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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction 
In RAN#94-e, the WID [1] on further NR coverage enhancements was approved. 
	Objective 
The objective of this work item is to specify further uplink coverage enhancements for PRACH, power domain and DFT-S-OFDM. 
The detailed objectives of the work item are as follows:
	Specify following PRACH coverage enhancements (RAN1, RAN2)
o	Multiple PRACH transmissions with same beams for 4-step RACH procedure
o	Study, and if justified, specify PRACH transmissions with different beams for 4-step RACH procedure
o	Note 1: The enhancements of PRACH are targeting for FR2, and can also apply to FR1 when applicable.
o	Note 2: The enhancements of PRACH are targeting short PRACH formats, and can also apply to other formats when applicable.
	 Study and if necessary specify following power domain enhancements
o	Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on “Increasing UE power high limit for CA and DC”, in compliance with relevant regulations (RAN4, RAN1)
o	Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)
	 Specify enhancements to support dynamic switching between DFT-S-OFDM and CP-OFDM (RAN1)


The objective requires to study power boosting methods in power domain, including frequency domain spectrum shaping (FDSS) with and without spectrum extension (SE), referred to as FDSS-SE, and tone reservation (TR), to improve coverage performance. In this contribution we show that for given spectral efficiency, the coverage performance of discrete Fourier transform spread orthogonal frequency-domain multiplexing (DFT-s-OFDM) signal can be improved by FDSS-SE and TR.
Specifically, SE provides power improvement due to reduction of the peak-to-average-power ratio (PAPR). However, if SE uses resource elements (REs) which otherwise could have been used for data transmission, the code rate increases and thus results in a larger required signal-to-noise ratio (SNR). This makes the optimal SE ratio for coverage enhancement gain not only vary with the FDSS filter but also vary with modulation and coding scheme (MCS) and resource block (RB) allocation. 
2. Coverage enhancement by frequency domain spectrum shaping 
2.1 Coverage Enhancement gain 
FDSS-SE utilizes extra REs to improve the transmission waveform, which increases transmission power at cost of the loss of spectrum efficiency. Given a number of allocated resource blocks (RBs), in order to keep constant spectrum efficiency, the code rate of the transport block should be increased due to that some of the REs will be used for SE. The increased code rate usually implies higher required SNR for the same block error rate (BLER), referred to as SNR degradation. The influence of FDSS-SE is on two aspects, including transmission power and demodulation performance. Thus, a metric considering above two factors as a whole to measure coverage performance improvement is necessary. 
The power improvement can be measured by the PAPR or the cubic metric (CM) at a certain percentile. Without loss of generality, the coverage enhancement gain can be defined as the sum of the SNR degradation under the given BLER requirement and the value of improved transmission power measured by CM, for brevity. This definition of gain is given as  
	
	(1)


where  is the coverage enhancement gain,  is the improvement of transmission power measured by CM at the 99-percentile of the cumulative distribution function (CDF),  is the SNR degradation under the given BLER requirement. Throughout this work, unless otherwise noted, we take the BLER = 10-1 as the default BLER requirement.
[bookmark: _Hlk113546565]Thus, the evaluation methodologies should consist of performance evaluations of two types, including evaluating the power improvement by PAPR and/or CM and evaluating the SNR degradation at BLER = 10-1.
Observation 1: The coverage enhancement improvement can be measured by the sum of the SNR degradation due to increased coding rate and the increased transmission power due to reduced PAPR/CM.
Proposal 1: Adopt the metrics of coverage enhancement gain, PAPR, CM, and reduced SNR for evaluations on coverage performance improvement of Rel-18 NR power domain enhancements:
· The coverage enhancement gain is given by ;
·  is the SNR degradation under the requirement BLER=10-1;
·  is the improvement of CM at the 99-percentile of the CDF.

For the study, at least the modulation formats π/2-BPSK and QPSK should be considered. Furthermore, the existing EVM equalizer spectral flatness requirements of Sec. 6.4.2.4.1 in [2] could be used as a starting point for FDSS filter design.
2.2 Spectrum extension operation 
[bookmark: _Ref113974060]	[image: ]
Figure 1: DFT-s-OFDM transmitter structure with FDSS-SE.

Figure 1 illustrates the transmitter block diagram of the DFT-s-OFDM with FDSS-SE. We first define the parameters as follows.
·  is the IFFT size of the OFDM modulation.
·  is the number of modulation constellation symbol.
·  is the total number of OFDM subcarriers. 
·  is the number of subcarriers used for SE, that we refer also as the size of SE.
·  are the FDSS filter coefficients. 
·  is a Fourier coefficient shift parameter.
·  is the initial length of DMRS, i.e., ZC sequence with length , before cyclical extension,  is the prime closest to integer .
For the reference case not using SE, for a fair comparison the number of subcarriers available for data transmission would be .
The operations of DFT-s-OFDM with FDSS-SE are as follows.
· [bookmark: _Hlk113558908]The coded bit stream is mapped to modulation symbol stream through the constellation map in modulation module. 
· The modulation symbol stream goes through serial-to-parallel (S/P) operation and obtain modulation symbol block with length . 
· The modulation symbol block with length  is converted into the symbol block in frequency domain with length  by discrete Fourier transform (DFT).
· The DFT symbol block with length  is cyclically shifted by a factor , and then extended to a DFT symbol block with length  by the symmetric spectrum extension method shown in Figure 1. The DFT symbols after spectrum extension are circularly symmetrical where the first part of the DFT coefficients are the copy of the corresponding last DFT coefficients of the middle part and the last part of DFT coefficients are the copy of the first DFT coefficients of the middle part.
· The extended DFT symbol block with length  goes through the FDSS filter and is mapped to the used subcarriers. The used subcarriers consist of the extended subcarriers and the data subcarriers.
· The mapped DFT symbol block is converted into the OFDM symbol in time domain by inverse fast Fourier transformation (IFFT) with length  and add cyclic prefix (CP) for transmission.
· The operation of DMRS is similar to the operation of data from the spectrum extension module, which would be discussed below.
Overall, a DFT-s-OFDM signal with FDSS-SE can be defined for samples  by
	
	(2)

	 is the frequency domain symbols with extension and can be given by

	(3)


with frequency domain symbols 
	
	(4)


where is the modulo- operator.
In above formula, we used a general shift parameter to encompass two SE methods available in the literature:
·  which is common in older literature, see for example [3]. The SE is then specifically 
	
	(5)



·  which was used in the more recent paper [4] with motivation to keep and centered the original sequence in the middle band. The SE becomes: 
	
	(6)



In fact, for any value , the original sequence of symbol  as shown in Figure 2 is always included in the in-band spectrum up to a cyclic-shift by  symbols; and the left-side excess-band symbols are always the repetition of symbols of the right-side in-band edge; and similarly for the right-side excess band. 
[image: ]
[bookmark: _Ref113974079]Figure 2: Illustration of spectrum-extended data sequence as a function of the shift parameter  with  symbols and =4. 
Figure 3 illustrates the receiver block diagram of the DFT-s-OFDM with FDSS-SE. The operations of receiver to demodulate the DFT-s-OFDM with FDSS-SE are given as follows.
· The receiver removes the CP of the received OFDM symbol, obtains the samples with length , converts the samples into the symbol block with length  in frequency domain by IFFT with length , deletes the symbols on the unused subcarriers, and equalizes the symbols on used subcarriers with channel estimation results by equalization module, i.e., DFT symbol block with length . The used subcarriers consist of the SE subcarriers and the data subcarriers.
· After equalization, to obtain the DFT symbol block with length , the corresponding symbols on the SE and data subcarriers are either combined by maximum ratio combining (MRC) or the symbols on the SE subcarriers are not used.
· The DFT symbol block with length  is converted into the modulated symbol block in time domain with length  by IDFT.
· The modulated symbol block with length  is demodulated into bit stream.
[image: ]
[bookmark: _Ref113974031]Figure 3: DFT-s-OFDM receiver structure with FDSS-SE.
Based on the introduced transceiver block diagram of DFT-s-OFDM with FDSS-SE, we further explain the important module and the related conception in detail.
Spectrum extension methods
[bookmark: _Hlk113564932]The spectrum extension method is given in Figure 1, i.e., SE followed by cyclically shifting the DFT coefficients, termed as SE shifting. Different configurations such as SE size, MCS may require different-SE shifting for the best performance. The best SE shifting is closely associated with the length of DFT size, the number of subcarriers for SE, and the MCS. For example, it can be found by numerical evaluation that the best SE shifting for QPSK to achieve the lowest PAPR/CM is  where  is the rounding operation to the closest integer. 
Observation 2: The optimal SE shifting parameter  is closely associated with the DFT size and the number of subcarriers for SE. 

Spectrum extension ratio
During the SE operation, the ratio of SE subcarriers to data subcarriers or total used subcarriers is an important parameter to affect coverage enhancement gain directly, which is referred to the SE ratio. Throughout this work, unless otherwise noted, the SE ratio is defined as the ratio of SE subcarriers to total number of OFDM subcarriers. Specifically, a larger SE ratio can provide a larger power improvement due to the lower PAPR but can result in a larger performance degradation of SNR due to the larger increased code rate. Moreover, as we will see, even only from a PAPR point of view, there is an optimum SE ratio that minimizes the PAPR. It makes the optimal SE ratio for coverage enhancement gain depend on the PAPR reduction, the FDSS filter, MCS and RB allocation. 

FDSS filter
The coverage enhancement gain significantly varies with the used FDSS filter as different FDSS filters affect both the improved transmission power and the demodulation performance differently. There are multiple types of filters, including the truncated RRC filter [4] with roll-off (ρ) and truncation factor (β), the Kaiser filter with adjustment parameter (β) is argued in [3], and three taps filter ([-0.28,1,-0.28]) [5]. For a total subcarrier allocation of , the corresponding FDSS filter associated with this three-tap filter is:
                      , ,   (7)
Figure 4 provides examples of FDSS filters fulfilling the existing RAN4 EVM spectral flatness requirement for  subcarriers. These spectrum shaping functions are shown as follows. 
[image: ]
[bookmark: _Ref113974119]Figure 4: Examples of FDSS filter for  fulfilling the RAN4 maximum attenuation mask.
Proposal 2: Different filters, such as, RRC, Kaiser, 3- tap filter, should be studied to find the optimal or several suitable filters for maximizing the coverage enhancement gain.
Receiver operation
To demodulate the received FDSS-SE signal, the receiver should know the used SE ratio and SE shifting. There are two methods to obtain the DFT precoded symbols, which are dropping symbols from SE subcarriers or combining the corresponding symbols on the SE and data subcarriers by maximum ratio combining (MRC). 
Dropping symbols from the SE subcarriers is simple in implementation but results in performance degradation due to power loss. MRC can improve performance due to increased power by combining corresponding symbols at the cost of increased implementation complexity. The performance improvement of MRC method closely relies on the prior information of FDSS filter and channel estimation, where MRC can combine symbols according to channel estimation or equivalent channel estimation as illustrated in Figure 5. 
· If the DMRS is not transmitted by FDSS-SE and gNB does not know the FDSS filter coefficients, the receiver combines symbols according to values of the channel estimation. 
· If the DMRS is not transmitted by FDSS-SE and gNB knows the FDSS filter coefficients, the receiver combines symbols according to the equivalent channel estimation obtained by multiplying FDSS filter coefficients with the corresponding values of channel estimation. 
· If the DMRS is transmitted by FDSS-SE, the receiver combines symbols according to the values of the channel estimation, which is referred as transparent FDSS. 
All above MRC methods can improve the demodulation performance of receiver and which receiver operation that should be used depends on the trade-off between complexity and MRC improvement. When the power of the symbols on SE subcarriers is large, it is more favorable to utilize MRC. Otherwise, to have low implementation complexity, dropping the symbols from the SE subcarriers can be considered.
It should be noted that with MRC, as illustrated in Figure 3, the receiver equally combines the corresponding symbols on data spectrum and extended spectrum since the filter impact has been removed after equalization where filter is regarded as part of equivalent channel. Here we call this receiver which combines the corresponding symbols on data spectrum and extended spectrum MRC receiver. The receiver which discards the extended spectrum is called basic receiver. As shown in Figure 13 and Figure 14, no matter whether the filter is truncated RRC [4] or 3-tap filter, the MRC receiver has a BLER gain of about 0.4 dB compared with the basic receiver.
[image: ]
[bookmark: _Ref113974156]Figure 5 : The combination of corresponding symbols on extended spectrum and data spectrum.
Observation 3: MRC improves performance about 0.4 dB due to power combination, whose improvement depends on power allocation. The receiver operation, including MRC and dropping symbols on SE subcarriers, can be adaptively selected according to power allocation.
Spectrum extension operation on DMRS operation
To support MRC, it is necessary for the gNB to obtain the FDSS information of UEs by either transparent FDSS or non-transparent FDSS method. For non-transparent FDSS, the UE should report its FDSS filter to the gNB or FDSS filters should be specified, and the gNB should signal to the UE which FDSS filter to use. For transparent FDSS, the UE transmits the DMRS through the same FDSS filter with SE as transmitted data and the gNB regards the FDSS filter as part of channel to obtain equivalent channel estimation. Transparent FDSS has three advantages. First, it enables the gNB to apply MRC by equivalent channel estimation without introducing new signaling and reporting procedure. Second, it permits the UE to freely implement different FDSS filters according to their capability and need. Third, it improves the performance of channel estimation by reducing PAPR. 
[bookmark: _Hlk115421988]It should be noted that, in the DFT-S-OFDM with FDSS-SE scheme shown in Figure 1 and Figure 3, DMRS first is cyclically extended from the ZC sequence with length  that is the smallest prime closest to the data length  to the sequence with length , and then goes through the same FDSS filter as transmitted data, called DMRS with FDSS-SE. The receiver first estimates the equivalent channel by DMRS with FDSS-SE, equalizes the received data and then equally combines the symbols on data spectrum and the corresponding symbols on extended spectrum. 
2.2.1 Power boosting evaluation 
Spectrum Extension Ratio for Minimizing PAPR/CM
When using SE, the PAPR/CM typically decreases but only up to an optimum SE ratio and then increases again. Therefore, selecting a too large SE ratio can be detrimental not only for BLER but also from a power boosting perspective. This optimum SE depends mainly of the FDSS filter. Figure 15 and Figure 16 in Appendix show the 99-percentile PAPR/CM as a function of SE size () while the total bandwidth is kept fixed to  for different combination of MCS and FDSS filters. CM is calculated according to the formula of case 2 in [6]. Figure 6 shows the cases for QPSK without FDSS and with FDSS based on the 3-tap filter. Note that the case of “No FDSS” can be interpreted as a case of FDSS with rectangular filter. 
The first observation is that very high PAPR reduction can be achieved with QPSK by combining FDSS with an appropriately chosen SE, from 7 dB without FDSS-SE to below 3 dB with FDSS and an optimized SE. The second main observation is that this PAPR/CM reduction appears at given SE ratios that can be very different among different FDSS filters, and in fact depends also on chosen modulation format. Note however, that for a given FDSS filter, both the PAPR and the CM are optimized at the same value of SE ratio.
Finally, different shift values affect the PAPR/CM performance. With π/2-BPSK, the best performance is obtained with which is much better than another value such as . With QPSK, it is the opposite,  is the worst and  is slightly better, and actually another shift given by  is the best. This best SE shifting value  can provide up to 0.5 dB improvement of PAPR for some given SE size . The equivalent reduction that can be obtained in CM from plain DFT-s-OFDM to FDSS-SE DFT-s-OFDM is of 1.75 dB, from 1.9 dB to 0.25 dB. It is worth remarking that gains in PAPR do not linearly map to CM gains. Notably, we remark that when there is no SE, CM with and without FDSS are the same. So from a CM perspective only, using FDSS is only beneficial in conjunction of SE. The difference in CM between different SE shifts is also small. 

[image: ]
[bookmark: _Ref115427028]Figure 6: 99-percentile PAPR/CM as a function of SE size () for QPSK with and without FDSS.
Observation 4: There is a large PAPR/CM reduction from using SE, both with and without FDSS filter. There exists an optimal SE ratio that minimizes the PAPR/CM, i.e. selecting any larger SE would increase the PAPR in addition to consuming more frequency resources. 

It can be further verified that the SE ratio providing the lowest PAPR as percentage of total transmission bandwidth, is almost constant but varies significantly among different FDSS filters and different MCS. Figure 7 shows the numerically found SE size that minimizes the 99-percentile PAPR in percentage of total subcarrier allocation , plotted as a function of the total number of RBs used for transmission . Different FDSS filters are shown. The optimization is obtained numerically for total bandwidth values . 
As said, for each FDSS filter, the optimum SE size appears to be almost a constant fraction of . However, the lowest possible PAPR is obtained for values of SE size that ranges between 7%-35% of the total bandwidth allocation. 

Observation 5: The SE ratio optimizing the PAPR/CM mainly depends of the FDSS filter and MCS.

[image: ]
[bookmark: _Ref115427989]Figure 7: SE ratio that minimizing the PAPR/CM expressed in percentage of the total transmission bandwidth as a function total transmission bandwidth.
2.2.2 Demodulation performance evaluation 
Spectrum extension ratio
In Figure 8, we give the required SNR to achieve the 10% BLER as a function of spectral efficiency under DFT channel estimation. The simulation parameters are given in . The truncated RRC filter ( proposed in [4] is adopted here as FDSS (different kinds of filters have been evaluated, see tables in Appendix for details) and 25% SE is utilized. One can see that as the spectral efficiency increases, the performance gap between original QPSK and QPSK with FDSS-SE becomes more significant. The performance gap is mainly caused by coding performance loss, as shown in Figure 17 in Appendix, under same spectral efficiency and same total transmission power, the coding performance gap between code rate R and  is given, and the ideal channel estimation is adopted to eliminate the influence of channel estimation accuracy, so that more accurate coding performance loss can be obtained.  correspond to the increased code rate due to 25% SE. The ratio of SE is defined as the ratio of the number of subcarriers for SE to the total number of allocated subcarriers. The trends of coding performance gap under different spectral efficiencies in Figure 8 are consistent with the performance gap in Figure 17 in Appendix, which proves that the loss of BLER performance in high spectral efficiency is mainly caused by the loss of coding performance.
[image: ]
[bookmark: _Ref115428443]Figure 8: Required SNR to achieve the 10% BLER on a CDL-C channel using .

Observation 6: As the spectral efficiency increases, the coding gain decreases, which is caused by the increased code rate needed to compensate for the SE.

Moreover, the orthogonality of the DFT-s-OFDM waveform is lost by using FDSS-SE, and inter symbol interference occurs. DFT-s-OFDM with FDSS-SE could be expressed as:
	
	  (8)


 where the pulse-shape functions are:
                         (9)
Waveform orthogonality could be measured by an absolute value of cross-correlation of two adjacent pulse-shape functions. The specific expression of waveform orthogonality used in Table 2/3/4/5 is determined by the cross-correlation, 
	
	(10)


where the obtained value is the same for any  and . The larger the cross-correlation, the worse the waveform orthogonality is. 
In Table 2, we give the BLER performance, PAPR/CM performance, coding gain loss and the waveform orthogonality under different ratios of SE. is the SNR degradation at BLER=compared to the original QPSK waveform. CM@1e-2 is the CM performance gain at the CCDF= (complementary CDF). The results show that the BLER performance is affected by the waveform orthogonality and by the loss of coding gain. When truncated RRC FDSS filter and 25% SE ratio is adopted, both the waveform orthogonality and the CM performance are the best among the listed SE ratios in Table 2, which also proves that the BLER performance gap in Figure 8 is mainly caused by the loss of coding gain. In Table 2, the optimal SE ratio for the coverage enhancement gain is 25%. In Table 3 and Table 4, one can see that as the code rate increases, the maximum coverage enhancement gain decreases.
In Table 5 and Table 6, we use the three tap filter (7) which is slightly steeper than the RRC filter. The waveform orthogonality and the CM performance are determined by both FDSS and SE ratio, the loss of coding gain is only determined by the extension ratio. With the same spectral efficiency, the larger the extension ratio, the greater the coding gain loss. In addition, according to the data in Table 5 and Table 6, it can be found that with the increase of spectral efficiency, the loss of the coding gain gradually increases with the same extension ratio. However, sharper filters can be used to achieve greater CM performance gains at larger extension ratios. Sharper filters mean that the amplitude of the filter drops faster in the transition band. The sharper the filter in the frequency domain, the larger the extension ratio correspond to the optimal waveform orthogonality and the optimal CM performance.
In Table 5 and Table 6, the optimal extension ratio for the coverage enhancement gain is 37.5%, which is larger than 25% given in Table 2. However, in Table 7, the loss of coding gain is too large which result in a severe BLER performance loss, the optimal extension ratio for the coverage gain becomes 33%.
In addition, we can find that FDSS without SE brings little CM performance gain. Therefore, for QPSK-modulated data, FDSS-SE needs to be used to obtain coverage gains.
The results show that large PAPR reductions are possible with SE with FDSS, on the other hand, when the spectral efficiency is high, the spectrum spread ratio cannot be too large. Otherwise, the loss of coding gain will be large. Therefore, for the same FDSS, the optimal SE ratio maximizing the coverage enhancement gain could reduce when increasing the code rate due to the loss of coding gain.
Observation 7: For QPSK modulation and medium-low code rates, FDSS and spectrum extension can provide significant coverage enhancement gain that is up to 1.4, 1.49 dB by RRC filter and three tap filter with optimal SE ratio, respectively.

Receiver and DMRS performance evaluation
When the DMRS is transmitted by FDSS-SE, the PAPR performance can be improved but the power on the edge RE decreases, affecting the channel estimation accuracy, which should be studied further. In  Figure 9, Figure 18, and Figure 19 in Appendix, we plot the BLER performance of QPSK modulated DFT-s-OFDM under different conditions: 
1. QPSK and DFT-s-OFDM, 
2. QPSK and DFT-s-OFDM with FDSS+25% SE (DMRS with FDSS), 
3. QPSK and DFT-s-OFDM with FDSS+25% SE (DMRS without FDSS, receiver does not know the information of FDSS),
4. QPSK and DFT-s-OFDM with FDSS+25% SE (DMRS without FDSS, receiver knows the information of FDSS).
One can see that the BLER performance in the case where the DMRS passes through the FDSS is slightly better than that in the case where the DMRS does not pass through the FDSS when the code rate is quite low. As the code rate increases, the BLER performance in the case where the DMRS passes through the FDSS is almost the same as that in the case where the DMRS does not pass through the FDSS.  
Observation 8: At low code rates, the BLER of DMRS with FDSS is slightly better than that of DMRS without FDSS. With increasing code rate, this BLER performance improvement gradually disappears. 

To further understand the effect of FDSS on DMRS, we present the channel estimation accuracy with different SNRs in Figure 20 and Figure 21 in Appendix . The average value of the cross-correlation values between the estimated channel and the real channel through multiple TTIs is used to evaluate the accuracy of the channel estimation. In coverage-limited scenario, the SNR operating point is relatively low, especially at low code rates, which result in the amplification of noise. Although the channel estimation accuracy on the edge RE is impaired when the DMRS passes through the FDSS, the channel estimation accuracy on the edge RE is poor due to the influence of noise regardless of whether the DMRS passes through the FDSS or not. Therefore, the loss of channel estimation accuracy on edge REs does not significantly affect BLER performance. Meanwhile, the power on the in-band RE increases after passing through FDSS. In this way, better channel estimation results are obtained and BLER performance gains are further obtained. As the code rate increases, the SNR operating point also increases accordingly, and the channel estimation accuracy of the edge RE needs to be considered. The final BLER performance is a tradeoff between the channel estimation accuracy of the edge RE and the power gain on the center RE.
Observation 9: The channel estimation accuracy of in-band RE improves when DMRS passes through FDSS at the cost of degraded that of edge RE. 
      
[image: ]
[bookmark: _Ref115428829]Figure 9 :BLER performance comparison under different conditions(R=1/8)

The PAPR performance of DMRS sequence with FDSS, i.e., ZC sequence going through FDSS, has been evaluated in [4], whose simulation result shows a significant PAPR performance improvement compared that without FDSS.
Observation 10: In coverage-limited scenario, DMRS with FDSS can have PAPR performance gain with negligible impact on the BLER performance.
Proposal 3: Study the handling of DMRS symbol of a PUSCH with FDSS-SE
· DMRS symbol should be filtered by FDSS.
· Whether the DMRS sequence is extended to the resource elements that are used for spectrum extension.

2.2.3 Power control 
In DFT-s-OFDM with FDSS-SE, the allocated RBs are divided into two parts, termed as data spectrum and extended spectrum. Considering filter shape and spectrum operation, the power density of REs of data spectrum and extended spectrum would be changed, which is quite different from that of DFT-s-OFDM. On the whole, transmission power is divided into two significantly unequal parts to be used by data spectrum and extended spectrum, whose power ratio is determined by filter coefficients and SE ratio. Specifically, the power density of REs cannot be regarded as the random variables with the same expectation since the used filter makes the probability distribution function (PDF) of power density on different REs significantly different, especially for edge and in-band REs. As a result, the average of power density of REs is different. 
Observation 11: The power density of RE has been changed by FDSS-SE.

[bookmark: _Hlk115374857]This significant average power difference on REs can affect the channel capacity, which can be interpret that the power restriction of filter can be regarded as the characteristic of channel. Consequently, relationship between throughput and transmission power is different from that without power restriction, especially for sharper filters and larger SE ratio that is expected in coverage performance limiting case. It brings a challenge for BS to allocate RB to make the best use of transmission power. Moreover, it degrades the accuracy of estimating the mapping relationship between throughput and transmission power by existing power control formula in open-loop.
For example, according to the power control formula in Appendix B, total allocated RB number is used to compute transmission power. In this case, as illustrated in Figure 10, the computed transmission power according to target throughput is significantly different from that used in practice, especially for extension spectrum. And, it is easy to deduce that this difference becomes more significant for steeper filter and larger SE ratio. To deal with this problem, the power control formula should be adjusted according to the difference of power density of REs. 
Observation 11: The power density of RE has been changed due to FDSS-SE, its impacts include 
· affecting the channel capacity, i.e., the transport block size under the given BLER requirement for the same transmission power and RB allocation.
· degrading the accuracy of estimating the mapping relationship between throughput and transmission power by existing power control formula in open-loop.
· resulting in a challenge for BS to allocate RB, select MCS to make the best use of transmission power.
[image: ]
[bookmark: _Ref115428963][bookmark: _Ref114923191]Figure 10: Illustration of power density of REs in the computation of power control formula and the transmission in practice.
Proposal 4: Study whether/how to enhance the power control to take into account the difference of power spectral density of the REs due to the FDSS. 
The power ratio between extended and data spectrum can be used to improve BS’s resource allocation. Specifically, power ratio information can tell BS how the power allocation is used by UE, and then BS can adjust the resource allocation correspondingly. Besides, receiver operation selection that is determined by the trade-off between complexity and MRC improvement is also closely associated with power ratio as MRC improvement depends on power ratio. For example, when the power of symbols on extended spectrum is large, it is more reasonable to utilize MRC due to its performance improvement. Otherwise, it should be considered to remain symbols on data spectrum alone for low complexity. Thus, the information of power usage should be reported to BS for better performance when transparent FDSS is used. 
Observation 12: The power ratio can help BS to allocate resource to make the best use of transmission power, and select receiver operation.

2.2.4 Enabling the Use of FDSS With SE 
Different UEs may have different FDSS capability, including supporting FDSS or not. To enable scheduling of a UE with FDSS-SE, the information of UE capability should be reported to the gNB. Moreover, to decode the received signal, the SE ratio, the SE shift and possibly also the FDSS filter needs to be known by the gNB. 
The results herein have shown that the coverage enhancement gain depends on the FDSS filter. If FDSS filters are specified, parameters such as SE ratio and SE shift could either be pre-defined or be signaled from the gNB to the UE. However, if the FDSS filter is not specified, the gNB cannot determine the best values of SE ratio or SE shift, and could therefore not guarantee that there is any coverage enhancement gain. In that case, the UE needs to signal some preferred values of, e.g., the SE ratio or SE shift, or its FDSS filter.
By having pre-defined values of SE ratio and SE shift no signaling is required, but on the other hand, the values may depend on MCS, PRB allocation etc, resulting in plenty of combinations. For the best performance improvement, it is suitable for UEs to use different filters, SE ratios and SE shifting. Thus, it may be beneficial to let gNB to dynamically indicate the filter and its SE ratio by jointly considering UE’s FDSS capability, system resource usage, channel state information, and transmission configuration. 
Observation 13: The UE needs to report the FDSS capability.  
Observation 14: Additional information such as SE ratio, SE shift and FDSS filter can either be pre-defined or be dynamically signaled from the gNB to the UE. If FDSS filter is not specified, the UE may also need to signal preferred values of SE ratio and SE shift to the gNB, or its FDSS filter. 
Moreover, the resource allocation and usage that which parts and how much are used as extended spectrum and data spectrum, are closely associated with the SE ratio and should be indicated by gNB for efficiency. Specifically, the resource allocation and usage could be indicated by the signaling of SE ratio and resource allocation. There are two methods to indicate resource allocation and usage, including indicating total resource and SE ratio and indicating data resource and SE ratio, where UEs determine extended spectrum and data spectrum correspondingly. After that, according to the data spectrum and MCS, UE can compute the transport block size. With the SE shifting and allocated RBs, UE can map the DFT coefficients on REs for transmission.
Observation 15: The transport block size, allocated resource usage, could be determined by the signaling of resource allocation and spectrum extension ratio.


3. Coverage enhancement by tone reservation
In this subsection, for given spectral efficiency, the coverage performance of DFT-s-OFDM signal with TR has been studied. 
The principle of tone reservation aims to use the peak reduction tones (PRTs) to construct a compensating waveform. This compensating waveform is constructed by identifying peaks to cancel in the original waveform. The compensating waveform only uses the PRTs and thus leaves the data tones unaltered. One well known algorithm to obtain the compensating waveform is by J. Tellado [7] that iteratively cancels the peaks in the original waveform. Figure 11 shows the implementation process of the algorithm in [7].
[image: ]
[bookmark: _Ref115429001]Figure 11: TR Algorithm Implementation Process
In Figure 22 in Appendix, we give the CM performance comparison of TR and FDSS with SE. One can see that compared to the original QPSK waveform, 1 dB CM reduction is obtained at CCDF=10-2. The Power Spectral Density (PSD) of the PRTs is 10 dB lower than the PSD of the data tones. Therefore, the gains of CM performance can be obtained at a negligible price in terms of energy. The locations of PRT are illustrated in Figure 12. The CM performance of FDSS with SE is slightly better than that of TR. 

[image: ]
[bookmark: _Ref115429021]Figure 12: TR with 20% sideband PRTs
Observation 16: FDSS with SE has a slightly better CM performance than TR and a far lower operation complexity.

In Figure 23 and Figure 24 in Appendix, we plot the PAPR performance of waveform with TR when data occupies different numbers of REs. For data subcarriers of different lengths, TR can reduce the PAPR by about 3 dB. In addition, to achieve the same PAPR reduction effect, the number of required PRTs is proportional to the length of the data subcarrier.

Observation 17: To achieve the same PAPR performance, the number of PRTs required is proportional to the length of the data subcarrier.

In addition to CM performance, the BLER performance of the TR also needs to be evaluated. Because the PRT does not include data, the receiver doesn’t need to know the index of the PRT, and directly discards the PRT. The noise generated by clipping is contained in the PRT, so TR does not distort the transmitted signal. 
Similar to SE, PRT occupies more frequency domain resources. To achieve the same spectral efficiency, the code rate needs to be increased, which leads to a loss of coding gain.
Observation 18: The number of PRT depends on MCS. 
 
However, in order to achieve better CM performance, a large number of iterative computations are needed, so the low complexity TR algorithm needs to be studied. PRT pattern could influence the convergence rate. As shown in Figure 25, with PRT pattern of 4RE+20RE, the PAPR curve falls faster and eventually converges to a lower value. 4 RE+20 RE means that 4 REs are placed on the left side of the data subcarriers, and 20 REs are placed on the right side of the data subcarriers. As shown in Figure 26, the CM performance of different PRT patterns are given. Compared with PRT patterns with equal numbers of PRT on two sides, PRT patterns with unequal numbers on two sides can further obtain a CM performance gain of 0.1 dB.

Observation 19: Optimization of the PRT pattern can improve the convergence speed of the TR algorithm and further obtain CM performance gains.  

Proposal 5: Continue to evaluate FDSS with SE. The tone reservation technique should not be further considered. 

4. Conclusion
In this contribution we show that for given spectral efficiency, the coverage performance of DFT-s-OFDM signal can be improved up to 1.4, 1.49 dB by FDSS-SE. The specific observations and proposals are given as following.
Observation 1: The coverage enhancement improvement can be measured by the sum of the SNR degradation due to increased coding rate and the increased transmission power due to reduced PAPR/CM.
Observation 2: The optimal SE shifting parameter  is closely associated with the DFT size and the number of subcarriers for SE. 
Observation 3: MRC improves performance about 0.4 dB due to power combination, whose improvement depends on power allocation. The receiver operation, including MRC and dropping symbols on SE subcarriers, can be adaptively selected according to power allocation.
Observation 4: There is a large PAPR/CM reduction from using SE, both with and without FDSS filter. There exists an optimal SE ratio that minimizes the PAPR/CM, i.e. selecting any larger SE would increase the PAPR in addition to consuming more frequency resources. 
Observation 5: The SE ratio optimizing the PAPR/CM mainly depends of the FDSS filter and MCS.
Observation 6: As the spectral efficiency increases, the coding gain decreases, which is caused by the increased code rate needed to compensate for the SE.
Observation 7: For QPSK modulation and medium-low code rates, FDSS and spectrum extension can provide significant coverage enhancement gain that is up to 1.4, 1.49 dB by RRC filter and three tap filter with optimal SE ratio, respectively.
Observation 8: At low code rates, the BLER of DMRS with FDSS is slightly better than that of DMRS without FDSS. With increasing code rate, this BLER performance improvement gradually disappears. 
Observation 9: The channel estimation accuracy of in-band RE improves when DMRS passes through FDSS at the cost of degraded that of edge RE. 
Observation 10: In coverage-limited scenario, DMRS with FDSS can have PAPR performance gain with negligible impact on the BLER performance.
Observation 11: The power density of RE has been changed by FDSS-SE.
Observation 12: The power ratio can help BS to allocate resource to make the best use of transmission power, and select receiver operation.
Observation 13: The UE needs to report the FDSS capability.  
Observation 14: Additional information such as SE ratio, SE shift and FDSS filter can either be pre-defined or be dynamically signaled from the gNB to the UE. If FDSS filter is not specified, the UE may also need to signal preferred values of SE ratio and SE shift to the gNB, or its FDSS filter. 
Observation 15: The transport block size, allocated resource usage, could be determined by the signaling of resource allocation and spectrum extension ratio.
Observation 16: FDSS with SE has a slightly better CM performance than TR and a far lower operation complexity.
Observation 17: To achieve the same PAPR performance, the number of PRTs required is proportional to the length of the data subcarrier.
Observation 18: The number of PRT depends on MCS. 
Observation 19: Optimization of the PRT pattern can improve the convergence speed of the TR algorithm and further obtain CM performance gains.  

Proposal 1: Adopt the metrics of coverage enhancement gain, PAPR, CM, and reduced SNR for evaluations on coverage performance improvement of Rel-18 NR power domain enhancements:
· The coverage enhancement gain is given by ;
·  is the SNR degradation under the requirement BLER=10-1;
·  is the improvement of CM at the 99-percentile of the CDF.
[bookmark: _GoBack]Proposal 2: Different filters, such as, RRC, Kaiser, 3- tap filter, should be studied to find the optimal or several suitable filters for maximizing the coverage enhancement gain.
Proposal 3: Study the handling of DMRS symbol of a PUSCH with FDSS-SE
· DMRS symbol should be filtered by FDSS.
· Whether the DMRS sequence is extended to the resource elements that are used for spectrum extension.
Proposal 4: Study whether/how to enhance the power control to take into account the difference of power spectral density of the REs due to the FDSS. 
Proposal 5: Continue to evaluate FDSS with SE. The tone reservation technique should not be further considered. 
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[bookmark: _Ref115427883]Figure 13: BLER performance comparison of MRC receiver and basic receiver with truncated RRC
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[bookmark: _Ref115427901]Figure 14: BLER performance comparison of MRC receiver and basic receiver with 3-tap filter
[image: ]
[bookmark: _Ref115427951]Figure 15: 99-percentile PAPR/CM as a function of SE size () QPSK with Kaiser FDSS filter (β=3)
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[bookmark: _Ref115427943]Figure 16: 99-percentile PAPR/CM as a function of SE size () for π/2-BPSK with Kaiser FDSS filter (β=2)
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[bookmark: _Ref115428503]Figure 17: The coding performance loss caused by increased code rate
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[bookmark: _Ref115428923]Figure 18: BLER performance comparison under different conditions(R=1/3)
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[bookmark: _Ref115428930]Figure 19: BLER performance comparison under different conditions(R=1/2)
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[bookmark: _Ref115431596]Figure 20:Mean value of cross-correlation on different REs when SNR=-16dB
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[bookmark: _Ref115431609]Figure 21:Mean value of cross-correlation on different REs when SNR=-11dB[image: ]
[bookmark: _Ref115431761]Figure 22: CM performance of QPSK waveform with Tone reservation
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[bookmark: _Ref115429170]Figure 23: PAPR performance with different numbers of PRT when data occupies 8 RB
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[bookmark: _Ref115429180]Figure 24: PAPR performance with different numbers of PRT when data occupies 48 RB
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[bookmark: _Ref115429215]Figure 25: PAPR performance comparison of different PRT patterns
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[bookmark: _Ref115429233]Figure 26: CM performance comparison of different PRT patterns


Table 1: Simulation parameters for determining the BLER.

	Carrier frequency
	3.5 GHz

	SCS
	15 kHz

	Channel model
	CDL-C-300ns

	User equipment mobility 
	3 km/h

	Number of UEs
	1

	Rank per UE
	1

	Antenna configuration
	2T32R

	Waveform
	DFT-s-OFDM

	Modulation
	QPSK

	Code rate
	1/2,1/3,1/4,1/6,1/8

	OFDM symbol per slot
	14

	Number of PRB per symbol
	8

	Receiver type
	MRC

	Channel estimation
	DFT-based channel estimation

	DMRS type
	Type 1

	DMRS allocation density
	2 OFDM symbols



[bookmark: _Ref115353791][bookmark: _Ref115353779]Table 2: Performance comparison with truncated RRC FDSS filter, different SE ratios with code rate R=1/3 and DFT channel estimation.   
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1 [dB]
	(dB)
	CM@1e-2 [dB]
	
[dB]
	G [dB]

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.5
	0.076
	1.18
	2.47
	0.43
	-0.949
	-0.519

	FDSS & Ratio=0.375
	0.04
	0.61
	2.38
	1.15
	-0.3535
	0.7965

	FDSS & Ratio=0.333
	8.4e-3
	0.45
	2.71
	1.39
	-0.28
	1.11

	FDSS & Ratio=0.25
	0.072
	0.28
	3.19
	1.43
	-0.18
	1.25

	FDSS & Ratio=0.16
	0.1553
	0.2
	2.26
	1
	-0.17
	0.83

	FDSS & Ratio-0.125
	0.2
	0.11
	1.98
	0.8
	-0.22
	0.58

	FDSS & Ratio=0.0625
	0.264
	0.05
	1.67
	0.47
	-0.34
	0.13

	FDSS & Ratio=0
	0.264
	0
	1.63
	0.17
	-0.34
	-0.17



[bookmark: _Ref115354221]Table 3: Performance comparison with truncated RRC FDSS filter, different SE ratios with code rate R=1/6 and DFT channel estimation.
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1 [dB]
	(dB)
	CM@1e-2 [dB]
	
[dB]
	G [dB]

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.5
	0.076
	0.285
	2.47
	0.43
	-0.27
	0.16

	FDSS & Ratio=0.375
	0.04
	0.265
	2.38
	1.15
	-0.08
	1.07

	FDSS & Ratio=0.333
	8.4e-3
	0.21
	2.71
	1.39
	-0.09
	1.3

	FDSS & Ratio=0.25
	0.072
	<0.05
	3.19
	1.43
	-0.03
	1.4

	FDSS & Ratio=0.16
	0.1553
	<0.05
	2.26
	1
	-0.07
	0.93

	FDSS & Ratio-0.125
	0.2
	<0.05
	1.98
	0.8
	-0.08
	0.72

	FDSS & Ratio=0.0625
	0.264
	<0.05
	1.67
	0.47
	-0.23
	0.24

	FDSS & Ratio=0
	0.264
	0
	1.63
	0.17
	-0.37
	-0.2



[bookmark: _Ref115354228]Table 4: Performance comparison with truncated RRC FDSS filter, different SE ratios with code rate R=1/2 and DFT channel estimation.
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1 [dB]
	(dB)
	CM@1e-2 [dB]
	
[dB]
	G [dB]

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.375
	0.04
	1.55
	2.38
	1.15
	-1.3
	-0.15

	FDSS & Ratio=0.333
	8.4e-3
	1.18
	2.71
	1.39
	-1
	0.39

	FDSS & Ratio=0.25
	0.072
	0.74
	3.19
	1.43
	-0.686
	0.744

	FDSS & Ratio=0.16
	0.1553
	0.32
	2.26
	1
	-0.42
	0.58

	FDSS & Ratio-0.125
	0.2
	0.29
	1.98
	0.8
	-0.47
	0.33

	FDSS & Ratio=0.0625
	0.264
	0.16
	1.67
	0.47
	-0.515
	-0.045

	FDSS & Ratio=0
	0.264
	0
	1.63
	0.17
	-0.737
	-0.567



[bookmark: _Ref115354444]Table 5: Performance comparison with 3-tap FDSS filter, different SE ratios with code rate R=1/3 and DFT channel estimation. 
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1
	(dB)
	CM@1e-2
(dB)
	
Under DFT channel estimation
	G(dB)

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.5
	0.067
	1.18
	3.13
	1
	-0.97
	0.03

	FDSS & Ratio=0.375
	0.1531
	0.61
	3.82
	1.59
	-0.565
	1.025

	FDSS & Ratio=0.333
	0.1891
	0.45
	3.54
	1.6
	-0.6
	1

	FDSS & Ratio=0.25
	0.2701
	0.28
	3.1
	1.27
	-0.61
	0.66

	FDSS & Ratio=0.16
	0.3494
	0.2
	2.63
	0.76
	-0.72
	0.04

	FDSS & Ratio-0.125
	0.3863
	0.11
	2.28
	0.55
	-0.84
	-0.29

	FDSS & Ratio=0.0625
	0.4376
	0.05
	2.11
	0.26
	-1
	-0.74

	FDSS & Ratio=0
	0.4863
	0
	1.8
	0
	-1.26
	-1.26




[bookmark: _Ref115354451]Table 6: Performance comparison with 3-tap FDSS filter, different SE ratios with code rate R=1/6 and DFT channel estimation. 
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1(dB)
	(dB)
	CM@1e-2
(dB)
	
Under DFT channel estimation(dB)
	G(dB)

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.5
	0.067
	0.285
	3.13
	1
	-0.31
	0.69

	FDSS & Ratio=0.375
	0.1531
	0.265
	3.82
	1.59
	-0.1
	1.49

	FDSS & Ratio=0.333
	0.1891
	0.21
	3.54
	1.6
	-0.23
	1.37

	FDSS & Ratio=0.25
	0.2701
	<0.05
	3.1
	1.27
	-0.2
	1.07

	FDSS & Ratio=0.16
	0.3494
	<0.05
	2.63
	0.76
	-0.343
	0.41

	FDSS & Ratio-0.125
	0.3863
	<0.05
	2.28
	0.55
	-0.42
	0.13

	FDSS & Ratio=0.0625
	0.4376
	<0.05
	2.11
	0.26
	-0.55
	-0.29

	FDSS & Ratio=0
	0.4863
	0
	1.8
	0
	-0.76
	-0.76


[bookmark: _Ref115354568]Table 7: Performance comparison with 3-tap FDSS filter, different SE ratios with code rate R=1/2 and DFT channel estimation. 
	Scheme
	Waveform orthogonality
	Coding gain loss in AWGN at BLER=0.1
	(dB)
	CM@1e-2
(dB)
	
Under DFT channel estimation
	G(dB)

	QPSK+DFT-s-OFDM
	2e-15
	0
	0
	0
	0
	0

	FDSS & Ratio=0.375
	0.1531
	1.55
	3.82
	1.59
	-1.6
	-0.01

	FDSS & Ratio=0.333
	0.1891
	1.18
	3.54
	1.6
	-1.4
	0.2

	FDSS & Ratio=0.25
	0.2701
	0.74
	3.1
	1.27
	-1.18
	0.09

	FDSS & Ratio=0.16
	0.3494
	0.32
	2.63
	0.76
	-1.17
	-0.41

	FDSS & Ratio-0.125
	0.3863
	0.29
	2.28
	0.55
	-1.25
	-0.7

	FDSS & Ratio=0.0625
	0.4376
	0.16
	2.11
	0.26
	-1.4
	-1.14

	FDSS & Ratio=0
	0.4863
	0
	1.8
	0
	-1.575
	-1.575



Appendix B

The formula for PUSCH power control is given as follows.  

If a UE transmits a PUSCH on active UL BWP [image: ] of carrier [image: ] of serving cell [image: ] using parameter set configuration with index [image: ] and PUSCH power control adjustment state with index [image: ], the UE determines the PUSCH transmission power in PUSCH transmission occasion [image: ] as

  [dBm] (8)
where,

-	is the UE configured maximum output power defined in [8-1, TS 38.101-1], [8-2, TS38.101-2] and [8-3, TS38.101-3] for carrier f of serving cell c in PUSCH transmission occasion i.

-	is a parameter composed of the sum of a component[image: ] and a component [image: ] where [image: ].

-	is the bandwidth of the PUSCH resource assignment expressed in number of resource blocks for PUSCH transmission occasion i on active UL BWP b of carrier f of serving cell c and  is a SCS configuration defined in [4, TS 38.211]


-	is a parameter to control the pathloss compensation ratio, is a downlink pathloss estimate in dB calculated by the UE using reference signal (RS) index  for the active DL BWP, as described in clause 12, of carrier  of serving cell 









-	is a power offset value of different modulation and coding scheme (MCS) format relative to a reference MCS format. , C is the number of code blocks transmitted, is the size of code block, andis the number of resource elements,, is the symbol number of the PUSCH transmission occasion i on the active BWP b of the carrier f of the serving cell c, is subcarrier number of the PUSCH symbol excluding demodulation reference signal (demodulation reference signal, DMRS) subcarrier and phase tracking reference signal,. The parameter  is indicated by the delta MCS signaling.

-	 is the power control adjustment for active UL BWP b of carrier f of serving cell c in PUSCH transmission occasion i. 
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