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=/ Envelope tracking
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Envelope tracking
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Shaping table depends on the properties of the RF PA,
viewed as a three-terminal component.

X-parameters provides a procedural approach to characterize & model
the RF PA for shaping table design, including bias and load effects.
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Envelope tracking

* Design considerations with ET  « XP model, which is a frequency
* High PAR input signals domain black box behavioral
e Varying supply voltage model, is studied
e Varying load * Design and characterization
assumption:
« SMis ideal
 |Interconnection impedance is
minimum
* PA s quasi-static to the supply
voltage variation
* Load is approximately matched
(but more on this later)
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=/ Envelope tracking

2013

Practical approach is designing the shaping using static
characterization at multiple supply voltages under quasi-static
assumption of the PA

12 I E—— .
N\ O 9dB constant gain

0 —  rs &y

1 ‘ \ A Maximizing

efficiency using
| saturation point
(P1dB)

Gain (dB)

Drain voltage is swept
from2Vto6V

Pout (dBm)
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I S X-parameters

<2013

- X-parameters are the scientifically correct
extension of S-parameters to large-signal conditions.

— Measurement and simulation based, identifiable from a simple set of automated
NVNA measurements or directly from ADS circuit-level designs

— Vector nonlinearities (Magnitude and phase of distortion)

— Intrinsic DUT properties (calibrates out source impurities & multi-freq. mismatch)

— Cascadable (correct behavior in mismatched environment)

— Extremely accurate for high-frequency, distributed nonlinear devices

— Includes bias dependence

Measure X-parameters X-parameter Component : ADS, SystemVue & Genesys:
-0r- Simulate using X- Design using X-parameters
Generate X-parameters from parameters
circuit-level designs
& G ’@| HARMONIC BALANCE _I
:gfzﬂlo[l\bbd\dflbe
g Freq[1]=RFfreq
Order[1]=5 o
UseKrylov=no
X2P EquationName[1]="RFfreq" /ﬂ W W W
EquationName[2]="RFpower"
XNP1 EquationName[3]="Zload" & i i ";:;?ng"s SRR SR
File=
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Reflected Transmitte

| | Incident

Measure

Model
B = X(A)

Agilent Nonlinear Vector
Network Analyzer

Design

fite

JR;:-; i \ ‘ I Reflected
Design System
EDA Software
T . ‘: I: Same use model as
L Incident 'H IT S-parameters

but much more powerful

N
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Complex Spectra and
Nonlinear Maps

Harmonic Index Bp'k = Fp,k (Al,l’ A A A LA, A2'3,...)

Port Index
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Time-invariance and
spectral linearization
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X-parameters allow us to simplify the general B(A) relations:
Trade efficiency, practicality, for generality & accuracy
Powerful, correct, and practical; Native Freq. Domain Model

DC dependence automatically included. NVNA controls DC supplies
and synchronizes measurements with applied RF signal

Bi — Sll(DC)A1 + Si2 (D(:)A2 The simplest X-parameters

are just linear S-parameters

ef ,gh ef ,gh

B, = XP(DC,[ A, )P + X X (DC,[A)P'"- A, + 3 X (DC,[A,) P A,
g,h g,h

matched response |oad & harmonic mismatch new mismatch terms
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X-parameters of GSM PA
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veatrr 4 0 e \ ..... H BT MODULE
DCS/PCS_IN ——{E— Match P;;\, Match '—l DCS/PCS_OUT
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3 o — X-params -16
(a1
10 ° 5/ 0.5 1 1.5 2 -1.7 X
20 0 0.2 0.4
Real

VAPC

Horn et al., EuUMC 2009

“X-parameters provide a nonlinear electronic interactive datasheet”
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[ X-parameters of mixers: 3 rf ports
2

electrical schematic Mini-Circuits
o, et ukopt e LR LAVI-22VH+ (TB-433)
| a— -E | Double-balanced Mixer
L rl | 3-ports
| |
| |
| |
| |
| |
'L____T___f"""?’_"'f’l_f____i New measurement: IF Phase!
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Iﬁ Simulation of dynamic signals

2013

B, (/1 Xow
B, = Xéi) (DC"Ai,l‘ )ew(&l)

Al,l

Now assume the signal is modulated in time: A=A (1)

Quasi-static approximation: evaluate static X-parameter function at each time instant

B,,.(1) = X {7 (DC,[A, ()] )
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1 Simulating Dynamic signals (2)
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Byl Xab B, (1) = B, (1)

~~

XD (DC,[A,®)] )™

A Al 1
A, (D) " Envelope Domain:
’ same mechanism generates
spectral regrowth from
digitally modulated signals A T /r A
(e.g. estimates of ACPR, EVM) freq
i LIMITATIONS (Quasi-Static approximation):
L Symmetric intermods, independent of modulation rate
No BW dependence; No Memory
T T Valid in the slow modulation rate limit (narrow band)
_ y (F) if(AL ()
freq Bz,k (t) — X2,k (DC(t)’ ‘Ail(t)‘ )e
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Simulation-based approach
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Envelope simulation

« Input signal Ckt Fix ET « Instantaneous
. LTE “”‘]MW __, * AW/AM
« 16 QAM --- « AM/PM
e 5 MHz - » PAE

Six cases where there is a
dynamic signal

 XP models are extracted in two cases to show the sources of dynamic
response contribution
— entire circuit
— bare transistor
» Fixed bias performance is compared to ET operation for the reference
circuit model and the two X-parameter models

WSO: Transceiver and Technologies for Femto/Pico Cell Comm. Systems IMS2013, Seattle, June 2-7, 2013

15



ié Simulation-based extraction
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Generating the X-parameters (1)
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I' v e i  XP_Bias S vdd
Fixed gate | ske2 | : I PORT2 : SWeep
| Vde=175Y | Entire PA : Num=2 1 3-6V
) JE— - | DC_start=3Vv I
pmmEEm——— ~\ I DC_stop=6V :
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1 XP Load

PORT1

\
I 1
| Smmmmmm e ’ Il PORT3 |
Z0=(50+j*0) Ohm f CORIS
LS_ start[1 Mag]=dbmtow(-10) | j| 20=(50+j°0) Ohm |
LS_start[1,Phase]=0 : @ ———————— 4
—_ ILS stop[1,Mag]=dbmtow(26) X-Parameters B .
— 1LS stop[1 Phase]=0 : — Fixed load
lLS numPts[1,Mag]=37 | X_Param
{_s numPts[1,Phase]=1 ,' XP1
D T —— - Freq[1]=850 MHz
Order[1]=15
Input power sweep XParamMaxOrder=5
-10~37 dBm W2305 X-parameter generator
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Generating the X-parameters (2)
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Transistor
" ----------- \‘
1 ¥ _ XP Load
I I e
i — HP_MOS I RI7 ~\
I HPMOS1 1 [gg_starhé.\f';v \I
: Model=hpmos | _stop=
L XP_Source i s Wtot=704E-6*ceIIs: -_LIEC_dnumZts=c1;0 : Vvdd sweep
$ |poRTE=——————— ~ — N=8*cells —ILoad_mode=Gamma 1.5-6 V
AT R S IS vl | Lond swee
DC_value=1.75V _ =
T | S Startf1 Mag]=dbmtow(-20)1 T VAR IS start[1,Mag]=0.69 P
! LS star1 Ph ' VAR IS sttt Prase1546 | Mag:0.69 — 0.89
— LS_start[1 Phase]=0 I colls=28 jLS_start[1,Phase]=154.6 ag.u. — V.

j LS_stop[1,Mag]=dbmtow(27) 1 LS_stop[1,Mag]=0.89
LS _stop[1,Phase]=160.6

2 I
j LS_stop[1,Phase]=0 | LS [
‘ LS _numPts[1,Mag]=48 I @ X-Parameters 'J lLS_numPts[1 ,Mag]=3 |
\I_S_numPts[1 Phase]=1 I' I-—I-; J q LS numPts[1,Phase]=3 l’

Phase:154.6°-160.6°

\

- - X_Param N - — -
XP1
Fixed Vgs =1.75V gﬁiﬂﬁfg’o MHz HP_MOS_Model
InPUt power Sweep XParamMaxOrder=5 rI;iriglc"'?notorola_mosfet_h"
-20~27 dBm Suggested: Sweep load
over a large region in the
Smith Chart.

Sometimes active LP
needed to go beyond it
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Envelope Tracking Implementation
5 G Shaping
R VARS3 a I n
R2 R2 Vdrain=file{DAC1, "voltage"}
S R=50 Ohm Delta_Vdrain=Vdrain-3.25 Tab I e
SDD3P
SDD2P1
L SDDIiP1 I1,0]=0 - f rO m
I[1.01=0 = I[2,0]=-(Delta_Vdrain)50.0 = VCVS
I[2,0]=-(_v1**2+_v3**2)/50 Cl= SRC4 + X
g%)l:o Cport[1]= (R51=150 on =V _DC - - p ar
- ) VAR =500hm - =EaR
Cport[1]= VAR2 R2=0 Ohm - \3/50213 5 gitgfccessComponent m 0 d eI
Detected_Pin_dBm=10%log(mag(_v1)/100+1e-10)+30 L File="Vdrain_vs_Pin_dBm_iso_gain_Ang
- ExtrapMode=Constant Extrapolation
iVar1="Pin_dBm"
Vs high iVal1=Detected_Pin_dBm
1Q_DemodTuned,
DEMOD1 <
Fnom=RFfreq
Rout=50 Ohm o = @ ENVELOPE
Is_high Envelope
Env1
o mm ey,
g |_Probe V4 I A8 | Probe Freq[1]=RFfreq
R1 - c2 Order[1]=9
input 1 [ load rder[1]
oo Vingat | I i Ry il Vioad Stop=50 usec
3 in oal
\'g I e A | Step=32.5520833 nsec
: VtDataset | g 1 X3P I
SRC3 1 c11 our |XNP1 | MeasEqn
" ", =1.0u
1 Dataset="LTE_UL_TxSpectrum.ds’] IFiIe="xparam sample_PAxi]p" Term Precompute_data_to_dataset
| Expression="Waveform" \ - - Term2
Freq=RFfreq | AL L L L T T Nomez VAR
‘ =L Gain=4.2 U =" z=50 VART
SEem e XnP Component =

LTE UL for the sample PA

16 QAM ADS ET examples can be downloaded from [1]:
http://edocs.soco.agilent.com/display/eesofkcads/Applying+envelope+tracking+to+Improve+Efficiency
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Iﬁ Simulation-based validation

2 0

O Circuit
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WSO: Transceiver and Technologies for Femto/Pico Cell Comm. Systems IMS2013, Seattle, June 2-7, 2013 20



N bt -

Simulation-based validation

013
60 o X-par(i PAE,,, (%)
. © CK(ET)
R 40 o CkiFxd) XP(ET) 43.3
LLl
<
CKi(ET) 42.4
Yo | N W A i — (ET)
o e s ol Cki(Fix) ~ 31.7
0 10 20 30
P (dBm)

» Instantaneous PAE was calculated using LTE signals and drawn over the
histogram of the signals.

« Both XP and circuit model predict PAE improvement over fixed bias as expected.

» Itis interesting to notice that, under ET, the instantaneous PAE predicted by the
circuit model shows wider spreading than fixed bias.
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ﬁ Measurement-based X-parameters

2013

« GaN HEMT 8 W Class-F1 (Triquint TGF2023-02)

» Drain voltage sweep : 12 ~ 30V
» Load-pull performed with VTD SWAP-X402 (now Agilent)
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10 dBm 20 dBm VDS = 19230V
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1 +38 dBm 1
e e I
20 dB 13dB
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1w 1w 1 1
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Validation of measurement-
based X-parameter model

Load-sensitivity of X-par model

Tuner Load Set 1 i
S
:
3f,
@
N 2f,
: 1t —*G
o n
af,

PAE (%)

(0.000 to 0.000)

X-parameters at 50 ohm
Load-pull with tuner

NVNA 50 ohm

20_
_: - ] ,.._-—"’,:y___g
16' ‘A.::AJ )
1 gmemm=ee "
12 = ﬁ
4 T I T T ] T | T T
0 10 20 30 40
Pout
100

Pout (dBm)

WSO: Transceiver and Technologies for Femto/Pico Cell Comm. Systems

IMS2013, Seattle, June 2-7, 2013

24



i_ Validation of measurement-
based X-parameter model

20
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i_ Validation of measurement-
based X-parameter model

Power Gain

3f,

Gamma L

(0.000 to 0.000)

------- X-parameters at 50 ohm
Load-pull with tuner
NVNA 50 ohm
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'L Validation of measurement-

based X-parameter model

20
Tuner Load Set 4 _ 16
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Validation of measurement-

based X-parameter model

3f,
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Load-dependence of shaping table
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Shaping table

Gamma L

(0.000 to 0.000)

Pinc
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ET measurement setup

« The WCDMA test signal was fed to the RF signal generator through
arbitrary signal generator

 The shaped signal based on the XP model was fed the supply modulator
through another synchronized arbitrary signal generator

e The supply modulator from [4], which has 70 MHz bandwidth and 32 V.,

was used for the test

» WCDMA test model 1
3.84 MHz

10.3 dB PAR

30.72 MHz sample rate
1 ms repetition

28.8 dBm Pout.avg

Matlab
ARB 1 ARB 2 ENEEEE
Tracker
|
|
Signal 1
Generator |
|
|

Signal
Analyzer
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l Results for GaN PA

ET O Fixed (26 V) O Fixed (28 V) Fixed (30 V)

Measured Results Fixed Bias operation ET operation

On GaN PA
PAE 40.3% 57.8%
OQutput power 30.6 dBm 31.3 dBm
- Averaged over 26, 28 &30V 21V average
conditions fixed bias conditions bias over PDF
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Discussion
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o Static XP model based shaping table design shows
significant PAE improvement under ET operation

 ET operation showed more gain compression and wider
AM-PM spreading than under constant bias operation

— lack of linearity improvement might be attributed to increased
memory effects under dynamic biasing different from the ideal
assumption in the simulation

— Quasi-static assumption is likely valid when the supply modulator
IS iIdeal

— Supply modulator output impedance and inter-connection
Impedance between the modulator and the PA may not be ideal

— Slew-rate and bandwidth of the tracking amplifier are high and
are not likely the problem

WSO: Transceiver and Technologies for Femto/Pico Cell Comm. Systems IMS2013, Seattle, June 2-7, 2013 32
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Suggestions for future work
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e Treat RFPA as three-terminal “Incommensurate
mixer’ X-parameter model

B, tnm = X3 (A @) [Apon ) P, OPT (©)

(S) n-n' m-m'
T Z XZ,[n,m]:p,[n',m'] ( Al,[l,O] (t) ! A3a[0a1] (t) )Ap,[n',m'] Pl,[l,O] (t) PS,[O,l] (t)
n'm,p
(T) * n+n' m+m'
T Z X2,[n,m];p,[n',m']( Al,[l,O] (t) ! A3,[0’1] (t) )Ap,[n',m'] Pl,[l,O] (t) P3,[O,1] (t)
n,m'p

See talk WE3D-4 14:50-15:10 ref. [22]
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Suggestions for future work (2)
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* Application of Dynamic X-parameters to ET
applications: beyond quasi-static approximation

e Characterize the modulator and take it into
better account in the design

WSO: Transceiver and Technologies for Femto/Pico Cell Comm. Systems IMS2013, Seattle, June 2-7, 2013
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Conclusions
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 The envelope simulation and measurement
results show good quantitative agreement for
the static nonlinearity of the PA versus power
and drain voltage, and also as a function of load

 The load-sensitivity of the lookup table predicted
by the XP model was independently validated by
time-domain loadpull measurement
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