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Introduction
ERC Rec. 74-01 was revised in the 82nd WG SE meeting (27-29 May 2019). In a companion submission [1] we highlighted the changes in the May 2019 amendment of ERC Rec. 74-01 that are relevant to FR2 UEs and proposed how its recommendations may be captured in the 3GPP standard. In this contribution we discuss one aspect of the changes that represents significant tightening of requirements, and requires further technical analysis.
Discussion
In a companion discussion paper [1], we discussed changes made to ERC REC 74-01 at the 82nd WG SE meeting, and their impact to FR2 UEs. Among other details, we identified the need to set up ‘additional requirements’ to capture the recommendation to limit emissions to -10dBm/100MHz, and associated NS flags (proposed NS_202 and CA_NS_202).   NS_202 requirements are reproduced below for illustrative purposes, CA_NS_202 is similar:
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We further identified that the additional requirements above represent a new constraint, which warranted further analysis to determine UE back off requirements consistent with its power class.
For this analysis, we classify the mechanisms that forces a UE to back off:
· Spurious products generated prior to gain control stage
· First order dependency: Their power varies dB for dB with UL power
· PA nonlinearity not a significant factor, PA merely amplifies these products 
· PA non-linearity
· creates mixing products between Tx image, any LO leakage and the allocated UL signal itself
· Their powers have higher order dependence on UL power.
The analysis assumes that the maximum allowable back off a UE can claim is max(MPR, A-MPR). This assumption simplifies A-MPR analysis because it limits focus to just the additional spurious emission requirements, without complication from compliance with SEM, OBW, EVM, etc.  Also, we note that the emission limits are TRP, so our analysis can cover power classes clumped together by TRP limit. Analysis coverage is organized as shown in table 2.0-1 below: 


	
	PC1
	PC2/3/4

	NS_202
	Section 2.1.1
	Section 2.2.1

	CA_NS_202
	Section 2.1.2
	Section 2.2.2


Table 2.0-1: Analysis Coverage
PC1
NS_202: Single CC Back Off Requirements
The over-riding constraint in this exercise is the existence of legacy UEs that have been designed to the general requirements limit of -13dBm/MHz. It is well understood that due to the wideband nature of FR2, there is no meaningful post PA filtering in FR2 UEs to aid in spur suppression. Ergo, it is only reasonable to assume that the UE has no better spur suppression capability than needed to meet -13dBm/MHz (‘inherent spur suppression’).
From an emissions perspective, first order spurs remain the most challenging because they require the most PA back-off to meet a given maximum limit. Higher order products show improved suppression with increasing PA back-off.
1.1.1.1 First Order Spurious Product Suppression
Section 6.2.1.1 of TS38.101-2 specifies that PC1 devices must not exceed 35dBm TRP. The inherent first order spur suppression of PC1 can be calculated by considering the highest PSD waveform in relation to the spec limit. Section 6.2.2.1 specifies PC1 MPR, and it informs that waveforms can have 0dB MPR if their minimum allocation size is 11.52MHz, among other requirements. In this condition, the maximum allowable PSD of an UL signal would be:
PC1 Max PSD = 35-10log10(11.52) = 24.4dBm/MHz
Note that PSD in this condition is higher than the single RB case, which is subject to 14dB MPR, or the 3RB case, which has a reduced narrow-allocation MPR of 10dB, but is further spread by 3.3dB (=10log(2.16))
Consequently, the inherent first order spurious product suppression capability for PC1 devices dictated by rel.15 requirements can be computed as:
PC1 Min spur suppression = 24.4dBm/MHz-(-13)dBm/MHz = 37.4dBc
The recommendations of NS_202 require that any spurious product fall below -10dBm if it is less than 100MHz wide. Since the measurement BW is large enough to accommodate a first order spur product in its entirety, the requirement essentially applies to the power, rather than the PSD of the spur product.   In the 0dB MPR case (TRP=35dBm) treated above, a spur product needs to be suppressed by:
PC1 NS_202 requirement: 35.0 dBm – (-10dBm) = 45.0dBc
Without any back-off, an FR2 PC1 UE would fail the recommendation of NS_202 at least 7.6dB (=45.0-37.4) 
The large measurement BW (100MHz) can conceivably accommodate multiple mechanisms, while the measurement bandwidth of the general requirement (1MHz) does not. The 7.6dB margin of failure is true for a single first order product that falls inside a measurement bandwidth. The margin of failure increases by 3dB for a second spur product that falls inside the same measurement bandwidth (overlapping spurs), a further 1.8dB for a third, etc. We believe the probability diminishes significantly of having 3 or more overlapping spurs. For a general treatment, 2 overlapping first order spurs is sufficiently general. Under this condition, the estimated margin of failure without any back-off is 7.6+3.0 = 10.6dB.
Observation 1: From a spurious suppression perspective, an FR2 PC1 UE needs ~11dB back off to become emissions compliant per NS_202.
1.1.1.2 High Order Spurs from PA non-linearity
The minimum order of dependency of spurious products close to desired channel is 3, for which the spur level falls approximately thrice as fast UL power level. These products correspond to cubic non-linearity in the PA. For out of band products, the minimum order of dependency is 2 (second harmonic). 
It is illustrative to look at measured data for a typical FR2 front end operating at a level commensurate with the MPR0 limiting condition. The most challenging case is a fully allocated channel. A partial allocation is not expected to ‘cast’ high order spurs outside the SEM region with sufficient magnitude in the case of a practical implementation. The spectrum data can be normalized by TRP of power class to estimate power accrued outside the SEM, where the -10/100 requirement applies. Figure 2.1.1.2-1 shows a PA’s output spectrum with DFT-s-QPSK waveform (CP-OFDM spectrum outside SEM is similar). For PC1, the PA’s output power has been normalized to the PC1 MPR0 level.
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Figure 2.1.1.2-1: FR2 PA output power spectrum at MPR0 power level.
For a single CC case, the integrated power immediately outside the SEM is ~ -48dB. Power in this region is generated by high odd order harmonics like 3, 5, 7, etc. For an MPR0 waveform, that component translates to 35dBm-48dB = -13dBm, which is lower than -10dBm. It follows that higher odd-order spurs do not demand PA back off for compliance.
Observation 2: An FR2 PC1 rel. 15 UE needs no back off for higher odd order spurious products to be compliant per NS_202. 
PSD in the second harmonic is expected to be compliant with -13dBm/MHz for all cases, including 0dB MPR waveforms. Figure 2.1.1.2-2 shows a graphic that aids in estimation of power in the second harmonic. Note that the actual spectrum shape adopted by the second harmonic is a function of waveform type. It is possible to steer around this uncertainty by conservatively simplifying the second harmonic spectrum shape to be flat topped, with a PSD that equals the peak PSD of the actual 2nd harmonic component.
UL (fundamental)
2nd harmonic of UL (orange)
Simplified shape for analysis (yellow) 
-13dBm/MHz limit

Figure 2.1.1.2 -2: Second harmonic power estimation from PSD
For the 0MPR case above, the conservatively simplified 2nd harmonic meets -13dBm/MHz and is ~23 MHz wide. Recall that in section 2.1.1.1, we identified that the highest PSD case for PC1 is when the UL is spread over 11.52MHz, the minimum BW for 0dB MPR. We estimate the power in the 2nd harmonic as: -13+10*log(23) = 0.6dBm. The total power is important because of the wide measurement BW of the NS_202 requirement. The analysis shows that a UE that is compliant with the general requirements may fail NS_202 requirements by 10.6dB. Further, due to known dependence of 2nd harmonic power level on UL power level, it is possible to estimate that the PA needs ~5dB back off for compliance with NS_202.
Observation 3: An FR2 PC1 rel. 15 UE needs 5dB back off for its 2nd harmonic to be compliant per NS_202. 
CA_NA_202: Back Off Requirements for CA condition
For rel. 15, CA has the following characteristics:
· CA can be asymmetric (DL CCs > UL CCs).
· UL CA limited to contiguous, with 800MHz frequency separation
· Up to 8CCs
· Common LO implementation between Tx and Rx is not precluded
1.1.1.3 First Order Products
The reasoning used in section 2.1.1.1 (First order product analysis for non-CA case) applies equally to the CA case.
Observation 4: Observation 1 applies to CA mode of operation also. 
1.1.1.4 Higher Order Products
The CA case is not demanding, beyond frequency separation, for UEs that can optimally tune their Rx and Tx LOs independently. For a device with common LO, however, this case is demanding, because even a single CC UL configuration can cast outside the SEM, products from non-linear distortion and involving LO leakage and image. The worst case is expected to be a full allocation (many)DL+1UL configuration (LO outside UL).
Now, the LO may be as high as 25dB down from the UL signal, as can the RSB. Figure 2.1.2.2-1 below shows measurements of power in various high order products around the channel. The intended UL (marker 1) is normalized to MPR0 power level. Product with marker 2 shows RSB, and product with marker 3 shows LO leakage. These products are adjusted to ~-25dBc, as allowed by the standard at high power.
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Figure 2.1.2.2-1: FR2 PA output power spectrum at MPR0 power level, CA case for UE with common Rx/Tx LO
The various 3rd order products in the figure are 30dB or lower, with product with marker 5 being the highest. Recall that a PC1 device requires 45dB to be compliant with NS_202, and by extension, CA_NS_202. The 15dB higher power in 3rd order products can be countered by a 5dB back off for compliance with CA_NS_202. Second order products also show up in the in-band plot above, see noise mound under LO leakage, marker 3. This product is also 30dB lower than the UL, i.e it would be 15dB higher than allowance. Since it is a second order product, it requires more back-off (~8dB) to suppress than the 3rd order product (~5dB) discussed immediately prior in this paragraph. 
Observation 5: An FR2 PC1 rel. 15 UE needs 8dB back off for higher order in-band spurious products to be compliant per CA_NS_202. 
The second harmonic consideration draws from the single CC CP-OFDM case (5dB back off required).
Observation 6: Observation 3 applies to CA mode of operation also. 
The back-off requirements for PC1 are tabulated in table 2.1.2.2-1 below from obs 1-6:
	PC1 back off requirements (dB) for:
	First Order
	Higher Order, In-band
	Higher Order, Out-of-band, from 2nd harmonic
	A-MPR 
= max(back-offs)

	NS_202
	11
	0
	5
	11

	CA_NS_202
	11
	8
	5
	11


Table 2.1.2.2-1: PC2/3/4 Back-off Requirement Summary
For compliance with NS_202 and CA_NS_202, considering all types of spurious products, a UE’s ‘compliance’ back-off requirement can be derived as the maximum of back-off requirements for each individual type of product. An A-MPR proposal for PC1 can be made based on the compliance back-off requirement.
Proposal 1: FR2 PC1 UEs shall have AMPR of 11dB for NS_202.
Proposal 2: FR2 PC1 UEs shall have CA AMPR of 11dB for CA_NS_202.
PC2/3/4
This section uses much of the same reasoning used in section 2.1 (for PC1) and will not be repeated here.
NS_202: Single CC Back Off Requirements
1.1.1.5 First Order Spurious Product Suppression
Section 6.2.1.2/3/4 of TS38.101-2 specifies that PC2/3/4 UEs must not exceed 23dBm TRP. Section 6.2.2.3 informs that even single RB waveforms can have 0dB MPR, which represents the highest PSD case. Single RB waveforms can be narrower than the measurement BW (60k SCS), so no ‘spreading relief’ is on offer. The maximum allowable PSD of an UL signal would be:
PC3 Max PSD = 23dBm/MHz
Consequently, the inherent first order spurious product suppression capability for PC2/3/4 devices dictated by rel.15 requirements can be computed as:
PC3 Min spur suppression = 23dBm/MHz-(-13)dBm/MHz = 36dBc
The recommendations in NS_202 require that any spurious product fall below -10dBm if it is less than 100MHz wide. In the 0dB MPR case (TRP=23dBm) treated above, a spur product needs to be suppressed by:
PC3 NS_202 requirement: 23 dBm – (-10dBm) = 33dBc 
Even with a second overlapping spur, the European requirement demands 36dBc of spur suppression, which is coincidentally what the UE must muster for compliance with general spurious requirements anyway. While it appears that the European requirement is no more stringent than the general requirements themselves, it is useful to note that there is no room for overlapping products stemming other mechanisms like PA non-linearity. 
Observation 7: From a first order spurious suppression perspective, an FR2 PC2/3/4 rel. 15 UE has just enough inherent spurious product rejection to be emissions compliant per NS_202. 
1.1.1.6 High Order Spurs from PA non-linearity
Referring to figure 2.1.1.2 – 1, the integrated power immediately outside the SEM is ~ -48dB. For an MPR0 waveform, that component translates to 23dBm-48dB = -25dBm, which is lower than -10dBm. It follows that higher odd-order spurs do not demand PA back off for compliance. 
Observation 8: An FR2 PC2/3/4 rel. 15 UE needs no additional back off for higher odd-order spurious products to be compliant per NS_202. 
For the second harmonic, we draw from analysis performed for PC1 in section 2.1.1.2. For the 0MPR case above, a conservative assumption is that the 2nd harmonic meets -13dBm/MHz and is 1.44 MHz wide (twice a 60kHz RB). We estimate the power in the 2nd harmonic as: -13+10*log(1.44) = -11.4dBm. Comparing this estimate to the -10dBm requirement, we can conclude that second harmonic performance demand PA back-off of 1dB for compliance.
We can conclude that a PC3 UE that complies with the general requirements needs 1dB of back-off to comply with the NS_202 limit. 
Observation 9: An FR2 PC2/3/4 rel. 15 UE needs 1dB additional back off for its 2nd harmonic to be compliant per NS_202. 
CA_NA_202: Back Off Requirements for CA condition
We will re-use much of the reasoning and methodology from section 2.1.2 (PC1 CA_NS_202 treatment) to estimate AMPR requirements for the CA case for PC2/3/4.
1.1.1.7 First Order Products
Extending from non-CA case, we do not foresee a need to back off the PA for its first order products to remain compliant with CA_NS_202.
Observation 10: Observation 7 applies to CA operation also                 
1.1.1.8 Higher Order Products
From figure 2.1.2.2-1, we note that the various 3rd order products are 30dB or lower than UL. Recall that a PC3 device requires 33dB to be compliant with NS_202, and by extension, CA_NS_202. The 3dB higher power in 3rd order products can be countered by a 1dB back off for compliance with CA_NS_202. The 2nd order in-band product is also 30dB down, but it requires ~2dB back off to be compliant, owing to its lower order dependency.
Observation 5: An FR2 PC2/3/4 rel. 15 UE needs 2dB back off for higher order in-band spurious products to be compliant per CA_NS_202. 
The second harmonic consideration draws from the single CC CP-OFDM case (1dB back off required).
Observation 12: Observation 9 applies to CA operation also                 
The back-off requirements for P2/3/4 are tabulated in table 2.2.2.2-1 below from obs 7-12:
	PC1 back off requirements (dB) for:
	First Order
	Higher Order, In-band
	Higher Order, Out-of-band, from 2nd harmonic
	A-MPR 
= max(back-offs)

	NS_202
	0
	0
	1
	1

	CA_NS_202
	0
	2
	1
	2


Table 2.2.2.2-1: PC2/3/4 Back-off Requirement Summary
For compliance with NS_202 and CA_NS_202, considering all types of spurious products, a UE’s ‘compliance’ back-off requirement can be derived as the maximum of back-off requirements for each individual type of product. An A-MPR proposal for PC2/3/4 can be made based on the compliance back-off requirement.
Proposal 3: FR2 PC2/3/4 UE shall have AMPR of 1dB for NS_202.
Proposal 4: FR2 PC2/3/4 UEs shall have CA AMPR of 2dB for CA_NS_202.
Conclusion
We analysed the changes to ERC 74-01 and identified ramification to FR2 UEs. The subset of changes that were captured as additional requirements need AMPR. The back off requirements were estimated based on extrapolation of UE performance that is known to be compliant to general requirements (-13dBm/MHz). Performance was analysed for first order spurs, as well as higher order spurs. as proposed below :
Proposal 1: FR2 PC1 UEs shall have AMPR of 11dB for NS_202.
Proposal 2: FR2 PC1 UEs shall have CA AMPR of 11dB for CA_NS_202.
Proposal 3: FR2 PC2/3/4 UE shall have AMPR of 1dB for NS_202.
Proposal 4: FR2 PC2/3/4 UEs shall have CA AMPR of 2dB for CA_NS_202.
The proposed changes are captured in a companion CR [1]
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6.5.3.2.3 Additional spurious emission requirements for NS_202

‘When "NS_202" is indicated in the cell, the power of any UE emission shall not exceed the levels specified in Table
6.5.3.2.3-1.

Table 6.5.3.2.3-1: Additional requirements (NS_202)

Frequency Range Maximum Measurement
Level bandwidth

7.25 GHz < f< 2nd
harmonic of the upper
frequency edge of the

UL operating band

-10 dBm 100 MHz
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