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1. Introduction
L1/L2 control signaling is essential to channel-dependent scheduling, link adaptation, and hybrid ARQ, etc. In our opinion, in the E-UTRA uplink, efficient and high-quality transmission of L1/L2 control signaling must be established while maintaining the low-PAPR feature of single-carrier transmission in order to achieve a wide coverage area [1]. However, currently there is another proposal to use multi-carrier transmission for the same user to transmit the L1/L2 control signaling channel and shared data channel simultaneously in order to improve the coverage of L1/L2 control channel in their opinion [2]. However, we consider that the multi-carrier based multiplexing of the L1/L2 control signaling channel with a shared data channel causes severe problems such as increased PAPR for achieving coverage, increased reference signal overhead, and reduced frequency diversity.

Therefore, in this contribution, we clarify that single-carrier based multiplexing of the L1/L2 control signaling channel and shared data channel can achieve greater coverage than multi-carrier based multiplexing considering the above-mentioned impairments of multi-carrier based multiplexing.

2. Multiplexing Method of L1/L2 Control Information with Data Channel in Uplink

For a UE with shared data channel transmission, there are two multiplexing methods as shown in Fig. 1 for the L1/L2 control information with a shared data channel: single-carrier based multiplexing and multi-carrier based multiplexing.
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               (a) Single-carrier based multiplexing                (b) Multi-carrier based multiplexing

Figure 1 – Multiplexing method of L1/L2 control information and shared data channel within a user

Single-carrier based multiplexing can be achieved by using TDM based multiplexing of the L1/L2 control channel and the shared data channel or using the piggy back approach. In the simulation evaluation in Sec. 4, we assume TDM based multiplexing.

The L1/L2 control information transmitted with the shared data channel can include data-associated control information such as HARQ-related information and transport format of the shared data channel (if necessary), and data non-associated control information such as CQI and ACK/NACK information [3].
As described below, single-carrier based multiplexing has more advantageous features compared to the multi-carrier based multiplexing to achieve high quality L1/L2 control information transmission with wide area coverage.
· Low PAPR
· Maintaining the low-PAPR feature of single-carrier transmission significantly contributes to increasing the coverage.
· Meanwhile, when multi-carrier based multiplexing is used, PAPR is increased especially when large transmission power is assigned to the L1/L2 control signaling bits in order to increase the coverage. 
· Less reference signal overhead
· Single-carrier based multiplexing does not require an additional reference signal since the reference signal for demodulation of the shared data channel can also be used for demodulation of the L1/L2 control signaling bits.

· Multi-carrier based multiplexing requires an additional reference signal for demodulation of L1/L2 control signaling bits and this results in increased overhead of the reference signal.
· Greater frequency diversity
· In the single-carrier based multiplexing, L1/L2 control signaling bits can be transmitted using a wideband signal according to the assigned frequency band based on channel-dependent scheduling. Therefore, a large frequency diversity gain is obtained. Furthermore, since the frequency resource block under good channel conditions can be allocated to the L1/L2 control information bits in frequency domain channel-dependent scheduling, we can expect to obtain the channel-dependent scheduling gain for the L1/L2 control signaling bits as well as the shared data channel.
· The multi-carrier based multiplexing must use relatively narrow band transmission of the L1/L2 control signaling bits to avoid an increase in the additional reference signal overhead and radio resources exclusively used for L1/L2 control signaling. Thus, the L1/L2 control channel with a narrow transmission band suffers from flat fading, i.e., almost no frequency diversity effect is gained. Moreover, independent channel-dependent scheduling for L1/L2 control signaling bits in the multi-carrier based multiplexing is impractical.
3. Coverage Increasing Method for Single-carrier-based Multiplexing and Multi-carrier-based Multiplexing

In single-carrier based multiplexing, we can use a lower coding rate or a larger repetition factor for the L1/L2 control channel to increase the coverage as shown in Fig. 2 [4]. Since the shared data channel uses AMC according to the channel condition, we do not need any additional control signaling bits for MCS control of the uplink L1/L2 control channel by using a pre-determined relationship between the MCS of the shared data channel and the MCS of the L1/L2 control channel.
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Figure 2 – Adaptive coding rate or repetition factor for L1/L2 control channel

In the multi-carrier based multiplexing, by increasing the transmission power allocation to the L1/L2 control signaling bits, wider coverage is achieved. However, in this case, PAPR is also increased.

It should be noted that a longer TTI based on variable TTI control is another method to increase the coverage at the cost of increased latency. The longer TTI is applicable to both single-carrier based multiplexing and multi-carrier based multiplexing. Therefore, in Sec. 4, we focus on the coverage comparison between single-carrier based multiplexing with repetition factor control and multi-carrier based multiplexing with power control for the L1/L2 control channel.
4. Coverage Comparison
We compared the achievable coverage between the single-carrier based multiplexing and multi-carrier based multiplexing from the viewpoint of the achievable user throughput considering the required overhead for the L1/L2 control channel and PAPR (CM). The simulation assumptions are as follows.
· Single-carrier based multiplexing
· The required repetition factor of the L1/L2 control channel for achieving the packet error rate (PER) of 10-2 is calculated according to the operated average received signal-to-interference plus noise power ratio (SINR) value. In this contribution “S” is defined as the total received signal power from a user (when multi-carrier based multiplexing is used, “S” is the summation of the received signal power of the shared data channel and L1/L2 control channel).
· Based on the required repetition factor for the L1/L2 control channel, the number of symbols available to the shared data channel within a sub-frame, Ndata, is calculated.
· The CM value is calculated. In the single-carrier based multiplexing, the CM value is constant regardless of the repetition factor of the L1/L2 control channel.
· Based on the operated average received SINR value of the shared data channel, Ndata and the CM value, the user throughput of the shared data channel is calculated using the Shannon formula below.
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where Rdata = Ndata/1800 (= number of data symbols within a sub-frame), BW is the transmission bandwidth of the shared data channel,  = 4 dB is the degradation factor from the Shannon limit [5], and  = 0.8 is the insertion loss of the reference signal and CP.

· Multi-carrier based multiplexing
· First, we evaluated the optimum transmission bandwidth of the L1/L2 control channel taking into account the channel estimation error.
· The required transmission power of the L1/L2 control channel for achieving the PER of 10-2 is calculated according to the operated average received SINR value.
· Based on the required transmission power for the L1/L2 control channel, the transmission power of the shared data channel is calculated.
· The CM value is calculated. In the multi-carrier based multiplexing, the CM value is dependent on the transmission power ratio of the L1/L2 control channel and shared data channel.
· Based on the operated average received SINR value, the transmission power of the shared data channel, and the CM value, the user throughput of the shared data channel is calculated using the Shannon formula below.
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where Rpower = Transmission power of the shared data channel/(Transmission power of the shared data channel + that of the L1/L2 control channel). The same  and  values are assumed as in the single-carrier based multiplexing.

Table 1 gives the link-level simulation parameters that follow those in [3]. We assumed a 5-MHz transmission bandwidth for the shared data channel. Therefore, in the single-carrier based multiplexing, the transmission bandwidth of the L1/L2 control channel is 5 MHz. In the multi-carrier based multiplexing, the transmission bandwidth of the L1/L2 control channel is parameterized. The number of the L1/L2 control information bits is set to 1 and 10. Ten of the L1/L2 control information bits may be needed for transmitting for example the ACK/NACK (1 bit), HARQ process number (2 bits), and CQI (7 bits). We assumed QPSK data modulation and a tail-biting convolutional coding with the coding rate of 1/2 and constraint length of 9 bits and Viterbi decoding for the L1/L2 control channel. In the single-carrier based multiplexing, the repetition factor, RPF, is parameterized. Meanwhile, the repetition factor is set so that the entire sub-frame is used for transmission of the L1/L2 control signaling bits in multi-carrier based multiplexing. Moreover, the transmission powers of the L1/L2 control channel and shared data channel are assumed to be constant in single-carrier based multiplexing. When the multi-carrier based multiplexing is used, Rpower is controlled to satisfy the target PER of the L1/L2 control channel assuming that the total transmission power is constant. We assume two-branch antenna receiver diversity at the Node B. Channel estimation is performed using a reference signal mapped on two short blocks within a sub-frame. The six-ray Typical Urban (TU) model is used with the maximum Doppler frequency of fD = 5.55 Hz, corresponding to the vehicular speed of 3 km/h at a 2-GHz carrier frequency.

Table 1 – Major simulation parameters
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Table 2 shows the CM value for the single-carrier based and multi-carrier based multiplexing. We assumed QPSK modulation for the shared data channel. For multi-carrier based multiplexing, the transmission power ratio between the data channel and L1/L2 control channel is parameterized. From this table, we can see that when the same transmission power is allocated to the data channel and the L1/L2 control channel in multi-carrier based multiplexing, the CM becomes maximum and the CM value with the condition is higher by approximately 1 dB compared to that of the single-carrier based multiplexing.
Table 2 – CM values
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Next, Figs. 3 (a) and 3(b) show the PER performance of the L1/L2 control channel using single-carrier based multiplexing as a function of the average received SINR including the CM value given in Table 2. The number of L1/L2 control information bits is 1 and 10, respectively, and the RPF is parameterized. Based on this figure, according to the received SINR, we selected the required RPF for achieving the PER of 10-2 in the following user throughput calculations. For example, when the average received SINR is -12 dB, the RPF of 32 and 128 are used for 1-bit and 10-bit L1/L2 control information transmission, respectively. The resultant number of symbols for the L1/L2 control channel becomes 1280 symbols and the number of data symbols for shared data channel becomes Ndata = 1800 (number of data symbols within a sub-frame) - 1280 = 520 symbols for the 10-bit L1/L2 control information transmission.
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(a) 1-bit L1/L2 control information                      (b) 10-bit L1/L2 control information

Figure 3 – Average PER of L1/L2 control channel using single-carrier based multiplexing with RPF as a parameter
Figures 4 (a) and 4(b) show the average PER performance of the L1/L2 control channel using multi-carrier based multiplexing as a function of average received SINR with the transmission bandwidth of the L1/L2 control channel as a parameter, when the number of the L1/L2 control information bits is 1 and 10, respectively. We can see that by increasing the transmission bandwidth of the L1/L2 control channel from 120 kHz to 375 kHz, the PER performance is improved due to the increased frequency diversity. However, when the transmission bandwidth of the L1/L2 control channel is further increased to 375 kHz, the PER is degraded due to the increased channel estimation error. Therefore, in the following evaluation, we assumed a 180-kHz transmission bandwidth for the L1/L2 control channel for both the 1- and 10-bit L1/L2 control information transmissions.
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　(a) 1-bit L1/L2 control information                     　 (b) 10-bit L1/L2 control information

Figure 4 – Average PER of L1/L2 control channel using multi-carrier based multiplexing with transmission bandwidth of L1/L2 control channel as a parameter
Figures 5 (a) and 5(b) show the average PER performance of the L1/L2 control channel using multi-carrier based multiplexing as a function of average received SINR including the CM value shown in Table 2 when the number of L1/L2 control information bits is 1 and 10, respectively. Rpower is parameterized. We can see that according to the decrease in Rpower the PER of the L1/L2 control channel is improved since a larger transmission power is allocated to the L1/L2 control channel. From the figure, according to the received SINR, we selected the required Rpower for achieving the PER of 10-2 for the L1/L2 control channel in the following user throughput calculation. For example, when the average received SINR is less than -10 dB, Rpower of less than 1/2 is required. This means that more than half of the transmission power is allocated to the L1/L2 control channel, and this brings about a significantly increased PAPR in the multi-carrier based multiplexing.
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　(a) 1-bit L1/L2 control information                      (b) 10-bit L1/L2 control information

Figure 5 – Average PER of L1/L2 control channel using multi-carrier based multiplexing with Rpower as a parameter

Finally, Fig. 6 shows the achievable user throughput considering the overhead due to L1/L2 control signaling required for achieving the PER of 10-2 in single-carrier based and multi-carrier based multiplexing, as a function of the average received SINR. We can see from the figure that the single-carrier based multiplexing of the L1/L2 control channel with the shared data channel can always achieve higher user throughput than multi-carrier based multiplexing. This is caused by a lower PAPR and smaller overhead of the reference signal for demodulation to achieve the same PER requirement for the L1/L2 control channel. 
Therefore, we conclude that single-carrier based multiplexing of the L1/L2 control channel with the shared data channel within the same UE is more advantageous than multi-carrier based multiplexing from the viewpoint of wide coverage provisioning.
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Figure 6 – Achievable user throughput as a function of average received SINR
It should be noted that in the contribution, we did not take into account the frequency domain channel-dependent scheduling gain. As already mentioned in Sec .2, when frequency domain channel-dependent scheduling is applied, the scheduling gain is also obtained for the L1/L2 control channel as well as the shared data channel only for single-carrier based multiplexing, i.e., the gain is not obtained in multi-carrier based multiplexing. Therefore, we can expect further performance enhancement in single-carrier based multiplexing if frequency domain channel-dependent scheduling is applied.
5. Conclusion
This contribution showed that single-carrier based multiplexing of the L1/L2 control signaling channel with the shared data channel within the same UE can achieve larger coverage than the multi-carrier based multiplexing due to the following very advantageous features of single-carrier based multiplexing.
· Low PAPR
· Smaller reference signal overhead
· Greater frequency diversity
Therefore, we strongly recommend adopting single-carrier based multiplexing of the L1/L2 control signaling channel with a shared data channel within the same UE for E-UTRA uplink.
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