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1. Introduction
Coherent transmission with 3 RS OFDM symbols per slot has been agreed as the working assumption for uplink ACK/NAK transmission corresponding to scheduled downlink data service. Figure 1 shows the block diagram of coherent ACK/NAK transmission scheme per slot, where CS0 – CS5 represent the 6 cyclic shifts per RB and S0 – S6 denote the 7 OFDM symbols per slot. Although the exact RS symbol positions are still to be determined, without loss generality, we assume RS is transmitted in 3rd, 4th, and 5th OFDM symbols this document. 
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Figure 1: Coherent ACK/NAK Transmission per Slot
To increase the ACK/NAK multiplexing capacity, block spreading is applied to the RS OFDM symbols and ACK/NAK bearing OFDM symbols, respectively. For example, the RS OFDM symbols are covered by block spreading codes of length 3, while the ACK/NAK bearing OFDM symbols are covered with block spreading codes of length 4. Thus, the maximum number of simultaneous ACK/NAK UEs per slot is 18. However, orthogonality between block spreading codes is lost with high speed UEs, which, coupled with imperfect uplink power control, could significantly impact the UL ACK/NAK detection performance. The target UL ACK/NAK performance is shown in Table 1 [1].
Table 1: Target UL ACK/NAK Detection Performance

	Event
	Target quality

	ACK miss detection (for DL-SCH)
	(1e-2)

	DTX to ACK error (for DL-SCH)
	(1e-2)

	NACK to ACK error (for DL-SCH)
	(1e-4)


In this contribution, we study the inter – user interference between high speed and low speed UEs for UL ACK/NAK transmission. We show that some block spreading codes may cause lower inter – user interference than the others. Thus, these block spreading codes are more suitable for high speed UEs. 
2. ACK/NAK Inter – User Interference with Block Spreading
With the coherent ACK/NAK transmission scheme outlined in the previous section, 18 UEs can be multiplexed in one slot. If all UEs are of low speed, then inter – user interference is minimal. On the other hand, if one or more UEs are of high speed, orthogonality between block spreading codes is lost. However, with the LTE UL numerology, even for UEs at 350 km/h, the channel variation within one slot can be well approximated linearly. Thus, for a high speed UE, its channel on the 7 OFDM symbols within one slot can be effectively modeled as [h-3Δ, h-2Δ, h-Δ, h, h+Δ, h+2Δ, h+3Δ], where h denotes the channel in the middle (4th) OFDM symbol and Δ is channel variation between two consecutive OFDM symbols, which clearly depends on the UE speed.

Let ci(n) and cj(n) (n = 1, 2, 3, 4) denote two block spreading codes of length 4, assigned to UE i and UE j, respectively, for their ACK/NAK bearing OFDM symbols. Assuming UE j is of high speed, whose channel on the ACK/NAK bearing OFDM symbols can be modeled as h(n) = [h-3Δ, h-2Δ, h+2Δ, h+3Δ], the inter – user inference caused by UE j to UE i, denoted as Ij→i, is
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where w(n) = [-3 -2 2 3]. Further, denote 
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It is clear that UE of high speed (i.e. with a larger Δ) should be assigned with a smaller 
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, to minimize its inter – user interference to UE i. 
3. Proposed UL ACK/NAK Transmission Schemes
With the ACK/NAK transmission scheme shown in Figure 1, we assume 3 block spreading codes, denoted as c1 = [1 1 1 1]; c2 = [1 -1 -1 1]; and c3 = [1 1 -1 -1], are used to cover the 4 ACK/NAK bearing OFDM symbols. It is straight forward to verify that 
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. Thus, c2 is most suitable for high speed UE, because 
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. Further, c1 and c3 cannot coexist unless both are assigned to low speed UEs. With the above observations, we propose the follow options to accommodate UL ACK/NAK transmission with high speed UEs.

Option 1: Always assign high speed UE with block spreading code c2. This scheme supports 18 UEs per slot, among which, at most 6 UEs can be of high speed. In other words, 1 high speed UE per cyclic shift with block spreading code c2. The rest 12 UEs can only be of low speed. Further, it may not be possible to implicitly inform each UE its UL ACK/NAK resources (i.e. cyclic shift and block spreading code), e.g. according to the DL control channel indices, because only c2 can be assigned to high speed UEs. 
Option 2: Only use c1 and c2 as block spreading codes for UL ACK/NAK transmission. Thus, the multiplexing capacity of this option reduces to 12 UEs per slot. The advantages of this scheme are 1) any of the 12 UEs can be of high speed; and 2) each UE can implicitly obtain its assigned UL ACK/NAK resources, because there is no restriction on the usage of block spreading codes and cyclic shifts.
Option 3: All three block spreading codes can be assigned to any UEs of any speeds. This option has the same multiplexing capacity as Option 1, i.e. 18 UEs per slot. It also shares an advantage with Option 2 on the possible implicit mapping between UL ACK/NAK resources and DL control channel indices. However, because there is no explicit control on inter – user inference, the ACK/NAK performance of Option 3 with high speed UEs is generally much worse than the previous two options. Thus, Option 3 is more suitable for cells of low speed UEs. 
4. Simulation Results and Discussions
In this section, we present simulation results for UL ACK/NAK transmissions with high speed UEs. The link level simulation assumptions are listed in Table 2.
Table 2: Link Level ACK/NAK Simulation Assumptions

	Parameters
	Assumptions

	Numerology
	5MHz @ 2.0GHz

	Number of ACK/NAK Bits per UE
	1

	Number of UEs
	Option 1 
	18

	
	Option 2
	12

	
	Option 3
	18

	Resource Block
	180 kHz (15 kHz x 12)

	Frequency Hopping Subframes
	2

	Block Spreading Codes 
for ACK/NAK Bearing 
OFDM Symbols
	c1 = [1 1 1 1]

c2 = [1 -1 -1 1]

c3 = [1 1 -1 -1]

	Cyclic Shifts per LB
	6

	UE Velocity
	3 km/h or 350 km/h

	Channel Model
	PA or SC

	Number of Receive Antennas
	2 – Uncorrelated

	Number of Transmit Antennas
	1


Figures 2 and 3 show the ACK/NAK performance with 18 UEs multiplexed in one slot, corresponding to Option 1 and Option 3 in the previous section. Among the 18 UEs, 6 are of high speed (350 km/h) and 12 are of low speed (3 km/h). One of the 6 high speed UEs is allocated on each cyclic shift. Table 3 lists the UE speed and block spreading codes allocation for the BER curves shown in Figures 2 and 3. Further, in Figure 2, the average SNR of the high speed UEs is the same as that of the low speed UEs, which corresponds to the case of perfect UL open loop power control. For Figure 3, the average SNR of the high speed UE is set to be 6 dB higher than that of the low speed UEs, to imitate the effect of imperfect UL power control.
Table 3: Simulation Setups for Figures 2 and 3
	Simulation Setups
	UE Speed and Block Spreading Codes Allocation

	Case 1
	6 high speed (HS) UEs with c1
12 low speed (LS) UEs with c2 and c3

	Case 2
	6 high speed UEs with c2
12 low speed UEs with c1 and c3

	Case 3
	6 high speed UEs with c3
12 low speed UEs with c1 and c2

	Case 4
	18 low speed UEs with c1, c2, and c3  


The following observations can be drawn from Figures 2 and 3:
· Simulation results related to Option 3: This corresponds to case 1 and 3 in Table 3. If either c1 or c3 is assigned to high speed UEs, the generated inter – user inference creates an irreducible error floor on the ACK/NAK BER of the low speed UEs. The NAK ( ACK target quality of 1e-4 cannot be met, even without SNR difference between the high speed and low speed UEs.  
· Simulation results related to Option 1: This corresponds to case 2 in Table 3. If c2 is assigned to high speed UE, it creates much less inter – user interference to the low speed UEs. Thus, the ACK/NAK BER of the low speed UEs with Option 1 is significantly improved, compared to Option 3 where c1 or c3 is assigned to high speed UEs.
· In most scenarios, the ACK/NAK BER of low speed UEs with Option 1 is close to the benchmark case, i.e. case 4 in Table 3, where all 18 UEs are of low speed. However, in PA channel with 6 dB average SNR difference between high speed and low speed UEs, the ACK/NAK BER of the low speed UEs with Option 1 barely hits 1e-3 at SNR of 0 dB.
[image: image10.emf]-14 -12 -10 -8 -6 -4 -2 0

10

-4

10

-3

10

-2

10

-1

Low Speed UE SNR (dB)

BER

PA, 18 UEs, 0 dB between High and Low Speed UE SNRs

 

 

6 LS UEs w c2, 6 LS UEs w c3

6 HS UEs w c1

6 LS UEs w c1, 6 LS UEs w c3

6 HS UEs w c2

6 LS UEs w c1, 6 LS UEs w c2

6 HS UEs w c3

18 LS UEs w c1 + c2 + c3

 [image: image11.emf]-14 -12 -10 -8 -6 -4 -2 0

10

-4

10

-3

10

-2

10

-1

Low Speed UE SNR (dB)

BER

SC, 18 UEs, 0 dB between High and Low Speed UE SNRs

 

 

6 LS UEs w c2, 6 LS UEs w c3

6 HS UEs w c1

6 LS UEs w c1, 6 LS UEs w c3

6 HS UEs w c2

6 LS UEs w c1, 6 LS UEs w c2

6 HS UEs w c3

18 LS UEs w c1 + c2 + c3


Figure 2: 18 UEs, 0 dB Average SNR Difference between High Speed and Low Speed UEs, PA (left) and SC (right)
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Figure 3: 18 UEs, 6 dB Average SNR Difference between High Speed and Low Speed UEs, PA (left) and SC (right)
Table 4: Simulation Setups for Figures 4 and 5

	Simulation Setups
	UE Speed and Block Spreading Codes Allocation

	Case 1
	6 high speed UEs with c1
6 low speed UEs with c2 

	Case 2
	6 high speed UEs with c2
12 low speed UEs with c1

	Case 3
	12 high speed UEs with c1 and c2

	Case 4
	12 low speed UEs with c1 and c2  
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Figure 4: 12 UEs, 0 dB Average SNR Difference between High Speed and Low Speed UEs, PA (left) and SC (right)
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Figure 5: 12 UEs, 6 dB Average SNR Difference between High Speed and Low Speed UEs, PA (left) and SC (right)
Figures 4 and 5 shows the simulation results related to Option 2, where 12 UEs are multiplexed per slot. Table 4 lists the UE speed and block spreading codes allocation for the BER curves in Figures 4 and 5. It is shown in Figures 4 and 5 that with Option 2, the inter – user inference is large eliminated by choosing two good block spreading codes for high speed UEs. The ACK/NAK BER of the low speed UEs with Option 2 is close to the benchmark case, i.e. case 4 in Table 4, where all 12 UEs are of low speed. Yet, noticeable SNR gap still exists, primarily due to the reason that the high speed UE’s channel does not evolve exactly linearly within one slot. 
5. Conclusions

In this contribution, we study the coherent ACK/NAK performance with high speed UEs. Given that the high speed UE’s channel can be approximated with a linear function within one slot, we found that some block spreading code is more suitable for high speed UEs than the others. We outline 3 options for UL ACK/NAK transmission with high speed UEs, which are summarized in Table 5. Option 1 always assigns a good code to a high speed UE per cyclic shift; Option 2 reduces the multiplexing capacity by utilizing only two mutually good block spreading codes and any of them can be assigned to high speed UEs; and Option 3 puts no restriction on the block spreading code allocation with respect to UE velocity. Simulation results presented in this contribution show that Option 3 is not desirable in terms of ACK/NAK BER performance, especially for the target NAK(ACK quality of 1e-4. While Option 1 and Option 2 improve the BER performance significantly compared to Option 3, both of them have disadvantages. For example, Option 1 may need explicit signaling on the UL ACK/NAK resource allocation and it can only support a maximum of 6 high speed UEs, and Option 2 reduces the multiplexing capacity per slot from 18 UEs to 12 UEs.
Overall, either Option 1 or Option 2 shall be adopted for UL ACK/NAK transmission with high speed UEs, from the ACK/NAK performance point of view. Option 3 is desirable for cells of low speed UEs, for its high multiplexing capacity and implicit ACK/NAK resource allocation. Thus, it may be beneficial to dynamically switch among the three options (or at least between Option 2 and Option 3), according to the number of high speed UEs in the cell.
Table 5: Summary of UL ACK/NAK Transmission Schemes with High Speed UEs

	
	Multiplexing Capacity per Slot
	Max Num of High Speed UEs
	ACK/NAK Performance
	Implicit Mapping

	Option 1
	18
	6
	Good
	Probably No

	Option 2
	12
	12
	Good
	Yes

	Option 3
	18
	18
	Poor
	Yes
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