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1. Introduction
Several control signaling bits related to downlink (DL) data transmission need to be transmitted in uplink (UL) [1]. DL HARQ requires a 1-bit ACK/NAK UL transmission for each received DL transport block. Also, the DL channel quality indicator (CQI) needs to be fed back in the UL for DL scheduling. When a user equipment (UE) has UL data transmission, the DL ACK/NAK and/or CQI can be transmitted with the UL data. In case there is no UL data transmission, the conventional assumption is that a reference signal (RS) needs to be transmitted for coherent demodulation of the DL ACK/NAK and/or CQI [2-5]. Thus, multiple dedicated time-frequency resources are necessary for the RS and the ACK/NAK and/or CQI [6] transmission and UE power consumption is needed for both. While the CQI may be transmitted less frequently based on a periodic or event – triggered mechanism [7], the ACK/NAK needs to be transmitted in a timely manner for every received DL transport block to support HARQ. 

2. Overview of Proposed Methods

This contribution examines the UL ACK/NAK transmission. The examined scenario considers that ACK/NAK cannot be multiplexed with UL data or CQI (i.e, the UE needs to transmit ACK/NAK without having UL data or DL CQI transmission) [3, 6]. It appears preferable that ACK/NAK and CQI transmission from UEs having UL data transmission is “piggy-back” with the data. The other alternative is that pre-assigned time-frequency (TF) resources are used, as if the UE did not have a data transmission (PAPR issues and possible overhead issued are of course a concern in that case). 

In [6], the use of an exclusive TF region was suggested for transmission. The time dimension spans multiple long blocks (LBs) and the time dimension spans a resource block (RB) or less (the RB was 375 KHz at the time of submission for [6]). The frequency resource hops in the LBs the ACK/NAK transmission is applied to provide frequency diversity. The hopping pattern is re-configurable according to the number of ACK/NAK transmissions by different UEs and different UEs are multiplexed using different patterns. The advantage of this approach is the increased coverage as more than 1 LB RBs can be used for transmission. The disadvantage is the increased latency in the ACK/NAK reception at the Node B since transmission is over multiple LBs that may even span multiple sub-frames. Moreover, hopping of the frequency resource implies a corresponding increase in the reference signal (RS) overhead which may be offset by the resulting frequency diversity (depending on the channel selectivity and number of antennas).

In [5], a variety of FDM methods is proposed. Their commonality is that the ACK/NAK and the associated RS are transmitted using one sub-carrier over the entire sub-frame (or TTI), but unlike the approach in [6], no frequency hopping is applied. Frequency diversity is not obtained but also no additional RS overhead is needed. Results with frequency scheduling were also shown, but perfect CQI estimation was assumed which is unrealistic on a sub-carrier basis and the associated DL control overhead for per sub-carrier scheduling would be excessive. It was also shown to be preferable to remove ACK/NAK sub-carriers and replace them with RS ones (it needs to be verified whether this remains the case for the 1ms TTI providing more RS at low and medium UE speeds). The BER with FDM was compared to that of TDM where the ACK/NAK was repeated 12 times and carried over 6 QPSK symbols (same overhead between TDM and FDM Formats A and B). However, repetition is inappropriate for TDM as the DFT operation in SC-FDMA will produce only a single term at the lowest frequency thereby losing any diversity. Moreover, the UE needs to transmit at “full” power many times to obtain the desired BLER and coverage, making the power efficiency of the approach an issue. Also, system level issues from having the ACK/NAK on a single sub-carrier need to be evaluated as this will create interference spikes and some network planning may be needed to alleviate (but not remove) this issue. Also, for UEs having UL data transmission, the single-carrier property is lost and the PAPR is increased.  

In [3], TDM was proposed for ACK/NAK and UL data in order to avoid the increased latency and PAPR/CM increase of FDM. ACK/NAKs from different UEs are multiplexed by assigning a different comb spectrum to each UE. Distributed transmission was suggested to improve diversity. The first LB of the UL sub-frame is split into two SBs where the first SB carries the ACK/NAK and the second SB carries the RS. No performance results were presented. One issue with this approach is the multiplexing method since having a transmission of more than 5-6 ACK/NAK would imply frequency separation of over 5-6 sub-carriers making frequency interpolation inapplicable and severely degrading channel estimation for distributed transmission. Moreover, when a few ACK/NAKs are transmitted, the sub-carrier separation of the RS allows for good channel estimation, but the overhead is very high one whole LB is required. Although CQI could also be possibly multiplexed with ACK/NAK transmission, its reporting is typically over a much longer period than the ACK/NAK transmission and therefore the overhead cannot be reduced by CQI multiplexing. Also, splitting the first LB into two SBs increases CP overhead. Finally, although avoiding latency, coverage cannot be ensured for TDM of ACK/NAK especially for large cells.  

The methods in [2–6] either require at least two RBs for ACK/NAK transmission, one for the RS and one for the ACK/NAK, or multiple ACK/NAK transmissions at “full” power which may lead to unnecessarily increasing UL overhead and/or interference. In this contribution, we propose a non-coherent method to convey the ACK/NAK by transmitting a cyclic-shifted CAZAC sequence. Non-coherent detection is particularly attractive at very low SINRs where channel estimation losses are large and for which the ACK/NAK coverage is mainly an issue. The ACK/NAK can be decoded by the amount of the cyclic shift of a base CAZAC sequence and the transmission is afforded the desirable CAZAC properties. Furthermore, the CAZAC sequence can be used as a RS for coherent CQI demodulation (current or subsequent).
3. Proposed ACK/NAK Transmission Method
Assuming a base CAZAC sequence known at both transmitter and receiver, the main concepts of the proposed method are:
· ACK/NAK bits are one-to-one mapped on a cyclic shifted version of the base CAZAC sequence.
· The amount of cyclic shift of the CAZAC sequence carries the ACK/NAK bits.
· The transmitter sends the cyclic shifted CAZAC sequence. By determining the cyclic shift amount, the ACK/NAK bits can be decoded at the receiver.
· Multiple ACK/NAK bits (MIMO) are carried either by different base CAZAC sequences or different shifts of the same base CAZAC in the same RB or in different RBs (FFS). Similar approaches can apply to the ACK/NAK transmitted by different UEs.
· The cyclic shifted CAZAC sequence can serve as RS for coherent CQI demodulation, if any.
Let L denote the maximum effective channel length (in samples), which is divided into N sections (corresponding to detection regions for different cyclic shift amounts of the base CAZAC sequence). The ACK/NAK bits are one-to-one mapped to the N sections. Thus, log2N ACK/NAK bits can be transmitted within a TF-RB. Figure 1 shows an example in which L = 12 and N = 2 (1 bit ACK/NAK). The 1 bit ACK/NAK can be represented by the base CAZAC sequence and a cyclic shifted CAZAC sequence with the shift amount of 6 samples. At the receiver, the received signal is demodulated with the base CAZAC sequence to obtain the estimated channel. Due to the one-to-one mapping between the ACK/NAK bits and sections, the ACK/NAK bits can be estimated by the max sum section energy method, as shown in Figure 1. The max sum section energy method locates the section with the highest channel energy. Other ACK/NAK decoding methods may also apply.


[image: image1]
Figure 1: Estimated Channel by Demodulating Received Signal with Base CAZAC Sequence.

A time-frequency block is referred to as TF-RB. Each TF-RB can be configured to be used either for ACK/NAK, CQI, data, or other control transmission. This configuration depends on the need for ACK/NAK and CQI transmission which may also have pre-assigned TF-RBs. A UE may be configured to use one or more RBs for transmission of a single ACK/NAK to achieve the desired performance and coverage. An example is given in Figure 2, which shows TF-RBs assigned for ACK/NAK transmission of 4 UEs. The TF-RBs may be either at the edges of the operating bandwidth or correspond to any frequency RBs to achieve increased frequency diversity. 
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Figure 2: Example of ACK/NAK transmission. UE2 uses frequency hoping.
The base CAZAC sequence is known (possibly predetermined or implicitly determined) at the transmitter and receiver. The value of “Cyclic Shift” conveys the ACK/NAK. For example, no cyclic shift can represent ACK, and a cyclic shift of half the sequence length can represent a NAK. However, other one–to–one mappings may apply as well. Multiple ACK/NAK bits (in case of MIMO spatial multiplexing with multiple codewords) can also be transmitted within one TF-RB. For example, if the effective channel length (in samples), denoted as L, is 12, and 4 sections are defined, then 2 ACK/NACK bits can be transmitted within a TF-RB. Further, multiple (either consecutive or non-consecutive) TF-RBs can be assigned to convey multiple ACK/NAK bits or to improve the probability of successful ACK/NAK reception and coverage. The number of TF-RBs required for sufficient coverage and the potential benefits of frequency hopping are evaluated.
The mapping between ACK/NAK information and Cyclic Shift value is also known at both transmitter and receiver (e.g. it may be pre-determined or implicitly determined). The number and location of used TF-RBs for ACK/NAK transmission can be configured. For example, cell interior UEs may use only one (or two) TF-RBs while cell–edge UEs may require more TF-RBs to achieve the desired coverage.
Moreover, if there is any subsequent CQI transmission, the CAZAC sequence used for ACK/NAK can serve as the RS for coherent CQI demodulation for the same UE or supplement an additional RS. An example is shown in Figure 3, where UE2 transmits ACK/NAK in block “UE2”, and CQI in block “CQI2”. If there is no ACK/NAK, but only CQI transmission, the RS plus CQI structure in [4] may be used for coherent CQI demodulation. If there is no ACK/NAK or CQI transmission, the TF-RB can be used for UL data transmission. The TF-RB assignment for ACK/NACK, CQI, and/or data transmission may be, probably implicitly, conveyed through downlink control signaling to each UE. This may avoid bandwidth waste if pre-determined resources are not occupied.
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Figure 3: Example for ACK/NAK transmission serving as RS for CQI demodulation of UE2
4. Simulation Results

The link level simulation parameters are listed in Table 1. 
Table 1: Link Level Simulation Assumptions

	
	

	Numerology
	2.5MHz @ 2.6GHz

	Number Of UEs
	1

	Number of ACK/NAK Bits
	1

	Resource Block
	180 kHz (15 kHz x 12)

	Number of RBs for ACK/NAK
	1 LB

	
	2 Consecutive LBs

	
	4 Consecutive LBs

	
	2 Frequency Hopped LBs

	
	4 Frequency Hopped LBs

	
	2 Consecutive LBs x 2 Frequency Hopped

	UE Velocity
	3 km/h, 360 km/h

	Channel Model Power – Delay Profile
	SCM–C

	Number of Receive Antennas
	2 – Uncorrelated

	Number of Transmit Antennas
	1


In the simulations, a cyclic shift of 0 represents an ACK and a cyclic shift of 6 represents a NAK. The ACK/NAK bearing CAZAC sequence is always mapped onto one RB which may be repeated over more than one LBs. Six possible ACK/NAK transmission methods are listed in Table 1. Consecutive LBs are in time and multiple received ACK/NAK signals are coherently accumulated. The frequency hopped LBs are maximally spaced in frequency to provide frequency diversity.  

The ACK/NAK detection method is the sum section energy method, as described in Section 3. For example, the ACK section consists of the first 6 channel taps, while the NAK section includes the last 6 channel taps. (The effective time domain channel has 12 taps (or samples) since one RB has 12 subcarriers.) Notice that the effective time domain channel from one RB has only one significant tap, which can be estimated with the base (cyclic shift of 0) CAZAC sequence. Thus, including all 6 paths for ACK/NAK detection may be detrimental to performance since more noise power is included in the sum section energy. In the simulation results, we compare two ACK/NAK detection regions. The first one only measures 1 tap channel energy, i.e. the first tap for ACK and the 7th tap for NAK. The second detection region includes 2 taps for both ACK and NAK, i.e. taps 1 and 2 for ACK and taps 7 and 8 for NAK. Notice that with the smaller ACK/NAK detection region, more than one ACK/NAK bits (of one or more UEs) can be transmitted on one RB.
Figures 4-7 show the ACK/NAK BER vs. per subcarrier SNR for the 6 ACK/NAK transmission methods in Table 1.  It can be observed that:

a) ACK/NAK transmission on consecutive LBs provides about 3 dB gain due to coherent accumulation, e.g. 1 LB ( 2 consecutive LBs ( 4 consecutive LBs.

b) Frequency hopping provides diversity, e.g. 2 or 4 frequency hopped LBs

c) Among the 6 studied ACK/NAK transmission methods, method 6 (i.e. repeating ACK/NAK over 4 LBs, which are frequency hopped in groups of 2 consecutive LBs) provides the best coverage at 1% ACK/NAK BER. 

d) ACK/NAK detection region 1 (i.e. 1 channel tap for both ACK and NAK energy detection) outperform detection region 2 (i.e. 2 channel taps for both ACK and NAK energy detection) at 1% BER. However, detection region 2 has more diversity than detection region 1, which is due to the fact that the effective channel over one RB is not absolutely frequency flat.

e) The proposed ACK/NAK transmission scheme and the energy detection method apply equally well to both low (3 km/h) and very high (360 km/h) UE speeds. 

Figures 8-11 show the SINR CDF curves with various ISDs, which are obtained from system level simulations with the UL Bi-Modal Power Control (BMPC) method in [8]. The number of required RBs to meet 1% ACK/NAK BER is also indicated on different SINR regions. With the proposed ACK/NAK transmission scheme, for small to medium ISDs (i.e. ISD 500 m, 750 m, and 1000 m), 1 RB is sufficient for a majority (about 80%) of the UEs to meet the target 1% ACK/NAK BER. Thus, significant savings in ACK/NAK control overhead are achievable compared to conventional RS + ACK/NAK transmission methods which require at least 2 RBs. For large ISD (e.g. ISD 1750 m), multiple RBs are required to provide sufficient coverage.
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Figure 4: UE Speed 3 km/h, 1 Path Energy
[image: image5.emf]-10 -8 -6 -4 -2 0 2 4 6

10

-3

10

-2

10

-1

SNR (dB)

ACK/NAK BER

 

 

1 LB

2 Consec. LBs

4 Consec. LBs

2 Freq. Hop. LBs

4 Freq. Hop. LBs

2 Consec. LBs x 2 Freq. Hops


Figure 5: UE Speed 3 km/h, 2 Paths Energy
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Figure 6: UE Speed 360 km/h, 1 Path Energy
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Figure 7: UE Speed 360 km/h, 2 Paths Energy
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Figure 8: SINR CDF, ISD 500 m
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Figure 9: SINR CDF, ISD 750 m
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Figure 10: SINR CDF, ISD 1000 m
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Figure 11: SINR CDF, ISD 1750 m

5. Conclusions
This contribution described a method to transmit ACK/NAK using a cyclic shifted CAZAC sequence. The amount of cyclic shift carries the ACK/NAK bits. No additional RS overhead and corresponding UE transmit power for coherent demodulation of the ACK/NACK bits is needed. Further, if a UE has subsequent CQI to transmit (this is highly probable), the ACK/NAK bearing CAZAC sequence can serve as RS for coherent CQI demodulation. The overhead for ACK/NAK transmission is minimized, single-carrier is preserved, and the desirable CAZAC properties are introduced. Link level simulation results show that for UEs having SINR above 0 dB, one RB (in a LB) is sufficient to achieve 1% ACK/NAK BER. For cell edge UEs (e.g. of -5 dB SINR), repeated ACK/NAK transmissions are necessary to improve the BER performance by coherent accumulation or frequency hopping but interference mitigation and power control methods can mitigate such overhead. It is also shown that UE speed has little impact on the performance of the proposed ACK/NAK transmission scheme. Furthermore, system level simulations indicate that for small to medium ISDs, about 80% of UEs experience SINR above 0 dB. Thus, only one RB is required for their ACK/NAK transmissions, which amounts to significant savings in UL control overhead. 
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