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Long CP frame structure design enabling time-multiplexed unicast and E-MBS
Dong LI, Hongwei Yang, Liyu Cai
Alcatel Shanghai Bell Co., Ltd.
1 Introduction
From the functional and performance requirements for E-MBS in 16m SRD, the dedicated E-MBS carrier and mixed unicast/E-MBS carrier deployment scenarios shall be supported for flexible implementation of the enhanced multicast and broadcast services in 16m (page 14 and 20 in [1]). The mixed unicast-broadcast transmission mode is especially attractive due to unnecessary additional dedicated carrier allocation. The support for the mixed transmission mode is a common view of most operators [3].
Two basic approaches to implement the mixed unicast-broadcast transmission are TDM and FDM. In the companying contribution [4], we compare the multiplexing methods of TDM and FDM for the mixed unicast-broadcast transmission and we prefer the TDM approach considering the following advantages such as: 1) simple signaling for multiplexing; 2) MS can go into sleep mode during irrelevant time intervals and 3) efficient usage of long CP and short CP.
Multi-cell SFN transmission of E-MBS will have to be relied on to provide sufficiently high SINR to achieve the target E-MBS performance specified in [1] (e.g., 4bps/Hz for inter-site distance of 0.5km over 95% coverage area). The SFN transmission will lead to large channel delay spread (e.g., 20us or even up to about 30us depending on application scenarios such as cell radius, cell number in SFN network, radio channel power delay profile), which essentially requires a long CP configuration to avoid inter-symbol interference. However, in the current 16m SDD [2], two CP lengths have been defined as normal CP (11.429us) and short CP (5.714us). The support for long CP has been required in the SDD (stated as “A longer CP size is used in channels with long delay spread” in page 31 of [2]), but no solutions are provided yet. 
This contribution aims to provide the long CP frame structure design, which can enable mixed transmission of unicast traffic with normal or short CP and MBS traffic with long CP in TDM mode. Should be noted that this frame structure can also be applied to FDM mode, in which case the same long CP is used for both unicast and broadcast.
2 Possible solutions for long-CP frame structure design
2.1 Option 1: unfixed subframe duration with 1/4-CP
In this option, the CP length is configured to 1/4 of the useful OFDM symbol. In this case, there are totally 43 OFDM symbols in each 5ms radio frame. The basic parameters for this option are listed in Table 1. 
Table 1

	Parameters
	Value

	Subcarrier spacing (KHz)
	10.9375

	CP length (us)，TCP
	22.8571

	Useful symbol time (us)，Tu
	91.4286

	Symbol time (us)，Ts= TCP+Tu
	114.2857

	Num of OFDM symbols per frame
	43

	Num of OFDM symbols per subframe
	5 or 6

	Idle time (us)
	85.714


The problem with this solution is that the 43 OFDM symbols cannot evenly distributed to the 8 subframes within one frame. Variable subframe duration will have to be applied if the 43 symbols are accommodated into the 8 subframes. For example, five out of the 8 subframes have 5 OFDM symbols each and the rest three subframes have 6 OFDM symbols each (i.e., 5*5+6*3=43). Figure 1 shows this configuration. 
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Figure 1 Illustration of frame structure with long CP in solution 1 (an example)
Applications in mixed unicast-broadcast transmission:
For this option, the subframe duration is unfixed (0.6857ms or 0.5714ms) and isn’t equal to the subframe duration of other CP lengths (subframe duration is 0.617ms for 1/8 CP configuration). Therefore, different CP configurations cannot coexist within one frame. In this case, the unicast with smaller CP length and SFN MBS with long CP cannot be multiplexed at the subframe level within one 5ms radio frame. 
If the multiplexing level is 5ms frame, i.e., CP length varies frame by frame, some problems will arise as follows
1) Possibly there isn’t enough MBS traffic to occupy the long CP frames, thus lead to resource waste;

2) The presence of long CP MBS frame will result in significant impact on the performance of unicast frames (e.g., unicast traffic and feedback cannot be transmitted timely). 

Based on above consideration, the multiplexing level of frame isn’t a practical and feasible configuration.
Additionally, there are some other problems with this long CP solution as follows

1) Legacy support (e.g., TDM at subframe level in DL/UL) may be disabled within the long-CP frames (actually, this problem is also with the short-CP frame defined in the current 16m SDD);
2) Since the subframe durations are different from that of normal CP, the DL/UL switching points cannot be aligned exactly in time. The misaligned switching points may result in some interference.

Due to the above problems, option 1 for long-CP solution isn’t recommended. 
2.2 Option 2: fixed subframe duration and halved subcarrier spacing
In this option, the CP length is enlarged by halving the intercarrier spacing for 1/8 CP configuration. In this case, there are totally 24 OFDM symbols in each 5ms radio frame. The basic parameters for this option are listed in the table below.
Table 2
	Parameters
	Value

	Subcarrier spacing (KHz)
	5.4687

	CP length (us)，TCP
	22.857

	Useful symbol time (us)，Tu
	182.857

	Symbol time (us)，Ts= TCP+Tu
	205.714

	Num of OFDM symbols per frame
	24

	Num of OFDM symbols per subframe
	3

	Idle time (us)
	62.857


In this solution, the 24 OFDM symbols can be evenly distributed to the 8 subframes with each containing 3 OFDM symbols. In this case, the subframe duration is about 0.617ms, which is exactly the same as that of the normal 1/8 CP configuration. Figure 2 shows this configuration.
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Figure 2 Illustration of frame structure with long CP in solution 2(an example)

Applications in mixed unicast-broadcast transmission:
In this solution, since the subframe duration is exactly the same as that of normal 1/8 CP configuration, the unicast with normal CP length and SFN MBS with long CP can be multiplexed at the level of subframe within one 5ms frame, which is illustrated in figure 3. In this figure, the MBSFN subframes (i.e., blue blocks) apply the parameters listed in table 2, while the unicast subframes (i.e., green blocks) use the parameters of normal CP length shown in Table 3.
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Figure 3 Illustration of mixed unicast-broadcast transmission in solution 2(an example)
Table 3
	Parameters
	Value

	Subcarrier spacing (KHz)
	10.9375

	CP length (us)，TCP
	11.428

	Useful symbol time (us)，Tu
	91.428

	Symbol time (us)，Ts= TCP+Tu
	102.857

	Num of OFDM symbols per frame
	48

	Num of OFDM symbols per subframe
	6

	Idle time (us)
	62.857


Potential problems with this solution:
In this solution, the reduction of subcarrier spacing will incur an additional vulnerability to Doppler-induced frequency dispersion due to inter-subcarrier interference (ICI) that accompanies the reduction in subcarrier separation from 10.9375kHz to 5.4687kHz. Figure 4 shows the SIR due to ICI for these two subcarrier separations at 2.5GHz. The data of Figure 4 is computed according to a reasonable approximation to the ICI power given by [5].
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where fd is the Doppler frequency and ∆f is the subcarrier separation. Equation (1) and figure 4 suggest a 6dB loss of SIR from every halving of subcarrier separation. The performance degradation is significant, especially at high velocities.
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Figure 4 Signal to ICI power ratio at different velocities for two subcarrier spacings
2.3 Option 3: fixed subframe duration and subcarrier spacing (5.5 OFDM symbols/subframe)
In this solution, it is assumed that the subframe duration fixed to 0.617ms while the subcarrier spacing remain unchanged. The subframe structure with long CP length in this solution is shown in Figure 5. From this figure, we can see that there are totally 5.5 OFDM symbols in each subframe, that is, one half OFDM symbol is used to fit the subframe duration. Actually, this subframe with 5.5 OFDM symbols can be easily implemented using single set of FFT/DFT modules. To form half OFDM symbol, traffic data can be loaded only on even-numbered or odd-numbered subcarriers. After full-size IFFT transform, the half OFDM symbol is obtained by removing the first or second half of the time samples. The parameters of this solution are shown in table 4.
Table 4
	Parameters
	Value

	Subcarrier spacing (KHz)
	10.9375

	CP length (us)，TCP
	18.9286 or 19.1071

	Useful symbol time (us)，Tu
	91.428 (45.714 for half symbol)

	Symbol time (us)，Ts= TCP+Tu
	110.54 or 110.36 (64.64 for half symbol) 

	Num of OFDM symbols per frame
	40 full symbols and 8 half symbols

	Num of OFDM symbols per subframe
	5 full symbols and one half symbol

	Idle time (us)
	62.857
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Figure 5 Illustration of the subframe structure with long CP in solution 3 (an example)

Applications in mixed unicast-broadcast transmission:
In this solution, since the subframe duration is exactly the same as that of normal 1/8 CP configuration, the unicast with normal CP length and SFN MBS with long CP can be multiplexed at the level of subframe within one 5ms frame, which is illustrated in figure 6. The potential problem with this solution is that the presence of half symbol incurs some inconvenience in physical resource mapping and pilot allocations, but this can be solved elaborately in SDD stage 3.
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Figure 6 Illustration of the frame structure with mixed unicast-broadcast transmissions
2.4 Option 4: fixed subframe duration and subcarrier spacing (5 OFDM symbols/subframe)
In the previous subsection, the fixed subframe duration and subcarrier spacing is assumed and the subframe structure is designed to contain 5.5 OFDM symbols. The half OFDM symbol is designed to sufficiently exploit the available frequency and time resource, but the cost is that it will bring some inconvenience in baseband processing (e.g., necessitate rate matching and specific resource mapping). In this subsection, we will investigate another solution (termed option 4) that distributes the samples in the half OFDM symbol into the other 5 OFDM symbols. In this solution, a longer CP length will be achieved at the cost of reduced time & frequency resource within a subframe.
Here, we consider two fixed subframe durations, one is 0.617ms (which corresponds to the subframe duration of 1/8 CP) and the other is 0.583ms (which corresponds to the 6-OFDM symbol subframe duration of 1/16 CP). The two values are considered for time-multiplexing the E-MBS with 1/8 CP subframe and 1/16 CP subframe, respectively. Note that for 1/16 CP, in each frame there are 5 subframes each containing 6 OFDM symbols and 3 subframes each containing 7 OFDM symbols. We assume that the E-MBS will be conveyed in subframes with 6 OFDM symbols. 
The subframe structure parameters corresponding to the two subframe durations of 0.617ms and 0.583ms are listed in Table 5 and 6, respectively. The subframe structure with long CP is illustrated in Figure 7. An example of TDD and FDD Frame structure with mixed CP lengths is illustrated in Figure 8. 
Table 5 Parameters for subframe duration of 0.617ms
	Parameters
	Value

	Subcarrier spacing (KHz)
	10.9375

	CP length (us)，TCP
	31.964

	Useful symbol time (us)，Tu
	91.428

	Symbol time (us)，Ts= TCP+Tu
	123.393

	Num of OFDM symbols per subframe
	5 symbols

	Idle time at the end of subframe(us)
	0.179


Table 6 Parameters for subframe duration of 0.583ms
	Parameters
	Value

	Subcarrier spacing (KHz)
	10.9375

	CP length (us)，TCP
	25

	Useful symbol time (us)，Tu
	91.428

	Symbol time (us)，Ts= TCP+Tu
	116.429

	Num of OFDM symbols per subframe
	5 symbols

	Idle time at the end of subframe(us)
	0.714
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Figure 7 Illustration of the subframe structure with long CP in solution 4 (an example)
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Figure 8 Illustration of TDD and FDD Frame structure with mixed CP lengths
3. Proposed SDD text

------------------------------------------- Start of Proposed SDD Text --------------------------------------------------------

[Update the table 2 in section 11.3 as follows]
	Nominal Channel Bandwidth (MHz)
	5
	7
	8.75
	10
	20

	Over-sampling factor
	28/25
	8/7
	8/7
	28/25
	28/25

	Sampling Frequency (MHz)
	5.6
	8
	10
	11.2
	22.4

	FFT Size
	512
	1024
	1024
	1024
	2048

	Sub-Carrier Spacing (kHz)
	10.937500
	7.812500
	9.765625
	10.937500
	10.937500

	Useful Symbol Time Tu (us)
	91.429
	128
	102.4
	91.429
	91.429

	Cyclic Prefix (CP)

Tg=1/8Tu
	Symbol time Ts (us)
	102.857
	144
	115.2
	102.857
	102.857

	
	Number of OFDM Symbols per Frame
	48
	34
	43
	48
	48

	
	Idle Time (us)
	62.86
	104
	46.4
	62.86
	62.86

	Cyclic Prefix (CP)

Tg=1/16Tu
	Symbol time Ts (us)
	97.143
	
	
	97.143
	97.143

	
	Number of OFDM Symbols per Frame
	51
	
	
	51
	51

	
	Idle Time (us)
	45.71
	
	
	45.71
	45.71

	Cyclic Prefix (CP)

Tg=25us
	Symbol time Ts (us)
	116.429
	
	
	116.429
	116.429

	
	Number of OFDM Symbols per subframe
	5
	
	
	5
	5

	
	Idle time within subframe(us)
	0.714
	
	
	0.714
	0.714

	Cyclic Prefix (CP)

Tg=31.964us
	Symbol time Ts (us)
	123.393
	
	
	123.393
	123.393

	
	Number of OFDM Symbols per subframe
	5
	
	
	5
	5

	
	Idle time within subframe(us)
	0.179
	
	
	0.179
	0.179


Note: 

(1) The CP configuration of Tg=25us can be time-multiplexed with 1/16 CP subframes within one frame.

(2) The CP configuration of Tg=31.964us can be time-multiplexed with 1/8 CP subframes or be applied to all the subframes within one frame.

[Insert a new subsection 11.4.1.3 and change the old subsections of 11.4.1.3, 11.4.1.4 and 11.4.1.5, accordingly]
11.4.1.3 Frame Structure for Long CP

Figure 17a illustrates an example of TDD and FDD frame structure with a CP of 31.964 us. With this CP configuration, the subframe duration is 0.617 ms, containing five OFDM symbols each with duration of 123.393 us. Within one frame, this CP configuration can be applied to all the subframes or alternatively, it can be used to part of the subframes and multiplex with subframes with 1/8 CP. For the CP configuration of 25us, the subframe duration is 0.583 ms, containing five OFDM symbols each with duration of 116.429 us. This CP configuration can be applied to part of the type-1 subframes and multiplex with subframes with 1/16 CP.
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Figure 17a TDD and FDD Frame structure with CP length of 31.964 us
------------------------------------------- End of Proposed SDD Text --------------------------------------------------------
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