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1
Introduction
In [1], we outlined a cyclic shift hopping based structure for UL ACK and CQI channels. In [2] we analyzed the number of users can be multiplexed within 1 RB with 1 pilot symbol per slot. The maximum number of users per RB is 6.
In this document, we analyze the following:

· Multiplexing capability of UL ACK channels per RB with coherent and non-coherent detection
· Performance with duo-state, tri-state, and on-off keying signaling for coherent detection
2

Multiple Access Structure for PUCCH
Consider a ZC sequence of natural length N and base sequence parameter λ as shown below:
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We define a cyclically shifted sequence as follows:
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The users multiplexed within one RB are partitioned into groups. Within each group, the set of
[image: image3.wmf])
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with different shifts is used to separate users in frequency domain. Another set of orthogonal codes (Walsh cover or columns of DFT matrix) is used to separate groups in time domain. 
The input signal of data symbols to IFFT from each UE is:
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Therefore, for each LFDM symbol index, user i modulates a different cyclic shift of the base ZC sequence. Such a ZC sequence hopping approach ensures that adjacent cell interference is randomized on the control channels.
The input signal of pilot symbols to IFFT from each UE is:
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3

ACK Channel Structure and Performance Evaluation

For the short CP numerology, one TTI is composed of 2 slots, each with 7 symbols. The middle symbol of each slot is used for reference signal (RS), while other 6 symbols are for data transmission. In this framework, the orthogonality among users is maintained by exploiting the autocorrelation properties of Chu sequences, i.e., 
[image: image6.wmf],
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for any n. One limitation of this approach is that only up to 6 users can be multiplexed within one RB without significant loss of performance [2]. 
In the following, we will present the performance evaluation of two alternative ACK channel structures that can extend the number of simultaneous ACK channels.
3.1. Approach 1: coherent ACK detection with increased number of pilot symbols
Instead of having one pilot symbol at the third symbol of the slot, we consider increasing the number of pilot symbols. When the number of pilot symbols per slot is greater than 1, time dimension can be exploited to support more users, and channel estimation accuracy will be increased as well. 

Figure 1 depicts the frame structure with 2 pilot symbols per slot. Symbol 2, 4, 9, and 11 are used for reference. Others are for data transmission. Walsh cover in time domain is used to separate groups. Within each group, Chu sequence shifts in frequency are used to separate users. 
Specifically, the Walsh separation of two subsets of users are applied to adjacent symbols (0,1), (5,6), (7,8) and (12,13). If we have 2 groups, only one group of users is transmitted at the middle symbol of either 3 or 10. As a result, each ACK is transmitted in 9 data symbols instead of 12 data symbols and four pilot symbols are used instead of two. Both groups of users have the same link performance for ACK. With this structure 12 users per RB can be supported.
[image: image7.emf]Freq

UL ACK Structure –2 Pilots
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Figure 2 depicts the frame structure with 3 pilot symbols per slot. Symbols (2, 3, 4) and (9, 10, 11) are used for pilot symbols. Others are for data transmission. Within each group, Chu sequences with different shifts are used to separate users. Up to 6 users per group can be accommodated. For pilot signal, columns of a DFT matrix are used as group codes. That is symbols 2, 3 and 4 are multiplied with one entry of the ith column of DFT3 matrix for group i( i=1, 2, or 3), respectively. Similarly, symbol 9, 10, and 11 are transmitted as pilots. For data transmission, Walsh cover with length 4 is applied at symbol 0, 1, 5 and 6 for slot 0, and 7, 8, 12 and 13 for slot 1. With 3 pilots per slot, up to 18 users can be accommodated.
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UL ACK Structure –3 Pilots
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3.2. Approach 2: non-coherent ACK detection

In this structure, there is no pilot signal transmitted. All symbols are, therefore, used for data transmission. Each user is assigned two codes, one for ACK and the other for NACK. With the example of one RB of 12 tones, we can assign 3 users simultaneously with 6 shifts from the same Chu sequence. So each user would have two distinct shifts, one for ACK and the other one for NACK. As we have shown in the link level analysis [2], the orthogonality among these 6 shifted Chu sequences is well maintained. At the receiver, energy detection is used for differentiate ACK code and NACK code. Since the two codes are orthogonal, the transmitted code will produce a peak while the other should be nearly 0. The minimum of two outputs is used for noise variance estimation. DTX is declared when both energy are low. 

In addition to Chu sequence separation, columns of DFT matrix with size 7 are used as group codes. Up to 21 users can be supported in this frame structure.

3.3 Simulation Assumptions
This section summarizes detailed simulation assumptions used for the ACK channel analysis. 

Localized transmission with 12 pilot tones as well as data tones is assumed for data transmission. The number of transmit antenna of each user is 1. The number of receive antennas is 2. Maximum ratio combining (MRC) is used for data detection. 
Table 1 summarizes the basic system parameters for the link level evaluation.
	TTI Configuration
	Long RS Structure

	TTI
	1ms

	Intra-TTI frequency hopping
	yes

	Channel estimation length
	1, 2, or 3 pilot symbol – coherent

N/A – non-coherent

	Slot duration
	0.5 ms

	Symbols / Slot
	7

	FFT size
	512 


	Data tones per RB
	12

	Tone spacing
	15 KHz 


	Flat guard samples 

(Number of symbols)
	28 chips


	Guard tones per symbol
	212 

	Pilot Ec/Ior
	0 dB

	Code Type
	Repetition

	modulation
	BPSK – coherent

N/A – non-coherent

	Maximum re-transmission
	0

	Channel
	GSM TU 3 (kph), AWGN

	Detection
	Duo-state / Tri-state/ on-off keying – coherent
Duo-state – non-coherent


Table 1

Evaluation Numerology
3.2 Simulation Results and Observations
The BER performance with intra-TTI FH in GSM TU3 channels is depicted in Figure 3. We observe that having more pilots improves channel estimation and supports more users. With 3 pilots per slot, we accommodate 18 users and improve performance by 3-4dB compared to current 1 pilot symbols per slot. 
Non-coherent scheme supports up to 21 users with a slight performance degradation compared to coherent scheme with 18 users. 
This figure shows that BER performance with coherent detection is dominated by channel estimation losses. By increasing the number of pilot tones, we actually improve performance as well as support more users. However, having more than 3 pilot symbols per slot is not going to improve performance further, because then the performance will be dominated by the number of data symbols. 
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Figure 3. BER performance comparison of different structure in GSM TU3 channel
Figure 4 shows the ACKCH single user performance with tri-state decoder, which decodes ACK, NAK, or DTX. The non-zero threshold is selected such that P(DTX ( ACK) <= 0.01. We observe that 2-pilot and 3-pilot structure are comparable, and they both outperform 1-pilot structure by about 1dB. The gap between different structures shrinks compared to duo-state 0-threshold decoding performance as depicted in Figure 3. 
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Figure 4. ACK-to-DTX probability with Tri-state decoder in different pilot structures in GSM TU3 channel
Figure 5 show the ACKCH performance with on-off keying, i.e. ACK or DTX. The non-zero threshold is selected such that P(DTX ( ACK) <= 0.01. We observe the similar results that 2-pilot and 3-pilot structures are comparable and both outperform 1-pilot structure. Figures 4 and 5 also show that the performances of tri-state and of on-off keying are comparable.
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 Figure 5. ACK-to-DTX probability with on-off keying decoder in different pilot structures in GSM TU3 channel
5. Summary

We make the following conclusions from the simulation results:

· With dual-state signaling, ACK structure with 3 pilots per slot provides the best performance compared to all other scheme
· Up to 18 users can be supported per RB
· With non-coherent demodulation, up to 21 users can be multiplexed, but the link performance is worse by 1 dB
· Tri-state receiver operation with non-coherent demodulation is unclear
Based on this, we propose to adopt the following principles:

· Coherent demodulation based ACK structure with 3 RS per slot for short CP numerology
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Appendix

In this section, we present additional results for ACK channel performance at various mobile speeds. We observe that the coherent structure is consistently better than non-coherent structure at all speeds.

Figures 6 and 7 compare the dual-state decoding performance of 3-pilot coherent structure and non-coherent structure in TU3 and TU120 channels. 
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Figure 6. Performance Comparison in TU3
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Figure 7. Performance Comparison in TU120
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Figure 8. Performance Comparison in TU350

Figure 8 depicts the performance comparison of the 3-pilot structure with12 and18 users and non-coherent structure with 12 and 21 users in TU350. For 12 users in the 3-pilot structure, these 12 users are partitioned into 2 groups each with 6 users. The two groups use Walsh cover [1 1 1 1] and [1 -1 1 -1] for data transmission, and the first 2 columns of DFT-3 matrix for pilot transmission, respectively. In case of 12 users in the non-coherent structure, 12 users are partitioned in two 4 groups each with 6 users. These four groups user the first 4 columns of the DFT-7 matrix as their group codes. The performance improves with less number of users due to decreased co-channel interference. The 3-pilot coherent structure outperforms the non-coherent structure significantly. 
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Figure 9. Performance of 3-pilot structure with18 or 12 users at different speeds

Finally, Figure 9 summarizes the performance of 3-pilot coherent ACK structure at different speeds. When speed is no greater than 120 kph, 18 users can be multiplexed within one RB. Even in TU350, we can still accommodate 12 users with less than 1 dB loss.










































































































































































































































































































































Figure 2. The structure with 3 pilot symbols per slot 
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UL ACK Structure – 3 Pilots
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UL ACK Structure – 2 Pilots
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