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1. Introduction

It is shown that Frequency Domain Spectral Shaping (FDSS) degrades throughput performance in most practical cases for QPSK and 16QAM modulation. The main problem is that power boosting is not possible in coverage limited situations when a UE is already operating at its maximum power level (e.g. 24 dBm).
2. Frequency Domain Spectral Shaping
It has been proposed in [1-5] that there are uplink performance advantages from using FDSS with DFT-SOFDM. Based on Shannon bound and Post PA power spectral density results (via lab measurements) the effect of out of band emissions by adjacent users can be evaluated along with the spectral efficiency impact of FDSS.

Based on the derivations in Annex A the change in required 
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 from FDSS using RRC windowing with roll-off parameter  is given by equation (1).
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Note that given
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The change in required 
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due to RRC windowing reflects (i) per subcarrier power increase from reduced occupied bandwidth (1+), (ii) potential power boosting due to CM reduction (CM), and (iii) increase in encoding rate (1+) to compensate for reduction in subcarriers for achieving the same target data rate.
3. Power Boosting and CM reduction
If power boosting from CM reduction is not possible then FDSS results in a throughput loss since the resulting spectral efficiency loss cannot be compensated for as shown in Figure 1. Figure 1 also shows that FDSS using RRC and power boosting can give a significant 
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 benefit but only at very low MPR. 
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Figure 1 –Maximum SINR gain from FDSS using optimal RRC windowing () for QPSK
Typically, only a small number of 12 subcarrier 1ms RBs are allocated for cell edge coverage limited UEs (e.g. < 6) and any FDSS benefit as shown in Figure 1 for 7.95kbps AMR appears to be on average less than 0.25 dB for the operating region where 1, 2, or 3 RBs are allocated.  However, even this benefit is not achieved since it is already possible to operate at a maximum power level of 24 dBm for allocations of up to 10 RBs (see Figure 5). EVM and other transmit considerations which are not improved by spectral shaping prevent power boosting. This is also true (see Annex B, C) for a Kaiser window [3, 4].  Since 16QAM CM reduction from RRC is less than QPSK and 16QAM is used for MPR>1.5 then no FDSS benefit is seen for 16QAM.  It is difficult to find many uplink reference symbol sequences with CM < 0.3 dB hence /2 BPSK does not seem to be useful especially given the spectral efficiency loss that must be overcome compared to QPSK.
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Figure 2 – Left: QPSK CM reduction vs. Optimal RRC ;      Right: Optimal RRC for MPR
4. Conclusions

FDSS provides no performance benefit for 16QAM modulation in terms of 
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because the reduction in emissions from adjacent channels and power boosting by the amount of the Cubic Metric reduction are insignificant.  For QPSK, there is only a FDSS benefit from power boosting if current UE power is below its maximum.  Cell edge coverage limited UEs operate at their maximum power level (e.g. 24 dBm) for allocations of up to 10 RBs such that there is no benefit possible from FDSS given such UEs typically have < 6 RBs allocated. In fact, for QPSK, up to 0.5 dB 
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 degradation can occur from FDSS without boosting. Finally, it is shown that QPSK modulation is more efficient than /2 BPSK even with FDSS.
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Figure 3 - Only Radix 2, 3, 5 RB DFT sizes with constraint: UL RS CM = 0.4 dB
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Figure 4 – Synthesized PSD for different band shifted Occupied BWs
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Figure 5 – Increase in maximum power level if L1/L2 control mapped to band edge 25sc RBs
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Figure 6 – SINR Gain and MPR vs. Optimal RRC for QPSK
ANNEX A – Derivation of Spectral Shaping Impact on 
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Using a modified Shannon bound equation:
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where

K1
– backoff factor (0.75) to account for Turbo coding performance relative to Shannon bound

MPR
– M x ER where M is modulation order and ER is the encoding rate 

And where the encoding rate (ER) is given by 
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– Target data rate;
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– Number of subcarriers per DFT-SOFDM symbol allocated in TTI
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– Number of DFT-SOFDM symbols allocated in TTI

Therefore, 
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for a given data rate can be computed based on the MPR determined by the resource allocation and modulation used for the target data rate (or transport block size) for a given TTI. 
From a typical post PA power spectral density (PSD) of a DFT-SOFDM waveform we can compute 
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 is the out of band emissions PSD due to adjacent channel resource allocations as shown in the 5MHz carrier example in Figure 2.  From the Post PA power spectral density the 
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Post PA PSD no FDSS: 
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Applying FDSS to the post DFT signal using RRC with roll-off factor  as  goes from 0 to 1, reduces the Cubic Metric (CM) [6, 7] as shown in Figure 2.  Reduction in CM (CM= CM – CM) for a given waveform results in ~ 3CM dB decrease in 
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 such that if RRC windowing is applied to all the channels: 


Post PA PSD with FDSS (RRC, ): 
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(A3)

A 3CM dB gain does not impact the 16QAM 
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 requirement.  For RRC with roll-off factor () the resulting guard subcarriers on each side of the resource allocation bandwidth (BW) is x Nsc /(1+) such that a total of  Nsc / (1+ subcarriers determine the guard intervals and therefore cannot be used for data transport.


RRC Guard Subcarriers =  Nsc / (1+
Due to the RRC guard subcarriers the encoding rate (ER) must be increased slightly by (1+) to support the same target data rate (R) and the power per subcarrier is increased by 
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 due to the reduction in the number of occupied subcarriers such that the required 
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 is given by:
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The change in required 
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due to RRC windowing is given below reflecting both per subcarrier power increase from reduced occupied bandwidth and potential power boosting due to CM reduction (CM).
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ANNEX B – Kaiser Window for FDSS
The power de-rating benefit obtained from the Kaiser window for QPSK modulation is small as shown in Figure B.1 below.  The CM reduction from simulation was only 0.20 dB with measurements showing about 0.35 dB although measurement error is in the 0.1 to 0.2 dB range.  With link performance loss (0.45 dB) from Kaiser Windowing at 10% FER there is no benefit.  Of course if power boosting is not possible due to EVM or other transmitter considerations then the windowing will result in performance degradation of up to 0.35 + 0.45 dB.  
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Figure B.1 – Power De-rating (CM Reduction) Benefit from Kaiser Windowing
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Figure B.2 – Power De-rating (CM Reduction) Benefit from Kaiser Windowing
ANNEX C – /2 BPSK and QPSK with FDSS
The power de-rating benefit obtained from the RRC and Kaiser windowing (=2) for /2 BPSK modulation is shown in Figure C.1 and C.2 below.  It is shown for all cases that QPSK modulation should be used instead of /2 BPSK even when FDSS is used.  Note the Kaiser window results (=2) used in Figures C.1 and C.2 represent an upper bound in performance since no link loss impact was accounted for.
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Figure C.1 – Required Es/(Nt+Ne) w/wo FDSS given 224 bit payload
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Figure C.2 – Required Es/(Nt+Ne) w/wo FDSS for different TBS

ANNEX D – /2 BPSK Link Performance for Kaiser FDSS
Link performance shown is shown for /2 BPSK with Kaiser Windowing based on the simulation parameters given below. Performance loss from windowing increases as the data block size becomes smaller.  In AWGN channels, the performance degradation for 10 RB (R=1/4) is the same as the degradation for 25 RB (R=1/4).  For fading channels, it appears that the ISI induced by FDSS is more detrimental to small data blocks.
Simulation Parameters

· 
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Performance degradation due to FDSS in terms of the SNR losses in ideal channels
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Performance degradation due to FDSS in terms of the SNR losses in non-ideal channels
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