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Power Amplifier Design with X-Parameter*
Power Transistor Models

DC Bias

Lumped or Distnbuted Network Lumped or Distnbuted
Elements l I Elements
o, e— Input Output  f—e =
5 Matching GaN HEMT Matching ~
“ e—— Network Network [ =

Larry Dunleavy
Modelithics, Inc.
Tampa, FL

e POUAICEM) — GANYAB) ~— PAE(%) = DE(%)|

Froquency (MHz)

*X-parameters is a trademark of Agilent Technologies. The X-parameter format and underlying equations are open and
documented. For more information, visit www.agilent.com/find/eesof-x-parameters-info.
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Outline

A Simulation-Based PA Design Flow

APA Design with NL fACompac
A PA Design with NL X-Parameter Models

A Examples

A Summary

A Genesys X-parameter Demonstration
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Example PA Design Flow with NL Models

A Perform simulated load-pull at frequencies of interest and select
iInput and output matching conditions for desired Eff. / Power.

A Simulate S-parameters vs. frequency with selected port
Impedances T address stability issues / iterate.

A Setup idealized matching networks that achieve desired
Input/output match conditions.

Realize MN with microstrip elements and scalable parasitic
models for all RLC components used for matching and bias.

Perform NL Optimization T if practical.
Layout, Fabricate boards, Assemble & Test

To T T I

Close the Loop T compare simulation and measurement and
Investigate/resolve/understand discrepancies
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Example 10 W GaN PA Design Example
(S. Gupta - USF PA Design Course Project)

Design Goal

Power added efficiency
Output power
Frequency of operation
Power gain

Output return loss
Input VSWR

DC bias range for (For AB
operation)

60%

>10W

1.5GHz (narrow band)

8dB min.

5dB

1.5:1

V4s=20V to 28V, 1,,<=160mA for (minimum)

c: = c: = c =

Nitronex6 N P T GEANIHEMT transistor is selected was the core
device, due to its high performance as well as model availability.

Free Model Download at:

http://www.modelithics.com/mvp/Nitronex/
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Transistor: Nitronix NPT1012

oﬁ L3
HWAT MIT MPTTO1Z MOLMLTA
#3
WOQ=28 %

Temperature=25
Self_Heating=1

>
o

-

DC - 4000 MHz
25 Watt, 28 Volt
GaN HEMT

HEMT MODEL

T

Model Features

O= Broadband (0.1-4GHZ)
O= ton-linear (Angelov model)
O—= Measurement validations:

- Pulsed-Tv

- Multi-biased S-parameter
Nitronex NPT1012

High Power GaN HEMT

- Multi-temperature S-parameter
- Power gain compression and PAE
- Load pull at 250, 900 MHz

HMT-NIT-NPT1012

Model Description

HMT-MIT-MPT1012-001-5 is a non-linear model for the Mitronex MPTL012 high power Gahl HEMT
device based on the extraction of Angelov model The modesl is intended to be used In commercial
and industrial applications. The madel is verified through loadpull at 250 and 900 MHz.

Circuit Model
= Physically motivated
L (can be ~ scaled)

|
= ﬁCompacth N L
|
|
|
|
|
|
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Source-Pull simulation for optimal source
Impedance

m4

freq=1.500GHz
SParam..S(1,1)=0.878/-179.699
impedance = Z0 * (0.065 - j0.003

SParam..S(1,1)

ek freq (100.0MHz to 4.000GH?)

T_EPFTIONZ_MOLMELTY

HET_)
e =
wR-H=WY
Tempembre=2
Belf_Hemlimg=0

m2
Source pull g]geelri(crgﬁgau??s_p:o.949 / ﬂkie

level=45.803546,"number=1

_p
Y

impedance =1.302+ j0.721

PAE_contours

Pdel _contours

Sourcepull simulation shows that the conjugate
S11 of the device is a good starting point for input
matching network design.

(Pin = 28dBm, f=1.5GHz) e (Pac-conioursE) (5960 io 31 600)
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Load-Pull Analysis at 28dBm, 1.5GHz

One Tone Load Pull Simulation;

output power and PAE found at
each fundamental or hamonic M ax POWEF
load
Laad_Pull_instrument!_r Load Pull Instrument 1 Push into instrament
Y siasse2v | o ak v
_Dlagi=. - & % modi {F13 ark, 1 .
V Bias2=28'V 1s ::rnco' gE) Loaq fnecessary. e Set new reference impedance:
RF_Freq=1500 MHz [N DG) Bast = Bias2 (N0 D) t - ZO _50
Pays_dBm=28 A ] 1 \ CO? OléfB Eqgn new=
20=T+"0 | evels, m:
Specify_Load_Center_S=no 1 | }
Sweep_Rectanguiar_Reglonwno [ 45.86
S ey S ' 45.50 Re-Normalized PAE and
_Load_Center_Fund=7+)'0 3 . i P
Z_Load_Certer_2nd=15+j21 45.00 Delivered Power Contours
Z_Load_Center_3rd=1.3+)"2 | B (A
S_Load_Radius=075 4450
Z_Source_Fund=2+"4 44 .00
Z_Source_2nd=1000 T 43.50
b
Nate Hr.'l_-":. T_NPT1012_MOLXNLTY
if the optimal load 18 near, for example, 5+)"10, you can make X2 8 .8 -
this the center af the Smith Chart by sefting Z0=54*10. In this VDG=28 V 2383
case, youwould want to set S_Load_Center_Fundsdor Tempertue=25 b § s 'g
(if Specify_Load_Center_S=no) Z_Load_Center_Fund=5+*10 Self H 0 PAE contour w2499
Setting Sweep_Rectangular_Region=no to specify sampling _Heating 0/ « mlf/’ b |
a circular region might be preferable In this case. levels, %: - %u @®
o=
€E28
71.316 s g%e
70.000 U =8
68.000 53 oy
66.000 SEX X
64.000 aa
62.000

Pout PAE

Goal 10W 60%
(40dBm)

Design 43dBm 73%

Max PAE
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Load-Pull Analysis at 28dBm, 1.5GHz

At load that gives maximum power (and gain):

BiasCurrent_at_MaxPower |
3.269

~MaxPowerRho
0.480 /-172.462

Zload_at_MaxPower
2.471-)0.404

PAE _at MaxPower

42598
Z_In_at_MaxPower Gain_at_MaxPower
0.011-j1.177 17.908
Pdel_dBm_Max
45.908
At load that gives maximum PAE:
__BasCurrent_at MaxPAE || Zioad_at MaxPAE || MaxPAE Rho
0.759 7.111 + j8.585 0.520 1 57.944
PAEmax
71.388
Z_In_at_MaxPAE Gain_at_MaxPAE
0.597 +0.854 13.838
Pdel_dBm_at_MaxPAE

41.838

PRECISION
MEASUREMENTS
AND MODELS YOU TRUST

System Reference Impedance Z0:
A Rho of 0 corresponds to a
load impedance of conj(Z0).

7.000 +0.000

PAE and Delivered Power Contours

s

Selected Load

i NNEE \ ¢ Good PAE/Pout
.:IB[ v {
ZL = 7+ 7.442
Max PAE
(PAE, %) (Power Deliverad, dBm)
level=71.316238, number=55 level=45 861850, number=55 Max Power
7.101 +j8.511 2436 +)0.314
Transducer Power Gain Contours,
Simulated Load Refiection Coefficients and
Corresponding Input Reflection Coefficients
Pout PAE
Goal 10W 60%
(40dBm)
Design 43dBm 73%

Modelithics

Copyright © 2012 Modelithics, Inc.




Input/Output Matching Network Design

— — —
Term TLY Teed T2 . = i * T ml T ™
- " ATE_HI0LEE Z1P_Eam = L s LA e
;:';;;Hﬂ -= Z1P_Eam ATE_HTL _EH i
= Z1P1 z-m1mmm
LI -
* Goal
Input Z* Goa
Output f1z ooz
*s Goal
- Z*s Goa
2 0
0 2|
2 i
i 4 —]
. 4 — 4
3 B 3
o e S o
@ ] ) 8
o -8— o -8 —
© 7 kel
-10— 7
4 -10 —
-12— i
_14; -12 —
-16 T T T 7T { T T T 7T { T T T 7 { T 1T T 7T { T T T 7 { T T T 7 _14
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 3.0
freq, GHz freq, GHz

Initial input/output matching network using MDLX CLR models and
transmission lines. Both networks show good return loss performance at

1.5 GHz center frequency.
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dB(S(2,1))

== 0=

N -
= i
VD 45 30~

Swept Frequency Simulation Shows Stability
Issue with Matching Networks

fz_ 8 ) PAE (%) vs. Pin (dBm)
10 q=1.580c;Hz ! 80—
NS (2.2))=-8.794 70—

eq=280.0MHz I

Pout (dBm) & PAE (%)
N
o
I

25 JdB(S(1.1))=-7.210| Before 10
S0l Stablllzatlon 0 TT i Vv[vrrTrprrrrjrrrrprrrrprorTy
3 —p—Apr—r—r T T T 5 10 15 20 25 30 35
0.0 05 10 15 20 25 o
wer
freq, GHz po
20 v
15 7 8 ] PAE (%) vs. Pin (dBm)
10| [freq=1.530GHz =1.580GHz | 80—
5| dB(S(1,1))=-27.376 S(2,2))=-15.884 S 70-
=z= ° W 60
SN 5 £ 180~
228 ™ T 407
ST g5 After & 30
20| 280.0MHz s . z a
| [ [9B[S(1,1))=-10.986 Stabilization 3 fg ]
. . n' -
'30¥ / FInaIDeSIgn c-" 1l[rllllYlll]lllflllifl[lr]
‘35 T T T T T T T T T T T Y T T T T T T T
o us A i B 25 5 10 15 20 25 30 35
freq, GHz RFpower
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Final Design

/ Stabilizing <
networks

Output matching
network

Input matching
network

In the final design, the input and output matching networks were optimized
(Model i thics CLR Library model s uthreed f
stabilizing networks were added.
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Layout , Fabrication and Measurement 1.5 GHz PA

Gate Terminal

Shunt stabilizing =
network u Stabilizing

/ \ v “— Resistor
'\ — RFchoke
: > Transistor (HMT -NIT-
NPT1012001-S )

/P . o/P
- 2 - ‘
T
DC Block DC Block ]
RF choke B
Series stabilizing = o]
) network . N _
Input matching network . Output matching network T= ] -
Icix ]
) . g
Drain Terminal — =2 g
L=
o] 1
g -
=
4
o 45 40}
@ i
+0 . AR
a - —_ — — T r — ,
~ 0 é,, Red —SHHUIated 0F 04 ©& 0B 10 12 14 18 18 2D
P i Blue = measured o
Zx -
10 -
o 20 4 o U
13 1% 17 19 1 D 2% » M 11T ® 1D 0 31 —— -
Paw dBm) Fasidin . e
3% ~ ! .
1 = ]
c 30 = 1 5 : !
Tae E wE 0
.E-" 20 4 ﬂ:; __' EE
s EE ! 2D s
E o —— 5% o 5
= E &
£ 4 - =
- -3
" =
2T 20 31 33 3% 37 3 k| ]
Pous dBw M L T T L | T T T 2 ) L | LI ™7 ™7 T 1T
e a4 og iX:] i i2 14 10 18 25 a2 LE] U] LE ] 1 iz 14 14 i8 30

freq. GHz freq, GHz

The PA met all the design goals without any tuning, with about a 50MHz (~3%)
shift in the center frequency.
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Closing the Loop

@1.5GHz Required Simulation Measured Specification

Specification @ 1.5 GHz @1.5GHz Achieved

Input RL (dB) >10 >10 >10dB Achieved*

Output RL >5 >10 >10 Achieved
(dB)

Stability Unconditionally | Unconditionally |Unconditionally Achieved

stable stable stable

Gain (dB) 8db (min) ~15dB ~14dB Achieved

Output Power 10 11 10 Achieved
(W)

PAE (%) >60 63 >60 Achieved*

* With frequency shift (~ - 50MHZz)

PRECISION
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Suggestions for Success |

U Team design review important prior to finalization of board
design /simulation

U Layout effects - pay careful attention discontinuity and pad
effect treatment

U Passive model accuracy and use

U Transistor mounting parasitics (pads, lead lengths, etc.)
may differ from fixture used for modeling

U Component and fabrication tolerances can play strong role i
true for the transistors as well as the passive components.

U Electromagnetic analysis (e.g. Momentum GXF) of final
layout generally leads to better simulation to measured
agreement.
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Wwhy PA Behavioral Models?

z() k y(t)

Input i "~ output

ANo knowledge needed of internal circuitry
AFaster simulation

ACan be ported more easily to other EDA software
AExample is S-parameters.

AMore relevant for PA work are X-parameters and other
similar and emerging NL model formats.

ACare needs to be exercised In trying to extrapolate model
performance outside of the data range used to build it.

PRECISION °
MEASUREMENTS Modelithics Copyright © 2012 Modelithics, Inc.

AND MODELS YOU TRUST



X-parameters (In brief)
A X-parameter model defined as

b”- — Xi}: (‘ALlDPJ T Z |fS|2| (‘Ail‘)PJ Iakl + Xuka)l (‘All‘)PjH a1i|)

k,1=(11)

where A1l is the large signal driven into port 1 at the fundamental frequency.
Index i is the output port, j is the output frequency index, Kk is the input port,
and | is the input frequency index.
X-parameter model captures the
magnitude and phase information of

A21 A22 A2N
Port 2

The X-parameter format and

T 1‘ """" A underlying equations are open
B21B22 B2N and documented.
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Consideration of using X-parameter Models
X-parameters can:

A add flexibility (e.g. ease of porting models between ADS
and Genesys) reproduce the nonlinear behavior in the
simulator

To

In some cases overcome limitations of compact models

To

have large file size (trade-off in generality vs. size)

To

be generated either from circuit level design or through
fast measurement(e.g.usi ng Agi X&WNAOGSs |
application)

A cut the simulation time and reduce convergence issues,
especially in loadpull-type of simulation and optimizations.
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*
Measured X-parameters* vs. Compact model at 6GHz
-30 200:
_50—- M = 180-: M
_ ) ° | 3 :
= -704 : 140-_
%, | o0 °
§ -90- 5 1%
-110- g 60—:
‘130."".".'". ..... —— A e —— 20' ..... e —
ILN w w N N N = = LN w w N N N = =
o (@] N (0] N o (@] N O o (@] N (0] I o (@] N O
Fund. Input Power, dBm
-10 3 ® v
1 100-_ L 4
'30‘ a E '. 5
_ 50! § wy T T
5 -70] m -20] Seesssssssssssssssssssnsss
2 -90 G ] °
@ -110 % -804 ®og00 00090 ,0 .
] [
-130 T -1404 .
-150: | . . - zoo,,,,,,,
N w N ) = (R N W ) N N ) = [REE
o (o] N (0] A~ o (@] N O o (@] N (0] IS o (o] N O
*Data taken Fund. Input Power, dBm Fund. Input Power, dBm

With Agilent PNAX NVNA
For details see reference paper presented at IEEE WAMICON 2012
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Measured X-parameter Model Can Have Better Data
Fit Vs. Compact Model (Load-pull Data is Symbols)

g 0 21
o -10 20+
2 -20- 194
Compact 2 0] & -
= ] ) 18-
MOdeI VS- -(% '40__ % 174
Measured £ "6
IM3 Data* 5 ., 15
L% -80- T T T T T T T "~ T T "1 14

1 T T T T T T T T "~ T "~ T "1
-42 -40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20 -42 -40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20

RFpower-3 RFpower-3
£ 04 25
m ]
= 404 ‘
X-parameter g - 23-
. 8 -204 ;
Model Fit g 302 g 21.
To Measured @ , <
@ "4V T 19
IM3 Data* «© 50" © |
g 17
5 -60-
. <
LE'7O-""'I""I"'I"l"‘l' 15""]""]""[""" |7
*Data taken -42 -38 -34 -30 -26 22 -20 -42 -38 .34 -30 26 22 -20
With Maury ATS Syste RFpower-3 RFpower-3

For details see reference paper presented at IEEE WAMICON 2012
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How to obtain X-parameter Models from Compact
Models

I_l oad

i FORTZ

"I_ 2 LS _stop[1,Phas e]=1&0
ZO50+F0) Ohm LS stop[2 Magl=0.9

Lagd_maode=Zamma LS _stop[2,Phas &=- 120
fregHarms=[1]=1 L5_numPts [1,hag]=5
_fregHarm=[2]=1 LS_numPts [1,Phas eFG
LS _format[l]=hlagiPhas e L5_numPts [2,hag]=5
formatf2]=hdag'Fhas & LS numPts [2,Fhas eFG

APy Source

HWAT_MIT_MPTI01Z_hArL*XHLT
]

WhiE2a W
Tempergtire=25
Self_Heating=0

L freqHarme [1F1
._format[1]=hag/Fhazs &

S swpType[1]l=Usesweap
LS walue[1,Magl= !
L5 =tart[1,Mag]=dbmtow 13 LS _start[1 Phase]
LS =tart[1,Phas e]=- 120 L5_start[z Magl=0.5
LS _stop[1, Mag]=db mbowu (25) = LE_star[z Phas e]= 150
LS =top[1,FPhas ]=-120 LS _stop[1.Mag]=02

LS_numPE [1 Mag=23 T~
I SWEEP PLAN I

= LS5 =zw pe[Z]=Us e sw eap

LS numPE[1,FPhas el=40 @

H-P arameters

X_Faram Siv eepFlan
P S pPland
1]=fundFreq Ft=1500 hHz XP_Load
rder Lk &5 eapFMan=
GmdfFile="MPTA012_nen xnp" B wepMan=
XP source Emd¥Enabled=yes Rewers e=na

S pfar[1]="fundFraqg"
S pHan[1]="Sw pPlan1"
#ParamhdazOrder=3

Three key elements to generate an X-
parameter model

X-parameter
simulator (E.g. File size 12MB, 3 harmonics, 42 loads,

1.5 GHz)
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Loadpull X-parameter Generation

A To generate loadpull X-parameter models, the XP_load
component needs to be set accordingly.

A This simulation can take a long time, depending on how
many load points, power levels, and frequencies are to
be swept.

A One needs to be careful about the sweep setup, since it
can easily generate a huge amount of data in the file.

PRECISION o
MEASUREMENTS Modelithics Copyright © 2012 Modelithics, Inc.

AND MODELS YOU TRUST



Simulation Generated X-parameter to Compact
Model Comparison - NPT1012

Gain(dB) and Pout (dBm) vs. Pin (dBm)

T
= 50
E 40—
E -
. 30—
o -
i 20_/ —~—
% i L
10
= 107 %
S o0 £ <
= o O
8'101|0||||1|5||||2|0||||2|5||||30 §§
RFpower EE
PAE (%) vs. Pin (dBm) 28dBm, 1.5GHz Loadpull
80— simulation
70—_
60—_
T 50—
w 40—
< ]
o 30— 1.5GHZ Power Sweep
20— Simulation with ZS at
18—_ 2.45+j*3.1 and ZL at 7.04+j*7.4
T T T T | T T T T | T T T T | T T T T
10 15 20 25 30

RFpower
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Example Modelithics X-parameter Model Data Sheet

S-paramier Simulation (compact vs. X-Parameter mode )

Amplifier Behavioral Model

Meodel Features
Model type: S-parameter and X-parameter madel / W /'6\

Extracted from compact madel v 3 "

o

Q

B

nan
L3
]

RN
o

Monlinear gain compression prediction

???°?

Extraction condition:
- frequency: 840—360MHz
- power range: 10 to 25dBm

Freescale MWEBIC9100MR1

- source impedance at S0chm and load varies. P A lifi
ower Amplitier

- VDD and VDD2Z at 26V
- VGG1 and WGG2 at 3.2V

119q 640 CARE ko 1 8004 / ""\
Model Description
The AMPXP-FRS-MWESICS100MR1-001 iz a non-linear behaviorzl model for the MWESIC9100MRL =
3 e
Model Representation

power amplifier from Freescale. This amplifier operatas from 869-960 MHz, with typical 33.5dE gain
and 100 Watt output power. The model is based on ¥-parameter data file extracted from the Frees-
cale’s compact medel (availzble from www. freescalecom for free download) at specified conditon
listed above

AMPXP-FRS-MWEBICI9100NR1-001

Technical Motes
n-nw:n--w«.

196 BAOME 1 1 200GHE)
#*  This S-parameter nad X-parameter based behavioral

rodel is extracted from compact model version of the
FAWESIZL00MRAL power amplifier at specified conditions
* Itz performance agrees with that of the compact modal

1-Tone Loadpull Simulation (compact vs. X-Parameter model)

AMFXP_FRE_MWESICE1 00MRA1_D01_MDOLKELC

X
* It provides 1-tone gain comprassion simulation capabil- modd modee1

wversion very well

ity at D20MHZ imore frequency points can be added per
request)
* It can provide two-tons intermodulation product predic-

P H)
{H)

4

tion in certain simulators (e.g. envelop simulator).

®  Itcan also beused for loadpull evaluation .

P del_contours,

*  Parameter model_mode selects Fngar and nonlinear
model model mode = O for small signal S-parameter

mgdel, model mode= L for X-paremater model opera-

Pdel_contours_scaled

tion.

Hote: to achieve bast result, the device's operating condition should be well-defined, otherwise
the ¥-parameter model extracted may either have a very large file size or users may rely on ex-
trapolation of the simulators which may result in less accurate results. o

Indep(Pdel_contours_p) (0.000 to 26.000) indep(Pdel_contours_scaled) (0.000 to 26.000)
Modelithics " modslthics cam. ssles@modeiithics.com . Rev. 110615, © 2001 real_indexs11 (-0.928 to -0.402)

Z0=50 ohm Z0=10 ohm
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Example X-parameter Model Freescale MWEG619100NR1
(7 harmonics used.

Interpolated Output Spectrum

60
X7 Baneitn a0 gteeruiss :F 1 4
st'l,y:'-cr'\xummoxd S 2 S E 40__ | ~
Tha X - erees s mooe windd of | > [ l’ﬁ] i A
tcnm..‘r\.mxs(gq_;-g)mm F e A rz g
e N o | - i g 20 |
oty vl & e Se paet ueet = M shee L s ) A A
bern sed v DC powet LA St Bl o 1 A
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How to use X-parameter Model in Actual Design

— 7 | | Forcomparison, we
. — | can simply replace the

T N compact model with the
l_‘ X2P and resimulate
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Verification of Model Replacement for Example PA

Gain(dB) and Pout (dBm) vs. Pin (dBm)

PAE (%) vs. Pin (dBm)
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Comparison of the large signal simulation results for
matched PA design using compact model (red) and X-
parameter model (blue). The results are
Indistinguishable.
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Equivalent Design Flow Can be Done in
Genesys: example output matching network
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Equivalent Design Flow in Genesys: example
output matching network
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Portability of X-parameter Model between Genesys
and ADS (1): Power Sweep
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parameter Model between Genesys

and ADS (2): Loadpull

Portability of X

28dBm, 1.5GHz, with Zs at 2.45+)*3.1
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X-parameters Enable PA Design Flow in Genesys
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VSl VDC=27.984V
PORT=1
R=500 vl
F=1.5e+9Hz [F] VDC=-1.997V
PAC=28dBm[RFpow erl] i1

=07
P'i 07 IDC=19.98¢-9A
)4 >

i2
IDC=0.077A

Port_2
Z0=500

.||g_._ l

|=
|H

Data4 {HMTXP_NIT_NPT1012}
- model_mode=1

When the compact transistor models are not available, one can use the
equivalent X-parameter models instead with confidence
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Genesys Simulation Result
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X-parameter-Based MMIC PA Design Example
(shared with permission of Neil Craig , Nitronex)

Nitronex GaN MMIC Transistor and Process Characteristics

GaN MMIC Element Characteristics
FET Lg=0.5um
Vbr = 100V
Idg = 25 mA/mm
MIM Capacitor 150 pF/mm”
Vbr = 100V
Thin Film NiCr Resistor 20 Q/O
Bulk Resistor 490 Q/o
Substrate Thickness 100 pm (4 mils)
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1-2 GHz MMIC PA Design Goals & Approach

A Initial design with a gate-width scalable Modelithics® extracted
Angelov compact model for the GaN process .

A An X-parameter model generated using ADS.

A Final design optimization was done using the X-parameter model

that led to a much more efficient optimization of the broad-band
matching network.
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