.  
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Figure 2: Example of UE Multiplexing for the Signal Selection Non-coherent Method

2.3. Non-Coherent Method 2: ON – OFF 
The ON-OFF non-coherent method assigns one orthogonal signal to each UE. Depending on the ACK/NAK bit, the UE transmits the signal using an ON-OFF rule. Thus, the ACK/NAK bits can be decoded by determining whether there is a signal transmitted by comparing the received signal energy to a threshold. A few orthogonal resources can be reserved for noise variance estimation to obtain the threshold. An example is shown in Figure 3, where 4 orthogonal resources are reserved and 24 ACK/NAK bits can be transmitted in one sub-frame.
There are two error events associated with the ON-OFF non-coherent method: miss detection and false alarm. The miss detection probability (Pm) is defined as the probability where a signal is transmitted but detected as no signal, whereas the false alarm probability (Pf) is the probability when a signal is not transmitted but detected as transmitted. The false alarm probability depends only on the noise, while the miss detection probability depends on the signal-to-interference and noise ratio (SINR) and improves as the SINR increases. The threshold for signal detection is set such that the false alarm probability is within a tolerable value (e.g. 1% for ACK/NAK). 
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Figure 3: Example of UE Multiplexing for the ON-OFF Non-coherent Method

As an erroneously detected NAK is more detrimental to an erroneously detected ACK, a UE should transmit the signal in case of a NAK and not transmit in case of an ACK. Then, the NAK BER improves as the SINR increases. Furthermore, the ACK-OFF NAK-ON approach reduces inter-cell interference as the system is designed so that NAK transmissions are less frequent than ACK transmissions.
3. Simulation Results
Figure 4 shows the BER for the coherent and non-coherent ACK/NAK transmission methods. The simulation assumptions are listed in Table 2. Several observations apply:
a. The signal selection non-coherent method has the same BER as the coherent method with BPSK modulation. Notice that 14 ACK/NAK bits (UEs) are multiplexed for the signal selection non-coherent method, whereas only 12 ACK/NAK bits (UEs) are multiplexed for the coherent method with BPSK.

b. The coherent method with QPSK modulation degrades by 3 dB relative to the BPSK one, as the SINR per ACK/NAK bit reduces by half.

c. The miss probability of the ON-OFF non-coherent method (with false alarm probability 1%) has a 0.7 dB gap compared to the QPSK modulated coherent method, both with 24 ACK/NAK bits. The ON-OFF non-coherent method can support up to 24 UEs (each with 1 ACK/NAK bit), while the coherent method can support a maximum of 12 UEs due to the limitation on the number of available RS. 
d. Notice that although it is unlikely to have to support more than 12 UEs for operating BWs of 10 MHz or less, the additional resources can be assigned to CQI transmission. Moreover, even at 5 MHz or 10 MHz it is likely that the total number of CQI and ACK/NAK transmissions will need to exceed the limitation placed by the number of 12 available RS.
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Figure 4: Bit Error Rate for Coherent and Non-coherent ACK/NAK Transmission Methods
Table 2: Link-Level ACK/NAK BER Simulation Assumptions
	Parameters
	Assumptions

	Numerology
	5MHz @ 2.0GHz

	Number of ACK/NAK Bits per UE
	1 or 2

	Resource Block
	180 kHz (15 kHz x 12)

	Frequency Hopping Subframes
	2

	Block Spreading Codes
	Cyclic Shifted ZC Sequences

	Cyclic Shifts per LB
	4

	UE Velocity
	3 km/h

	Channel Model
	SCM–C

	Number of Receive Antennas
	2 – Uncorrelated

	Number of Transmit Antennas
	1

	Number of UEs
	Coherent
	12

	
	Non-coherent

Signal Selection
	14

	
	Non-coherent

ON-OFF
	24


As described in the previous section, the ON-OFF non-coherent transmission generates much less inter-cell interference, when compared to the coherent method. Figures 4-7 show the ACK/NAK SINR CDFs of the coherent and on-off non-coherent method, from the system-level perspective. The system-level simulation assumptions are listed in Table 3. The UE transmit power is determined by the conventional power control method where the target SNR (TSNR) is swept to obtain different CDF curves. 
The following observations can be drawn from Figures 4-7:

a. The ON-OFF non-coherent method generates much less inter-cell interference than the coherent method. With similar BER for the ON-OFF non-coherent and the QPSK modulated coherent method, the former provides much better coverage (2 – 5 dB gain) for ACK/NAK transmission. The SINRs of 98% and 95% coverage of the two methods are shown in Table 4.

b. For case 1 and case 2, increasing the UE transmit power (i.e. higher TSNR) does not improve coverage significantly due to the increased inter-cell interference.

c. For case 3, increasing the UE transmit power (i.e. higher TSNR) decreases coverage due to the fact that cell edge UEs are already transmitting at the maximum transmit power. Thus, increasing TSNR only yields higher inter-cell interference for cell edge UEs. 
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Figure 5: ACK/NAK SINR CDF in Case 1
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Figure 6: ACK/NAK SINR CDF in Case 2
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Figure 7: ACK/NAK SINR CDF in Case 3
Table 3: System-Level ACK/NAK SINR CDF Simulation Assumptions

	Parameter
	Assumption

	Cellular Layout
	Hexagonal Grid; 19 NodeBs
Three Cells Per NodeB

	User Drop
	Uniformly Inside the Cell

	Minimum Distance Between UE and Tower
	35 m

	NodeB Antenna Bore Site 
	Towards Flat Side of the Cell

	Inter – Site Distance
	500 m or 1732 m

	Shadowing Standard Deviation
	8 dB

	Path Loss
	128.1 + 37.6log10(R) where R is in kilometers  

	Shadowing Correlation
	Between Cells 
	1.0

	
	Between NodeBs
	0.5

	Penetration Loss
	10 dB or 20 dB

	UE Power Class
	24dBm 

	UE Antenna Gain
	0dBi

	NodeB Antenna Gain
	14dBi

	ACK – NAK Probability
	80% ACK – 20% NAK, or

90% ACK – 10 % NAK 

	Number of UEs per Sector
	Coherent
	12

	
	ON-OFF Non-coherent
	24


Table 4: ACK/NAK SINR for Coverage

	
	Method
	SINR (dB)

	
	
	98% Coverage
	95% Coverage

	Case 1

(TSNR 14 dB)
	Coherent
	-11.4
	-10.9

	
	ON-OFF
Non-coherent
	80% ACK

20% NAK
	-9.0
	-8.3

	
	
	90% ACK

10% NAK
	-7.1
	-6.1

	Case 2

(TSNR 14 dB)
	Coherent
	-11.3
	-10.9

	
	ON-OFF
Non-coherent
	80% ACK

20% NAK
	-8.9
	-8.29

	
	
	90% ACK

10% NAK
	-7.1
	-6.0

	Case 3

(TSNR 1 dB)
	Coherent
	-13.1
	-11.2

	
	ON-OFF
Non-coherent
	80% ACK

20% NAK
	-10.2
	-8.7

	
	
	90% ACK

10% NAK
	-8.4
	-7.0


4. Conclusions 

This contribution considered possible methods for UL ACK/NAK transmission and showed that the on-off non-coherent method is preferable in terms of ACK/NAK coverage and number of simultaneously multiplexed UEs. In particular, the following apply:

a. The ON-OFF non-coherent method can support up to 24 simultaneous UEs (each with 1 ACK/NAK bit), while the coherent method can only support 12 UEs due to the RS limitation. Furthermore, one ACK/NAK bit per UE is the prevalent case (e.g. VoIP or in general data rates other than the highest ones). Therefore, the ON-OFF method requires fewer resources to accommodate additional CQI transmissions.
b. The ON-OFF non-coherent method (ACK-OFF NAK-ON) generates much less inter-cell interference than the coherent method because ACK is more frequent than NAK. Thus, the ON-OFF non-coherent method provides much better coverage than the coherent method.

c. With the same amount of total ACK/NAK bits, the BER performance of the non-coherent methods is similar to the coherent method for low to moderate UE speeds.
d. The non-coherent methods have better BER than the coherent method for high speed UEs [1].  

5. References 

[1] R1-070275, “ACK/NAK Transmission without Reference Signal Overhead in E-UTRA Uplink,” Texas Instruments.
[2] R1-070395, “CDM Based Control Signal Multiplexing w/ and w/o Additional RS,” Nokia 

[3] R1-070100, “CDMA-Based Multiplexing Method for Multiple ACK/NACK and CQI in E-UTRA Uplink,” DoCoMo et. al.

[4] R1-070394, “Multiplexing of L1/L2 Control Signals between UEs in the absence of UL data,” Nokia.


























































































































































































































































































































































































- 4/8 -

