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1 Introduction

Two types of L1 and L2 control-signaling information are identified in 3GPP TR 25.814:

· data-associated signaling (e.g., transport format and hybrid ARQ information), which is associated with uplink data transmission, and

· data-non-associated signaling (e.g., CQI and/or ACK/NACK due to downlink transmissions, and scheduling requests for uplink transmission).
The L1 and L2 control-signaling information can either be time-multiplexed with data or frequency-multiplexed. The current assumption is that time-multiplexing is used for both data-associated signaling and data-non-associated signaling. However, the possibility for multiplexing of data-non-associated control signaling with data channel by exclusive frequency resource, i.e., frequency-multiplexing, is FFS.
In this contribution, we evaluate the time-multiplexing and frequency-multiplexing approach for data-non-associated signaling from cell radius and PAPR/CM perspective. For simplicity, we will focus on ACK/NACK feedback transmission. However, the conclusions from the current study can easily be extended to other signaling such as CQI signaling transmission.
2 Multiplexing of Data and L1/L2 Control
The uplink sub-frame format with two short-blocks per sub-frame is shown in Figure 1. We will use this format as reference for time-multiplexing and frequency-multiplexing evaluation. The time-multiplexing structure that we assumed for ACK/NACK transmission is shown in Figure 2. The structure assumes ACK/NACK transmission over one short block (e.g. SB#3). Moreover, we assume that another short block (e.g. SB#4) is used for pilot transmission for ACK/NACK. This results in approximately 14% fixed resource overhead for the ACK/NACK feedback. Note that ACK/NACK signals from multiple users can potentially be frequency-multiplexed within a short-block. 
In case of frequency multiplexing, a subset of frequency resource is allocated for ACK/NACK and ACK/NACK transmission can potentially happen in parallel with data transmission (when uplink transmission is present) within all the 6 LBs as shown in Figure 3. The amount of frequency resource for ACK/NACK can be configured via higher layer signalling and therefore, there is no fixed resource overhead for the ACK/NACK feedback in this case.
-
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Figure 1. Sub-frame format with two short blocks/sub-frame
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Figure 2. An example of sub-frame format with time-multiplexing of data and L1/L2 control
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Figure 3. An example of sub-frame format with frequency-multiplexing of data and L1/L2 control

2.1 ACK/NACK BER Performance

The bit error performance for the flat-fading fading channel with diversity is shown in Figure 4 [2]

 REF _Ref98930208 \r \h 
 \* MERGEFORMAT [3]. It can be noted that an Eb/No of approximately 14dB is required to achieve 0.1% ACK/NACK BER assuming 2-Rx antennas (L=2). In an AWGN channel, the required Eb/No is approximately 7dB to achieve 0.1% ACK/NACK BER. The AWGN case can be considered as the best-case scenario when a large amount of frequency-diversity is present in the channel and can be exploited effectively. Therefore, we will use 7dB and 14 dB Eb/No requirements in our analysis of cell radius support for ACK/NACK signal time-multiplexing and frequency-multiplexing approaches.
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Figure 4: ACK/NACK BER Performance with diversity
2.2 Cell Radius Analysis
In this section, we evaluate the maximum cell radius that can be supported while providing a reliable ACK/NACK feedback signalling i.e. 0.1% BER target. The parameters used in the analysis are given in Table 1 and are taken from 3GPP TR 25.814. The path loss model assumes 2GHz frequency and the penetration loss (PLoss) of 20dB. We do not assume any power back–off for the UE power amplifier. In general, the supported cell radius is reduced when a power back-off is used due to PAPR/CM.
Table 1– Simulation parameters

	Parameters
	Model Assumptions

	BS Receiver
	2 Antennas

	MS Transmitter
	1 Antenna

	MS Antenna gain
	0 dBi

	BS Noise Figure
	5 dB

	BS antenna gain plus cable loss
	14 dBi

	penetration loss (PLoss)
	20dB

	UE power class
	24dBm (250mW)

	UE power back-off
	0dB

	Distance-dependent path loss
	L=128.1 + 37.6log10(R), R in kilometers


In case of ACK/NACK signal, all the received energy contributes to a single ACK/NACK bit and therefore Eb/Nt can be calculated as below.
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Where G is the total path loss (including antenna gain and penetration loss etc.) and Pt  is the UE transmit power. Also Ts is the ACK/NACK signalling transmission duration i.e. one short block of 33.3us in case of time-multiplexing and 6 long blocks in case of frequency-multiplexing. k is Boltzmann's constant and is approximately 1.38 × 10-23 J/K (Joules/ Kelvin) and T is temperature in Kelvins. IoT represents the Interference over Thermal due to other-cell interference (Io) and background noise (No). An IoT=3dB means that Io=No=kT. 
The achievable Eb/Nt versus cell radius is shown in Figure 5 and Figure 6 for the case of IoT of 3dB and 12dB respectively. We assumed that the time-multiplexing of L1/L2 control uses a short block (SB) transmission of duration 33.3us. In case of frequency-multiplexing, the ACK/NACK signal is transmitted over 6 long blocks (LBs) and therefore can potentially provide 12 times (10.8dB) more energy relative to the time-multiplexing case. It should be noted that for the case of frequency-multiplexing, we assumed that the full UE power is allocated to the ACK/NACK signal. In general, when data transmission happens in parallel with ACK/NACK in a frequency-multiplexed fashion, some power also need to be allocated to the data transmission. However, the case presented here represents an extreme case where all the power can potentially be allocated to ACK/NACK signal to make the ACK/NACK reliable. It should be noted that the frequency-multiplexing approach allows to flexibly allocate the total UE transmit power between data and control. Moreover, when there is no other transmission, potentially the whole UE power can be allocated to ACK/NACK.

 In Figure 5, we assumed IoT=3dB, which may represent a tightly power controlled case for lower IoT operation. Figure 6  showing results with IoT=12 dB may represent a case where users are not closed-loop power controlled and the system operates at higher IoT for potentially better system throughput and capacity. It can be noted that for IoT=3dB case, the cell radius that can be supported is approximately 1.0-1.5 Kms. The lower cell radius of 1.0Km represent the case of 14dB Eb/No target (e.g. a flat-fading channel) for the ACK/NACK signal while the upper cell radius of 1.5Kms represent the case of 7dB Eb/No (AWGN channel) for the ACK/NACK signal. With frequency multiplexing, the supported cell radius is almost double with 2.0-3.0Kms cell radius. For the case of IoT=12dB, the maximum cell radius than can be supported is approximately 0.6-0.9Km for the time-multiplexing case and 1.2-1.8Kms for the case of frequency multiplexing.
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Figure 5: Eb/No vs. cell radius for the case of L1/L2 singling time-multiplexing and frequency-multiplexing (IoT=3dB)
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Figure 6: Eb/No vs. cell radius for the case of L1/L2 singling time-multiplexing and frequency-multiplexing (IoT=12dB)
2.3 PAPR/CM 
In this section, we analyze the PAPR/CM of each multiplexing option. The PAPR and cubic metric results are provided in Figure 7. We assumed an IFFT size of 512 and precoding FFT size of 64 (M1=64). Furthermore, we assumed  precoding FFT size of 1 (M2=1) for ACK/NACK signal. We also considered another FFT size of 1 (M3=1) for the pilot signal that accompanies the ACK/NACK signal.  It can be noted that the increase PAPR is rather small when L1/L2 is frequency-multiplexed with data. When the gain for the L1/L2 control is increased, there is further increase in PAPR. However, the maximum increase in PAPR is within 0.5dB even with a L1/L2 control gain of 10dB over data. In a previous contribution [4], we noted that the increase in PAPR due to frequency-multiplexing is even smaller when data FFT size is relatively larger and/or 16-QAM modulation is used for data. The cubic metric for the different cases of L1/L2 control gain are also provided in Table 2. We note similar trend in CM as in PAPR.
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Figure 7: PAPR for multiplexing options of L1/L2 control and data
Table 2– Cubic Metric

	Scheme
	Cubic Metric

	OFDM
	3.40

	Time multiplexing
	DFT-SOFDM
	1.02

	Frequency multiplexing
	DFT-SOFDM (M2/M3 Gain = 0dB)
	1.19

	
	DFT-SOFDM (M2/M3 Gain = 3dB)
	1.43

	
	DFT-SOFDM (M2/M3 Gain = 10dB)
	1.92


3 Summary

This section summarizes our observations on data/control frequency and time multiplexing options based on the analysis and evaluations shown in the previous section.
· We noted that the frequency multiplexing option has the benefit of the ACK/NACK coverage since more energy can be given to ACK/NACK transmission than time multiplexing option. This is due to the fact that frequency-multiplexing allows sharing the total UE transmit power between data and control in a flexible manner. One drawback of frequency multiplexing option is the PAPR/CM increase, since this option is using multiple FFT blocks for simultaneous transmission of ACK/NACK and data. However, the increase of PAPR/CM is not too significant 
· Time multiplexing option has the benefit that single carrier property can still be satisfied, which maintain the low PAPR/CM. The limited coverage of ACK/NACK compared to frequency multiplexing option might be compensated by using the repetition or bigger TTI length with multiple subframes.
In this study we considered ACK/NACK signal transmission over one short block within an uplink subframe for the case of time-multiplexing. There can be other possibilities for time-multiplexing of the uplink control and data with associated tradeoffs in signaling overhead, resource allocation flexibility and performance etc.
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