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1. Introduction
In the scope of NR specification development for both sub-6GHz and mm-Wave, UL channel bandwidths of up to 400MHz are considered which is significantly larger than the current LTE 20MHz UL bandwidth. Although recent UL 3CC work [1] has shown that properly extracted AM/AM and AM/PM models result in very good correlation to the measurement, it is important to understand if this approach is still valid for the larger bandwidth considered for NR.
2. Discussion
2.1. Existing LTE UL 3CC Waveforms

In the scope of work on 3CC UL [1] a set of 1CC, 2CC and 3CC waveforms were measured and simulated using measured AM/AM and AM/PM model from the same PA, the list and their comparison is repeated here in Table 1 below.

Table 1: Measured and simulated MPR for 1CC, 2CC and 3CC corner cases

	waveform
	Measured
	Simulated
	Delta (dB)

	CC1

RB
	CC2

RB
	CC3

RB
	Mod.
	Limit
	Pout (dBm)
	MPR (dB)
	Limit
	Pout (dBm)
	MPR (dB)
	

	18
	-
	-
	QPSK
	UTRA1
	27.4
	0
	UTRA1
	26.8
	0
	0

	100
	-
	-
	QPSK
	UTRA2
	26.8
	0.6
	UTRA2
	26.3
	0.7
	0.1

	100
	100
	-
	QPSK
	EUTRA
	25.9
	1.5
	EUTRA
	25.3
	1.6
	0.1

	100
	100
	100
	QPSK
	EUTRA
	25.1
	2.3
	EUTRA
	24.8
	2.1
	0.2

	
	
	
	64QAM
	EUTRA
	24.9
	2.5
	EUTRA
	24.5
	2.5
	0

	40
	40
	100
	QPSK
	EUTRA
	25.2
	2.2
	EUTRA
	24.8
	2.2
	0

	
	
	
	64QAM
	EUTRA
	25.1
	2.3
	EUTRA
	24.4
	2.6
	0.3

	25
	0
	50
	QPSK
	EUTRA
	25.6
	1.8
	EUTRA/SPUR
	25.2
	1.7
	0.1

	
	
	
	64QAM
	EUTRA
	25.3
	2.3
	EUTRA
	24.8
	2.1
	0.2

	1
	0
	1
	QPSK
	EUTRA
	25.2
	2.2
	SPUR
	22.5
	4.5
	**

	
	
	
	64QAM
	EUTRA
	25
	2.4
	SPUR
	22.3
	4.7
	**


** IMD5 null in PA measurement makes EUTRA ACLR as gating factor as explained above

As already concluded for the 3CC MPR specification proposal, the correlation is excellent thus confirming the validity of AM/AM and AM/PM PA model simulated results up to 60MHz bandwidth, provided that AM/AM and AM/PM is measured on a representative power amplifier and no mathematical curve fitting is used.
It is to be noted that some differences were already observed for 1RB-0RB-1RB 3CC waveform measurements, see Figure 1 below repeated here. The simulation predicted that MPR was limited by IMD5 spur level while measurements showed that MPR limitation was coming from EUTRA ACLR.
[image: image1.png]Spectrum Anal
AcP +
KEYSIGHT Input RF input Z:50 ‘Aften: 26 dB Trig: Free Run Center Freq: 2550000000 GHz
o Coupling: AC Corrections: Off Preamp: Off Gate: OFF AvglHold:>1010
GO ExtGain2626dB  [FreqRef: Ext(S) LNP: Not Enabled IF Gain: Low Radio Std: None
m Align: Auto NFE: Adaptive PNO: Best Wide Noise Correction: Off
Trace Type
1 Graph v
Clear / Wi
ScalelDiv 10.0 dB Ref Value 30.00 dBm arfie
Log
200  Trace Average
00 3018 e - 32648
000 Max Hold
-100
200 . 4 Min Hold
300 f
200 I | 1l i I
a0l ) oo A i i I
o et Sl Windl byt M Ny o e
|
Center 2.5 Ghz Video BW 22.000 kHz" Span 240 Mz | & Active
#Res BW 220 kiz Sweep Time 123 ms (1001 pts)
2 Metrics A
Total Car Pwr | 24.948 dBm/58.00 Mtz
Total PSD —
Lower Upper
AP Ref Carrier AP Ref Carrier
OffsFreq  IntegBW dBc dBm  dBm Car# dBc dBm  dBm Car# Fiter
A 6000MHz 5800MHz -30.08 5142 | 2495 1 -3257 7626 2495 1 OFF
B 3250MHz 3840MHz -5300 2805 | 2495 1 5064 -3469 | 2495 1 ON
C| 3750MHz 23840MHz 6184 -3689 | 2495 1 -6393 3898 | 2495 10N

Jan 27, 2017
H ‘ 11:58:06 AM ‘@

|23 ) 3 B2

Tra
Control




[image: image2.emf]2.3 2.4 2.5 2.6 2.7 2.8

-100

-80

-60

-40

-20

0

20

Frequency in GHz

Power in dBm

Transmit spectrum

CC(bw) Clus RB_Start L_CRB    Mod

1(100)    1        0     1   QPSK

2(100) --- no allocation --------

3(100)    1       99     1   QPSK

Tx Freq: 2.5258GHz

UtraAclr1   = 66.8, 67.0dB

UtraAclr2   = 79.4, 79.1dB

EutraAclr   = 68.0, 68.0dB

EutraCaAclr   = 43.8, 43.9dB

Total power =  18.5dBm

SEM: Rel14/20+20+20MHz

SEM margin          (

x

) =  12.7dB

Spurious margin (

+

) =   0.5dB

MPR / A-MPR = 4.60+0.00 dB


Figure 1: PA Measured (left) and antenna simulated (right) 3CC QPSK 1_0/0/1_99RB spectrum
This was further analysed and measurement showed that in the measurement a IMD5 nulling effect was present (refer to paper for measurements) which attenuated the IMD5 thus making EUTRA ACLR the limiting specification. Because these nulling effects are not necessarily reproducible depending on frequency of operation, power level, IMD order and IMD frequency offset is was concluded that the model prediction was more generic.
It is important to bring this to attention, as this influences how well the model has to fit reality depending on the waveform nature and type of measurements:

· For ACLR measurements and fully populated waveforms there is a significant averaging of sources of errors since the measurement is integrated over a wide bandwidth and the fully populated waveform out of band emissions is the result of the contribution of multiple IMD orders.

· For spurious measurements of “tonal” waveforms all the errors concentrate on a single tone particular IMD order and real life PAs also exhibit “abnormal” behaviour due to nulling or memory effects.
Observation 1:

· Measurement extracted AM/AM and AM/PM PA model provide valid results up to 60MHz for sub-6GHz

· Tonal waveforms spurious measurements are more prone to model errors and PA nulling and memory effects
2.2. Wide Bandwidth Waveforms
2.2.1. Scaled LTE UL 3CC Waveforms
In order to understand the potential limitations of AM/AM and AM/PM for larger bandwidth, a simple scaling of two types of 64QAM 3CC SC-FDMA waveforms have been used by oversampling the waveforms. Table 2 below summarizes the scaled waveforms used and their resulting bandwidth and sub-carrier spacing. The fully allocated 3CC waveforms have 90% bandwidth occupancy.
Table 2: Scaled LTE 3CC UL waveforms used for evaluation

	CC configuration
	Bandwidth / sub-carrier spacing

	CC1
	CC2
	CC3
	

	100RB
	100RB
	100RB
	60MHz /15kHz
	100MHz /25kHz
	200MHz /50kHz
	300MHz /75kHz
	400MHz /100kHz

	1RB0
	0RB
	1RB99
	
	
	
	
	


2.2.2. Specification Criteria Used for Comparison

In order to evaluate simulated versus measured accuracy a simple criteria is used: Constant ACLR. The PC2 EUTRA ACLR of 31dBc scaled in frequency according to the bandwidth is used as it is quite generic and potentially applicable to NR sub-6GHz HPUE. 
No spurious measurements are done since PA nulling and memory effects can be captured as an ACLR difference and/or asymmetry. In order to provide interesting input on PA capability ACLR, MPR and relative PAE are also analyzed.
Also since we are discussing large transmitted bandwidths, the 0dB MPR reference was chosen to be the LTE QPSK fully allocated 100RB signal.

2.2.3. Power Amplifier Used for Test
The measurements were done on a reference Band 41 PA in HPUE PC3 mode that has been used for many 3GPP submissions. It is representative of state of the art power amplifier performance supporting:

· PC2 and PC3 modes

· High linearity and PAE 

· Wide bandwidth: supports 3CC UL and close to 200MHz band

· Low EVM floor: supports 256QAM
2.3. Simulated versus Measured Comparison
2.3.1. Reference LTE 1CC
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Figure 2: Measured (left) vs simulated (right) reference 100RB LTE QPSK plots

Table 3: comparison for LTE 100RB QPSK

	
	Pout
	EUTRA ACLR low
	EUTRA ACLR high

	Measurement
	29dBm
	-32.4dB
	-31.9dB

	Simulation
	29dBm
	-31.8dB
	-31.7dB

	Error
	na
	0.6dB
	0.2dB


2.3.2. 100MHz 3CC LTE 64QAM Waveforms

Table 4: comparison for LTE 100MHz 3CC 64QAM

	waveform
	
	Pout
	EUTRA ACLR low
	EUTRA ACLR high

	3x100RB
	Measurement
	27dBm
	-31.0dB
	-32.0dB

	
	Simulation
	27dBm
	-32.1dB
	-32.1dB

	
	Error
	na
	1.1dB
	0.1dB

	1RB-0RB-1RB
	Measurement
	27.8dBm
	-31.1dB
	-31.7dB

	
	Simulation
	27.8dBm
	-30.9dB
	-31.1dB

	
	Error
	na
	-0.2dB
	-0.5dB
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Figure 3: Measured (left) vs simulated (right) 100MHz 3CC 64QAM waveforms 
3x100RB (top) and 1RB-0RB-1RB bottom
2.3.3. 200MHz 3CC LTE 64QAM Waveforms
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Figure 4: Measured (left) vs simulated (right) 200MHz 3CC 64QAM waveforms 

3x100RB (top) and 1RB-0RB-1RB bottom

Table 5: comparison for LTE 200MHz 3CC 64QAM

	waveform
	
	Pout
	EUTRA ACLR low
	EUTRA ACLR high

	3x100RB
	Measurement
	26.7dBm
	-31.7dB
	-31.1dB

	
	Simulation
	26.7dBm
	-33.4dB
	-33.4dB

	
	Error
	na
	1.7dB
	2.3dB

	1RB-0RB-1RB
	Measurement
	24.9dBm
	-35.5dB
	-31.2dB

	
	Simulation
	24.9dBm
	-41.0dB
	-41.2dB

	
	Error
	na
	5.5dB
	10dB


2.3.4. 300MHz 3CC LTE 64QAM Waveforms
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Figure 5: Measured (left) vs simulated (right) 300MHz 3CC 64QAM waveforms 

3x100RB (top) and 1RB-0RB-1RB bottom

Table 6: comparison for LTE 300MHz 3CC 64QAM

	waveform
	
	Pout
	EUTRA ACLR low
	EUTRA ACLR high

	3x100RB
	Measurement
	25.3dBm
	-34.1dB
	-31.1dB

	
	Simulation
	25.3dBm
	-38.3dB
	-38.3dB

	
	Error
	na
	4.2dB
	7.2dB

	1RB-0RB-1RB
	Measurement
	22.1dBm
	-34.8dB
	-31.1dB

	
	Simulation
	22.1dBm
	-42.8dB
	-43.0dB

	
	Error
	na
	8.0dB
	11.9dB


2.3.5. 400MHz 3CC LTE 64QAM Waveforms

Table 7: comparison for LTE 400MHz 3CC 64QAM

	waveform
	
	Pout
	EUTRA ACLR low
	EUTRA ACLR high

	3x100RB
	Measurement
	23.1dBm
	-32.4dB
	-31.0dB

	
	Simulation
	23.1dBm
	-41.7dB
	-41.7dB

	
	Error
	na
	9.3dB
	10.7dB

	1RB-0RB-1RB
	Measurement
	19.6dBm
	-34.5dB
	-31.0dB

	
	Simulation
	19.6dBm
	-42.0dB
	-42.0dB

	
	Error
	na
	7.5dB
	11.0dB


[image: image17.png]Spectrum Analyzer 1
ACP

KEYSIGHT

Input: RF Input Z: 50 Q Atten: 20 dB Trig: Free Run (Center Freq: 2.550000000 GHz
Coupling: AC Corrections: Off Preamp: Off Gate: Off AvglHold>10/10
GO |ExtGain 262608 [Freq Ref:Ext (5) LNP: Not Enabled IF Gain: Low Radio Std: None.

m Align: Auto NFE: Adaptive PNO: Best Wide Noise Correction: Off

1 Graph v

ScalelDiv 10.0 dB Ref Value 20.00 dBm

Log

100
000 34208 2 i 31008
]
—

Center 255 GHz Video BW 22.000 kHz* Span 1.5 GHz,
#Res BW 220 kHz Sweep Time 770 ms (1001 pts)
2 Metrics A

Total Car Pwr | 22.830 dBm/396.6 MHz

Total PSD

Lower
ACP Ref Carrier ACP Ref Carrier
OffsFreq  IntegBW dBc dBm  dBm Car# dBc dBm  dBm Car# Fiter
A 4000MHz 3980MHz -3423 -1140 2283 1 -31.03 -8205 | 2283 1 OFF

‘ Mar 21,

2017

4:16:33 PM

2

B4

@‘ Amplitude v

Mech Atten p—

2038

‘Adjust Atten for Min JA(CHIE T
Clipping g

Mech Atten Step Signal Path

== 248 )

10dB



[image: image18.emf]-600 -400 -200 0 200 400 600

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

FREQUENCY  (MHz)

POWER  (dBm/220KHz)

 [image: image19.png]Spectrum Analyzer 1
ACP

KEYSIGHT

Input: RF Input Z: 50 Q Atten: 20 dB Trig: Free Run (Center Freq: 2.550000000 GHz
Coupling: AC Corrections: Off Preamp: Off Gate: Off AvglHold>10/10
C) Ext Gain: -26.26 dB Freq Ref: Ext (S) LNP: Not Enabled IF Gain: Low Radio Std: None
m Align: Auto NFE: Adaptive PNO: Best Wide Noise Correction: Off
1 Graph v
ScalelDiv 10.0 dB Ref Value 20.00 dBm
Log
100
000 34548 LEEICE 31108
L \"\
Center 255 GHz Video BW 22.000 kHz* Span 1.5 GHz,
#Res BW 220 kHz Sweep Time 770 ms (1001 pts)
2 Metrics A
Total Car Pwr  19.327 dB/396.6 MHz
Total PSD
Lower
ACP Ref Carrier ACP Ref Carrier
OffsFreq  IntegBW dBc dBm  dBm Car# dBc dBm  dBm Car# Fiter
A 4000MHz 3980MHz -3446 -1513  19.33 1 -31.06 -11.74 | 1933 1 OFF

‘ Mar 21,

2017

4:23:04 PM

2

B4

Amplitude

Y Scale

‘Adjust Atten for Min [AUCIIEL
Clipping

Signal Path



[image: image20.emf]-600 -400 -200 0 200 400 600

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

FREQUENCY  (MHz)

POWER  (dBm/220KHz)


Figure 6: Measured (left) vs simulated (right) 400MHz 3CC 64QAM waveforms 

3x100RB (top) and 1RB-0RB-1RB bottom
2.4. Analysis of Model Errors

2.4.1. Model Error versus Bandwidth

Table 8: Model vs Measured worst case ACLR error vs BW

	Type of waveform
	20MHz
	100MHz
	200MHz
	300MHz
	400MHz

	Wideband waveform

(fully allocated 1 or 3CC)
	0.2dB
	1.1dB
	2.3dB
	7.2dB
	10.7dB

	“Tonal” waveform (2RB 3CC)
	n.a
	-0.2dB
	10dB
	11.9dB
	11dB


As can be seen from Table 8 AM/AM and AM/PM measurement extracted model has proven valid up to 60MHz 3CC LTE study starts to have marginally acceptable error at 100MHz bandwidth and significant error from 200MHz bandwidth. 

To better appreciate the error the ACLR can be translated to MPR prediction error using a still approximate 3dB ACLR/dB Pout relationship: using this approach the MPR error for fully allocated waveforms would be 0.3dB at 100MHz, 0.8dB at 200MHz, 2.4dB at 300MHz, 3.6dB at 400MHz knowing than the 3dB/dB assumption is only valid for small ACLR errors. Furthermore, 3dB/dB does not hold well for large BW, and more MPR are probably needed because of a smaller ratio.
As already discussed, the more tonal 1RB-0RB-1RB 3CC waveform shows even more error, especially from 200MHz onwards.

Observation 2:

· For sub-6GHz, measurement extracted AM/AM and AM/PM PA model provide valid results up to 60MHz, marginal results at 100MHz and significant error from 200MHz onwards

· Tonal waveforms are more prone to model errors and PA nulling and memory effects
2.5. Errors Contributors
It is not possible to develop a complete analysis of the sources of error, but we can provide here a list of potential contributors:
· The model cannot represent asymmetric behavior of PA especially gain variations versus frequency both in amplitude and phase especially when channel bandwidth becomes a significant fraction of the transmit frequency (100MHz channel is 4% fractional BW for Band 41)

· The model cannot represent nulling effects in tonal IMD products

· The model cannot represent memory effects

2.6. Recommendations for NR UE UL studies

Based on this study: 
· Carefully extracted AM/AM and AM/PM models can be used up to 100MHz bandwidth provided that some error margin is accounted for.
· This error margin can be better appreciated if some corner cases are compared to measured values.
· From 200MHz onwards model validity cannot be guaranteed and unless a more complex model is agreed measurement shall be used.
3. Conclusion
This discussion paper provides inputs on the validity of the power amplifier modeling approach currently used for LTE for the larger bandwidths that are considered for NR.
Observations:
· For sub-6GHz, measurement extracted AM/AM and AM/PM PA model provide valid results up to 60MHz, marginal results at 100MHz and significant error from 200MHz onwards

· Tonal waveforms are more prone to model errors and PA nulling and memory effects
Recommendation:

· Carefully extracted AM/AM and AM/PM models can be used up to 100MHz bandwidth provided that some error margin is accounted for

· This error margin can be better appreciated if some corner cases are compared to measured values.

· From 200MHz onwards model validity cannot be guaranteed and unless a more complex model is agreed measurement shall be used.
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