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1 Introduction
This contribution discusses the necessity to apply filtering operations on non-synchronized transmissions, and in particular, the RACH preambles. It is demonstrated that the non-synchronous nature of the transmission is not the fundamental cause for the transmission to interfere with the neighboring data sub-carriers. It is the non ideal (non-brick wall) spectrum shape of the non-synchronously transmitted signal that interferes with the data sub-carriers and results in performance degradation. Therefore, to reduce or eliminate the interference of the non-synchronously transmitted signal to its neighboring data sub-carriers, it is necessary to set guard band around, and to apply appropriate channel filtering to the “interfering signals” - the non-synchronized transmissions. Analysis and simulation results are provided to offer insights into the problem and to recommend the width of the guard band and the associated root raised cosine filter roll-off coefficient.  
2 Analysis
We analyze the root cause of the interference of the non-synchronized transmission to the neighboring data sub-carriers using the frequency allocation shown in Figure 1. We use the RACH preamble signal as a representative of any non-synchronized transmissions. 
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Figure 1 Frequency allocation for synchronized and non-synchronized transmissions

The basic system parameters are:

· System bandwidth: 5 MHz
· Sampling rate: 7.68 MHz
· FFT size: 512
The synchronized data and the RACH preamble signals are generated using the block diagram given in Figure 2. The optional delay block in this figure is to simulate the non-synchronous nature of the RACH preamble transmission. 
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Figure 2: The block diagram for the generation of synchronized and non-synchronized transmissions
Other relevant parameters and assumptions for analysis and the simulations to be presented in the next section are collected in Table 1. The RACH sub-band occupies the sub-carriers 1 through 73. There is one guard sub-carrier at each side of the RACH sub-band. Assume the optional delay in the upper branch of the block diagram in Figure 2 is zero, the magnitude spectrum of the RACH preamble is shown in Figure 3. (In Figure 3 to Figure 6, the Y-axis is the magnitude spectrum of the respective signal in dB.) Their “superposition” of the data and the RACH preamble spectra according to the frequency allocation given in Figure 1 is shown in Figure 4. Note that the power of the RACH signal is assumed to be 6 dB higher than that of the data signals. A closer look at Figure 4 and the illustrations of the RACH signal interferering its left and right neighboring data sub-carriers are shown in Figure 5 and Figure 6, respectively. From these figures we see that without sufficient number of guard sub-carriers and proper channel filtering, even with zero delay, i.e. the RACH signal is synchronously transmitted with the data, the RACH signal would interfere with its neighboring data sub-carriers in a non-negligible way. In the next section, we provide simulation results to quantify the impact of the non-ideal/non brick wall shaped RACH signal spectrum to the data sub-carrier performance. We will also propose an appropriate channel filtering strategy based on our simulation results.
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Table 1 Relevant parameters for analysis and simulations
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Figure 3 The magnitude spectrum of the RACH signal
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Figure 4 Superposition of magnitude spectra of the data and RACH signals
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Figure 5 Illustration of the interference of the RACH signal to its left neighbouring data sub-carriers
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Figure 6 Illustration of the interference of the RACH signal to its right neighbouring data sub-carriers
3 Simulations 

The system parameters and other assumptions used in the simulations are identical to those already given in the previous section. Other parameters will be introduced when they are used or referenced.
3.1 Performance degradation caused by RACH transmission

Shown in Figure 8 and Figure 9 are the block error rates of the data sub-carriers when the RACH preambles are constructed from the ZC sequence with root indices being 30 and 1, respectively. We noticed that regardless of the amounts of the RACH transmission delay, the BLER performance of the data sub-carriers is affected by the RACH transmission. In Figure 8 and Figure 9, the length of the ZC sequence used to construct the RACH preamble is 871, and the sub-carriers occupied by the RACH signal are from 1 to 73. The sub-carrier 0 and 74 act as the guard sub-carriers between the RACH sub-band and the data sub-bands.
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Figure 7 Performance impact of RACH transmission (ZC sequence root index = 30)
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Figure 8 Performance impact of RACH transmission (ZC sequence root index = 1)
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Figure 9 Reduce or eliminate performance degradation by RRC channel filtering

3.2 Reduce or eliminate the performance degradation due to RACH transmission by channel filtering

From Figure 8 and Figure 9 we clearly see that the root cause for the performance degradation in the data sub-carriers is the non-ideal (non-brick wall) spectral shape of the RACH preamble signal. The extent of the performance impact depends on how severely the data sub-carriers are affected by the non-ideal spectrum shape of the RACH preamble, which changes along with the root index of the Zadoff-Chu sequence used to construct the RACH preamble. The amount of the RACH transmission delay is not the fundamental cause for the interference to occur. In order to reduce or eliminate the performance degradation, a guard band and a certain type of channel filtering are needed. We chose a root raised cosine filter to achieve this objective. Figure 10 shows the performance degradation elimination by a root raised cosine filter with its roll-off coefficient being either 0.12 or 0.2. For the case of the roll-off coefficient 0.12, the Zadoff-Chu sequence length is reduced from 871 to 779, and its sampling rate (bandwidth of the RACH preamble) is reduced from 1.095 MHz to 0.975 MHz, resulting in 5 guard sub-carriers at each side of the RACH sub-band. For the case of the roll-off coefficient 0.2, the Zadoff-Chu sequence length is reduced from 871 to 719, and its sampling rate (bandwidth of the RACH preamble) is reduced from 1.095 MHz to 0.9 MHz, resulting in 7 and 8 guard sub-carriers at the left and right side of the RACH sub-band., respectively. In both cases, the data communication performance degradation has been eliminated. Also shown in Figure 9 is the performance degradation elimination using the raised cosine filtering with the roll-off coefficient 0.12 when the Zadoff-Chu sequence of root index 1 is used to construct the RACH preamble.
3.3 RACH processing gain and the cubic metric of Zadoff-Chu sequences

The reduction of the RACH bandwidth inevitably reduces the RACH processing gain. Figure 11 shows the auto-correlations of the Zadoff-Chu sequences whose lengths are reduced and a raised cosine filtering is applied. For roll-off coefficient 0.12, the processing gain loss is about 1.3 dB. Table 2 lists the cubic metric values of various lengths of Zadoff-Chu sequences. It shows that the change of cubic metric is not significant in the interested range of roll-off coefficients for the raised cosine filters. Notice that the Zadoff-Chu sequences have already low cubic metric values. Also due to its special waveforms, the reduction of cubic metrics of the Zadoff-Chu sequences is therefore not significant after filtering with a raised cosine filter.
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Figure 10 The RACH processing gain loss due to reduced bandwidth
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Table 2 The cubic metric values of  various RACH preamble waveforms

4 Guard bands of the RACH channel(s)

The above discussion demonstrated that the interaction of the RACH and data sub-carriers is the root cause of the performance degradation of the neighboring data sub-carriers around the random access channels. This performance degradations may be reduced or eliminated at the cost of sacrificing the RACH processing gain, i.e. by inserting guard bands at the both ends of  a random access channel and applying an appropriate channel filtering. While this scheme is effective in improving the data sub-carrier performance, it may lead to inefficient use of frequency resources when there are more than one RACH channels exist. Figure 11 illustrates that, in this situation, multiple guard bands must be used based on the inserting guard band and applying channel filtering scheme discussed above. For the case of two RACH channels, four (4) guard bands, each consists of 6 sub-carriers, are needed. In order to use the frequency resource more efficiently, an alternative scheme is to 
1. Assign the RACH channels consecutively;

2. Keep the RACH bandwidth unchanged, thus preserve the RACH processing gain;

3. Use the data sub-carriers as guard bands. 
This scheme is illustrated in Figure 12, where the bandwidth of the data sub-band has been reduced from 1.125 MHz to 1.035 MHz, and the bandwidth of the RACH channel is unchanged, remaining to be 1.125 MHz (effective 1.095 MHz if the RACH related parameters given in Table 1 are used.) In practice, one resource block which has 12 data sub-carriers at the left or right side of the RACH channels may be allocated as RACH guard band. The RACH channel position can then be shifted  6 sub-carriers to the left or to the right, creating 6 sub-carrier wide guard bands at the both sides of the RACH channels.
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Figure 11 Multiple guard bands are used when more than one RACH channels exist
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               Figure 12 Use data sub-carriers as guard band and keep the RACH bandwidth unchanged

5 Conclusion
In this contribution, we demonstrated that the non-ideal or non-brick wall shaped RACH signal spectrum is the root cause of the performance degradation in the neighboring data sub-carriers. Guard sub-carriers and channel filtering are needed to reduce or eliminate the performance degradation. When a raised cosine filter is used, roll-off coefficient of 0.12 is recommended to achieve the balance of reducing or eliminating performance degradation and reducing the RACH processing gain loss. Two solutions are proposed:
1. Reduce the RACH bandwidth, and use part of the RACH channel as guard bands. This reduces the RACH processing gain.

2. Keep the RACH bandwidths unchanged to preserve the RACH processing gain. Use one data resource block (12 sub-carriers) as RACH guard bands, creating 6 sub-carriers wide guard band at each side of the random access channel(s) .

We propose that RAN1 adopt one of these two solutions.
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