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1. Introduction
This paper deals with multiplexing of uplink data and L1/L2 control signalling. It is well understood that reliable L1/L2 control signaling is essential for features like HARQ, link adaptation and channel dependent scheduling. Quality of service requirement for control signaling is typically quite high which indicates that sufficient degree of frequency diversity is needed. If channel dependent scheduling is used then UL packet scheduler takes care of frequency diversity. If channel dependent scheduling is not used then we think that sub-frame based frequency hopping should be used to provide frequency diversity needed for control channel.
We think that efficient Low PAPR feature of single carrier transmission must be maintained to optimize the coverage area of UL control signalling. This requirement leads to the time domain multiplexing (TDM) which is supported by majority of companies [2, 3, 4]. This paper discusses two alternative ways to realize TDM multiplexing between control and data channels  in SC-FDMA based LTE uplink: block-level multiplexing and symbol level multiplexing.
2. Block Level Multiplexing and Symbol Level Multiplexing
The principle of block-level multiplexing is shown in Figure 1 [2]. A predetermined number of long blocks (LB) is reserved for transmission of control signalling while rest of the LBs are used to transmit the user data. Some proposals supporting block-level multiplexing [3, 4] suggest that the first LB is split into two SBs, where the first SB is used for ACK/NACK transmission with wider bandwidth and using IFDMA. The second SB is used for wideband reference signals required by the coherent detection. It should be noted that split of one LB into two SBs will generate one additional CP for each sub-frame. An outcome of this is that the CP length will be decreased by 11% if lengths of LBs and SBs is  kept unchanged. 
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Figure 2 shows the block diagram of symbol level multiplexing. It can be seen that the ratio between control and data can be adjusted within the long block. This can be done by (1) changing the rate of the encoder, (2) changing the order of the modulation (e.g., pi/2 BPSK and QPSK) and (3) adjusting the amount of repetition coding / spreading. Furthermore, it is possible to utilize all the LBs for transmission of control signaling (distribute control symbols over the whole sub-frame) or just to limit the control transmission into a predetermined LB(s).
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Figure 2. Principle of symbol level multiplexing.

3. Comparison of two schemes
The biggest problem with block level multiplexing is that the allocation granularity is very coarse. As can be seen in Figure 1 there are 6 LBs in each UL sub-frame of LTE system. This leads to 16.7% control overhead with allocation of a single LB. Control overhead with two LBs equals to 33.3% and so on. It can also be noted that the minimum overhead is quite large, especially with large bandwidth allocations. As mentioned, with symbol level multiplexing the ratio between the control symbols and data symbols can be easily adjusted within the each data block. Furthermore the control signaling can be spread over multiple LBs of TTI and thereby efficiently utilize the frequency diversity provided by sub-frame based frequency hopping.
It has been pointed out in [3, 4] that one of the merits of block level multiplexing is faster detection of L1/L2 signals. This will take place in case when the first block of the sub-frame is used for transmitting the L1/L2 control information. We note that this is only a minor issue because at the same time many companies point out that due to coverage reasons the DL control signaling should span over whole TTI in the case when UE has no data to transmit. Furthermore, the advantage of faster detection is degraded (or even lost) when the frequency diversity of sub-frame based frequency hopping is wanted to capitalize. 
As mentioned, IFDMA type of transmission using wider bandwidth is proposed as transmission scheme for control signalling when UE has UL data to transmit. The main motivation has been to gather frequency diversity provided by the wideband channel. We can see some disadvantages related to this technique. First of all, the bandwidth utilization is quite problematic since the different LBs and SBs have different bandwidth allocations. The second problem related to the IFDMA transmission is the channel estimation. It has been pointed out that IFDMA suffers from the severe channel estimation degradation when the RPF >3 [5]. It should be noted that there is only 1 SB reserved for channel estimation with high UE velocities and also when the advantage of faster detection is wanted to use. We emphasize that sub-frame based FH is more efficient way to provide frequency diversity than IFDMA.
4. Performance Example
This section provides link simulation results when transmitting the ACK/NACK bit in SC-FDMA using symbol level multiplexing.
Figure 3 shows the ACK/NACK performance as a function of allocated symbols in 5 MHz bandwidth.  For example the overhead from allocation of 8 symbols is only 0.005 % and the overhead from 32 symbols is about 2 %. Thus, in many 5 MHz cases the ACK/NACK bit can be conveyed reliably enough with the overhead of less than 2 %.
Figure 4 shows the ACK/NACK performance as a function of allocated symbols in 180 kHz bandwidth.  In that case the overhead from allocation of 2 symbols is about 2 % and overhead from 16 symbols is about 16.7 %.  Results show that   ACK/NACK transmission with symbol level TDM multiplexing meet the coverage requirement with reasonable overhead.
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Figure 3 The ACK/NACK BER as function of allocated symbols, BW=5 MHz
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Figure 4  The ACK/NACK BER as function of allocated symbols, BW=180  kHz
Results show that in many cases the ACK/NACK bit can be conveyed reliably enough with only few symbols (overhead << 5%). This is the case especially with larger bandwidth allocations. As mentioned, the minimum allocation unit with block level multiplexing is 16.7%. Thus it can be said that usage of symbol level multiplexing instead of block level multiplexing will provide higher UL capacity and peak data rates. 
5. Conclusions
In this contribution we compared the properties of symbol level multiplexing and block level multiplexing in case when the UE has both L1/L2 control signals and UL data to be transmitted. Results show that that the minimum overhead of block level multiplexing equals to 16.7%, which is quite large, especially with large bandwidth allocations. Furthermore the allocation granularity is quite coarse. We noticed that symbol level multiplexing is much more flexible in terms of allocation granularity. Thus we propose to use symbol level multiplexing to multiplex L1/L2 control and UL data. We also discussed that sub-frame based FH is the most efficient way to provide frequency diversity for control channels.
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