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1. Introduction
In RAN1#74bis, an LS was sent by RAN1 requesting information on certain UE performance aspects comparing SC-FDMA and OFDMA multiple access schemes for D2D. RAN1 has been using a working assumption of SC-FDMA as it was supported by a majority of companies [2]. 

In the LS [2], the following information is requested:
· Difference in Cubic Metric (CM), in-band emissions (IBE), impact to PA. 

· Difference expected in implementation margin (IM) in demodulation performance.
In RAN4#69, we presented the initial discussion on the LS in [9]. This contribution extends the discussion presented in [9] by including some additional simulation results. 
We compare the impact of UE RF performance on the following aspects:
· UE Tx: CM, PAPR, IBE, EVM, PA de-rating and power consumption.

· UE Rx: IM in demodulation performance, ADC SQNR/EVM, demodulation complexity.
We note that the LS states that RAN1 is also considering the possibility of simultaneous transmission of more than one physical channel. However, in RAN1#75, it was agreed that FDM between D2D and WAN from UEs perspective will not be used [10]. Hence this contribution focusses on contiguous RB allocation. For comparison of CM/PAPR for two-cluster transmissions with non-contiguous RB allocation, we refer to the results presented in [9] in Appendix A.

This contribution is organized as follows: In section 2, we present the comparison of SC-FDMA and OFDMA for UE transmit performance, and in section 3, we present the comparison for UE receiver performance. Section 4 concludes the contribution. In Appendix A, we present the comparison of CM/PAPR for two-cluster UE transmissions. The draft proposal for the response LS is included in our companion contribution [8].
2. UE Transmit Performance
 CM and PAPR

To compare CM and PAPR, we simulated all possible RB allocations and computed the CM/PAPR as a function of the number of RBs allocated, averaged over all such waveforms and symbols. CM is computed as defined in [4], using the empirical slope of K = 1.56 dB. Similar to [5], PAPR(99.9%) is computed as the 99.9% percentile point for the ratio of the instantaneous power to average power in a symbol, i.e., PAPR(99.9%) = Pt, such that P(‖x‖2 < Pt * mean(‖x‖2)) = 99.9%.
Figure 1 and Figure 2 compare the average CM and PAPR, respectively, as a function of the number of RBs allocated for SC-FDM and OFDM multicarrier waveforms. Both QPSK and 16QAM modulations are simulated. Note that the results are consistent with those known in literature, e.g., as presented in [5] and [6] (note that in [5], CM is computed using K = 1.85 dB, and thus requires a scaling of 1.85/1.56).
As can be seen from Figure 1 and Figure 2, the CM and PAPR for OFDM are significantly larger than SC-FDM; particularly for QPSK modulation. For OFDM, the CM and PAPR of a narrowband waveform (e.g., 1 RB) is lower than higher RB allocations by approximately 0.3 dB (for QPSK), and is still significantly larger than SC-FDM waveform.
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Figure 1: Average CM vs. number of RBs allocated for SC-FDM and OFDM.
	[image: image2.emf]0 5 10 15 20 25

5.5

6

6.5

7

7.5

8

8.5

Number of RBs allocated

Average PAPR(99.9%) (in dB)

 

 

SCFDM, QPSK

SCFDM, 16QAM

OFDM, QPSK

OFDM, 16QAM

SC-FDM

OFDM


Figure 2: Average PAPR(99.9%) vs. number of RBs allocated for SC-FDM and OFDM.


Table 1 compares the average CM and PAPR(99.9%) for SC-FDM and OFDM for RB allocations of 1 RB, fully allocated RB, and average over all RB allocations. For QPSK, difference in average CM over all possible RB allocations is 2.7 dB. For 16QAM, the difference in average CM for all RB allocations is 1.9 dB.
Table 1: CM and PAPR for SC-FDM and OFDM 
	
	CM (in dB) 
	PAPR (99.9%) (in dB) 

	
	1 RB allocated
	Fully allocated
	Avg. over all RB allocations
	1 RB allocated
	Fully allocated
	Avg. over all RB allocations

	OFDM
	QPSK
	3.7
	4.0
	3.9
	7.9
	8.4
	8.3

	
	16QAM
	3.8
	4.0
	4.0
	8.1
	8.4
	8.3

	SC-FDM
	QPSK
	1.2
	1.2
	1.2
	5.7
	5.8
	5.8

	
	16QAM
	2.1
	2.1
	2.1
	6.5
	6.5
	6.5


Observation 1: CM and PAPR (99.9%) of OFDM are significantly higher than SC-FDM, even for narrowband waveforms.
IBE and EVM

For a PA biased for LTE UL (SC-FDM), the higher CM of OFDM will result in higher non-linearities at the PA output. Thus the IBE and EVM out of the same PA and at the same transmit power are expected to be worse for OFDM as compared to SC-FDM, particularly at higher transmit power.

To quantify the higher IBE/EVM, we simulated all possible RB allocations for a 5MHz system, for both OFDM vs. SCFDM multicarrier waveforms, and compared the resulting IBE and EVM in each case. Following simulation assumptions are made: 

· PA operating point: with fully allocated REL-8 100RB QPSK signal, UTRAACLR1 = 33dBc with antenna connector Pout = 22dBm
· Carrier frequency: 2 GHz
· Modulator LO leakage: As per TS 36.101
· Modulator IQ image: As per TS 36.101
· Max MPR applied as per TS 36.101 for higher order modulation and higher RB allocations
· No PA-derating for OFDM compared to SC-FDM
For IBE, we compare the average difference in in-band emissions between OFDM and SC-FDM waveform on non-allocated RBs, where averaging is done over all non-allocated RBs. For EVM, we compare the ratio of the average EVM for OFDM to the average EVM for SC-FDM waveform, where averaging is done over all allocated RBs.

Figure 3 shows the comparison in EVM between OFDM and SC-FDM for QPSK modulation, and Figure 4 shows the comparison for IBE. As seen from the figures, the higher CM of OFDM leads to higher IBE and EVM for the same transmit power. The loss of OFDM compared to SC-FDM is further quantified in for both QPSK and 16QAM modulation. The relative degradation is higher for QPSK than 16QAM corresponding to the higher difference in CM for QPSK as compared to 16QAM.
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Figure 3: Ratio of average EVM for OFDM to the average EVM for SC-FDM over all allocated RBs for QPSK modulation.
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Figure 4: Average difference in IBE between OFDM and SC-FDM waveforms on non-allocated RBs for QPSK modulation.


Table 2: Comparison of IBE and EVM performance of OFDM and SC-FDM for a 5MHz system
	Modulation

/ Pout (dBm)
	Ratio of average EVM for OFDM to SC-FDM
	Avg. difference in IBE between OFDM and SCFDM (in dB) 

	
	1 RB allocated
	Avg. over all RB allocations
	1 RB allocated
	Avg. over all RB allocations

	QPSK
	0 dBm
	1
	1
	0.1
	0.1

	
	10 dBm
	1
	1
	0.3
	0.4

	
	15 dBm
	1.6
	1.2
	0.2
	0.3

	
	23 dBm
	1.9
	1.9
	1.3
	1.4

	16QAM
	0 dBm
	1
	1
	0.1
	0

	
	10 dBm
	1.1
	1
	0.2
	0.2

	
	15 dBm
	1.3
	1.1
	0.2
	0.2

	
	23 dBm
	1.7
	1.6
	0.5
	1.1


Observation 2: Higher CM of OFDM compared to SC-FDM results in higher EVM and IBE on average for the same PA operating point.

 PA de-rating

In this subsection, we comment on PA de-rating from two viewpoints: (a) waveform power de-rating (WPD) for similar non-linear performance (e.g., w.r.t. ACLR, IBE, EVM, etc.) between OFDM and SC-FDM in Section 2.3.1, and (b) maximum power reduction (MPR) to satisfy the current UE transmit emissions requirements for LTE UL (SC-FDM) for OFDM in Section 2.3.2.
Waveform power de-rating (WPD)
For similar non-linear performance (e.g., w.r.t. IBE, EVM, ACLR etc.) as LTE UL (SC-FDM), the higher CM/PAPR of OFDM as compared to SC-FDM necessitates de-rating the PA that is biased for LTE-UL transmissions (SC-FDM). Typically, for contiguous RB allocations, the PA non-linear performance is limited by the third-order non-linearity. Thus, for similar non-linear performance, the PA needs to be de-rated by the difference in CM between OFDM and SC-FDM, i.e., approximately [2.5, 2.8]dB and [1.7, 1.9]dB for QPSK and 16QAM, respectively.

Observation 3: For similar non-linear performance, higher CM of OFDM necessitates PA de-rating by approximately [2.5, 2.8]dB for QPSK, and [1.7, 1.9]dB for 16QAM modulation, depending on the number of RBs allocated. 

Maximum power reduction (MPR)
For same transmit emission requirements (ACLR, SEM, spurious, IBE) as LTE UL (SC-FDM), a higher MPR needs to be provisioned for OFDM to account for higher CM of OFDM vs. SC-FDM. For fully allocated signal, the CM provides an estimate of the MPR required as shown in [4], subject to regression errors across different PAs. Hence the difference in CM between OFDM and SC-FDM provides an estimate of the increased MPR requirement for an OFDM transmitter. For partially allocated signals (e.g., 1 RB), the increased MPR requires simulating the PA since the difference in CM can be partially countered by the margin possible in emissions from the requirements for low RB allocations (e.g, 1 RB).
To further explore the increased MPR requirements for OFDM, we simulated both SC-FDM and OFDM with QSPK modulation using the same PA, with the operating point as specified in Section 2.2. Note that only a single PA was simulated with the aim to provide some initial insight into the possible increased MPR requirements. Figure 5 and Figure 6 show the simulated power back-off for a same PA for SC-FDM and OFDM signal, respective, with QPSK modulation. All possible RB allocations for a 5 MHz system were simulated. As can be seen by the results, an increased MPR may be required for OFDM even for small RB allocations (e.g., 3-4 RB in these results). For fully allocated signal, an increased MPR of 2.1 dB is required for the PA simulated, and is within an expected deviation from that predicted by difference in CM between OFDM and SC-FDM.
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Figure 5: Power back-off for SC-FDM with QPSK modulation for one simulated PA.
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Figure 6: Power back-off for OFDM with QPSK modulation for one simulated PA.


Observation 4: For same transmit emission requirements, higher CM of OFDM will result in an increased MPR for OFDM, likely even for narrowband transmissions.
Impact of PA de-rating

PA de-rating results in loss in coverage and lower PA efficiency. Loss is coverage can be significant in the D2D case (e.g., 2.5 dB de-rating leads to 14% loss in range assuming the outdoor-to-outdoor LOS pathloss model adopted for D2D at 2GHz). Lower PA efficiency leads to higher power consumption at the UE and will degrade the battery life. This may be important for D2D operations such as broadcast transmissions and discovery.

Observation 5: PA de-rating for OFDM leads to:

a) Loss in coverage: can be significant for D2D.

b) Higher power consumption: can be important for D2D operations, e.g., broadcast transmissions and discovery.

3. UE Receiver Performance
 Implementation margin in demodulation performance
In our assessment, the implementation margin (IM) due to receiver impairments, non-ideal filtering, non-ideal AGC, fixed point loss, etc. can be assumed to be the same between OFDMA and SC-FDMA receiver.
Observation 6: Implementation margin (IM) due to receiver impairments (non-ideal filtering, non-ideal AGC, fixed point loss, etc.) can be assumed to be the same between OFDMA and SC-FDMA receiver.
 ADC SQNR and EVM
The lower PAPR of SC-FDM is beneficial at the receiver when receiving a dominant D2D signal. When receiving a D2D signal with a dominant UE (e.g., FDM between one close by UE, and other distant UEs), the PAPR of the received waveform will be dominated by the PAPR of transmission from the nearby UE. Thus if SC-FDMA is employed, then a lower PAPR signal will be received compared to OFDMA.
Lower PAPR in the received waveform is beneficial as a lower ADC input backoff can be used at the receiver, thereby improving the ADC SQNR and EVM. To illustrate the potential improvement in SC-FDMA compared to OFDMA when receiving a dominant signal, we simulate a receiver ADC assuming ideal RF, ideal Tx signal, and an ideal analog gain control at the receiver. As shown in Figure 7 and Figure 8, the ADC SQNR can be potentially improved by ~3dB (for 6 bit ADC) and the ADC EVM can be potentially improved by ~2x. Narrowband transmission (1 RB) is assumed in Figure 7 and Figure 8, and the improvement is larger for higher RB allocations.
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Figure 7: ADC SQNR performance for SC-FDMA vs. OFDMA when receiving a dominant signal.
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Figure 8: ADC EVM performance of SCFDMA vs. OFDMA when receiving a dominant signal.


Observation 7: When receiving a single dominant D2D signal, the ADC SQNR/EVM performance for SC-FDMA is better than OFDMA due to reduced PAPR for SC-FDM. 

 Demodulation complexity

The demodulation complexity for SC-FDMA is expected to be higher than OFDMA due to additional FFTs, channel estimation (if different reference signal structure is used), etc. However, these are a small fraction of the total signal processing needed at the receiver for demodulation. In our evaluation, the demodulation complexity for SC-FDMA is only marginally higher than OFDMA, and is not a concern. 
Observation 8: Demodulation complexity for SC-FDMA is expected to be only marginally higher than OFDMA. 

4. Conclusion

In this contribution, we compared SC-FDMA and OFDMA based on the information requested in the LS [2]. Following observations were made.
For transmitter performance:
Observation 1: CM and PAPR (99.9%) of OFDM are significantly higher than SC-FDM, even for narrowband waveforms.
Observation 2: Higher CM of OFDM compared to SC-FDM results in higher EVM and IBE on average for the same PA operating point.

Observation 3: For similar non-linear performance, higher CM of OFDM necessitates PA de-rating by approximately [2.5, 2.8]dB for QPSK, and [1.7, 1.9]dB for 16QAM modulation, depending on the number of RBs allocated. 

Observation 4: For same transmit emission requirements, higher CM of OFDM will result in an increased MPR for OFDM, likely even for narrowband transmissions.
Observation 5: PA de-rating for OFDM leads to:

a) Loss in coverage: can be significant for D2D.

b) Higher power consumption: can be important for D2D operations, e.g., broadcast transmissions and discovery.

For receiver performance:
Observation 6: Implementation margin (IM) due to receiver impairments (non-ideal filtering, non-ideal AGC, fixed point loss, etc.) can be assumed to be the same between OFDMA and SC-FDMA receiver.
Observation 7: When receiving a single dominant D2D signal, the ADC SQNR/EVM performance for SC-FDMA is better than OFDMA due to reduced PAPR for SC-FDM. 

Observation 8: Demodulation complexity for SC-FDMA is expected to be only marginally higher than OFDMA. 
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