Application Note 059

Advanced Microwave Amplifier Models and X-Parameter
Simulation Setup Examples for Advanced Design System
Simulation

Introduction

This Application Note gives a tutorial overview of nonlinear amplifier models available from
Modelithics E, wi t h a focus on t-pgammeersmddéls. ng features of

Mobile and wireless communication has seen phenomenal growth over the past two decades. Faster
communication with higher data rates has been the driving factor. To achieve this, the RF front end
components have been continuously improved to meet the linearity and power requirements and a
range of wireless standards have emerged, based on variations in frequency, modulation and power
level requirements. The 0.7 GHz to 6 GHz band has been the mostly widely used frequency range for
mobile and wireless communications using different standards such as GSM, CDMA, WCDMA, LTE,
WLAN and WiIMAX. The evolving 5G standard is pushing frequency ranges for emerging commercial
systems upward to mm-wave frequencies® as high as 86 GHz! Still, the bulk of near term 5G
developments will likely be at the proposed bands of 28GHz and below.

Amplifiers are an indispensable component of the circuitry for wireless and microwave systems. They
have been used in a variety of applications including mobile communications, microwave heating,
jamming and electronic warfare networks, radar systems and satellite communications. There are
many vendors that manufacture low noise amplifiers, power amplifiers, gain blocks and variable gain
amplifiers for microwave wireless frequency bands below 6 GHz. An increasing number of products
are now also being offered at higher frequencies, including many GaN MMIC based amplifiers, which
offer higher power densities and higher frequencies than possible with Silicon and GaAs power
transistor technologies.

When it comes to modeling, among the most advanced models available for nonlinear simulations is
the X-parameter*> model**®. This is conveniently supported within Keysight Advanced Design System
(ADS) and Genesys. Another model that is available and predates X-parameters is the P2D model®”’.
Both are behavioral models that are particularly useful for modeling productized die and packaged
integrated circuit amplifiers, for which internal schematic details may not be available to the modeler.
In the following treatment, examples of both models are discussed with an emphasis on the more
powerful and accurate X-parameter model. X-parameter models can be generated either from an ADS
nonlinear circuit simulation or from measurements taken on a suitably equipped test bench, such as
one equipped with a nonlinear vector network analyzer (NVNA) like the Keysight PNA-X. Our focus in
this article will be on measurement-generated models.

’ X-parameters" is a trademark of Keysight Technologies, Inc. The X-parameters format and underlying equations are open
and documented. For more information on the use of this trademark, refer to X-parameters Open Documentation, Trademark
Usage & Partnerships. http://www.keysight.com/find/eesof-x-parameters
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Available Models

Table 1 shows a list of currently available amplifier models included in the Mo d e | i £ GOMPLEEE
Library for ADS. These models are setup to enable both broad-band linear as well as nonlinear
simulations of internally matched and unmatched amplifiers. Many of the models include noise
parameter prediction and all allow some level of nonlinear simulations with the X-parameter model
being most flexible and accurate. Several of these models are also available for immediate free use
thanks to sponsorship from Mini-Circuits. Unique model features test conditions and simulation results
along with measurement validations, are detailed in eachmo d e | s gheetl &hea&olumns to the right
of the product listing in Table 1 indicate various features of these models that use either the X-
parameters or the P2D model. Note one Mo d e | i tmiodelcfer fhe Qorvo RF2878, includes both X-
Parameter and P2D model formats’, that can be selected by setting the user-defined parameter to 0

for P2D and 1 for X-Parameters. This model is available in Mo d e | i tSELECTs ffee sample
library for ADS. While the focus in this article will be on models for ADS, X-parameters-based models
are also available from Mo d e | i tfon KegsigHt Genesys.

Table 1. Currently Available Models as Included in Mo d e | i tCOMRLETE Library for ADS

endao Pa pe ode ode pe Bod e dB ) o8]
Avago MGA-635P8 AMPXP-AVA-MGA635P8-001 2x2mm QFN 13 22
Avago MGA86576 AMP-AVA-MGA86576-001 Package 10 7
Freescale MWEGIC9100NR1 |AMPXP-FRS-MWEGIC9100NR1-001TO-270 0.96 50
Guerrilla RF GRF2070DS AMPSP-GUR-GRF2070-001 2x2mm DFN 8 20.1 *
Guerrilla RF GRF2071DS AMPSP-GUR-GRF2071-001 2x2mm DFN 8 21 *
Guerrilla RF GRF2072DS AMPSP-GUR-GRF2072-001 2x2mm DFN 8 19.7 *
Guerrilla RF GRF2073DS AMPSP-GUR-GRF2073-001 2x2mm DFN 8 18 *
Guerrilla RF GRF2501DSR AMPSP-GUR-GRF2501-001 1.5x1.5mm DFN |8 -8 *
Maxim MAX2371 AMP-MAX-2371-001 QFN 2.5 -3
Maxim MAX2373 AMP-MAX-2373-001 QFN 2.5 -3
Mini-Circuits GVA-62+ AMPXP-MCL-GVA62+-001 SOT-89 18 19.8
Mini-Circuits GVA-63+ AMPXP-MCL-GVA63+-001 SOT-89 18 19
Mini-Circuits GVA-84+ AMPXP-MCL-GVA84+-001 SOT-89 12 20.5
Mini-Circuits PGA-102+ AMPXP-MCL-PGA102+-001 SOT-89 12 17.5
Mini-Circuits PGA-103+ AMPXP-MCL-PGA103+-001 SOT-89 12 22.5
Mini-Circuits PGA-105+ AMPXP-MCL-PGA105+-001 SOT-89 12 19.3
Mini-Circuits PHA-1+ AMPXP-MCL-PHA1+-001 SOT-89 18 22
Mini-Circuits PHA-22+ AMPXP-MCL-PHA22+-001 DL1020 12 22
Mini-Circuits PSA4-5043+ AMPXP-MCL-PSA4-5043+-001 SOT-343 12 21
Mini-Circuits ZFL-1000LN+ AMP-MCL-ZFL-1000LN+-001 Coaxial 1 3 3
NEC uPC8179TK-E2-A |AMP-NEC-UPC8179TK-001 1151 Minimold 2.4 2
Qorvo AH101 AMPXP-TQT-AH101-001 SOT-89 15 26.5
Qorvo RF2132 AMP-RFMD-RF2132-001 Package 3 29
Qorvo RF2878 AMPXP-RFMD-RF2878-001 Package 3 14.4
Qorvo RF5110G AMPXP-RFMD-RF5110G-001 3x3mm QFN 3 36
Qorvo TGAB8344-SCC AMP-TRI-TGA8344-001 MMIC 26 16
Qorvo TGAB8399B-SCC AMP-TRI-TGA8399B-001 MMIC 10 11
Qorvo TGA8810-SCC AMP-TRI-TGA8810-001 MMIC 13 17

*In development, available for pre-release orderir




Understanding X-Parameters (In Brief)

X-Parameters are analogous to S-Parameters. They are both behavioral
models, in that there is no need for knowledge of internal circuitry, design or device type.

However, whereas S-parameters provide for linear input/output relationships, X-parameters

enable multi-harmonic nonlinear simulations. X-parameters can be easily ported to multiple

EDA platforms, but like S-parameters performance one must be very careful about any

extrapolations in frequency, power, or bias outside of the data range used to build the model.

Mo d e | i tXiparamet& model datasheets give power, frequency, bias, and additional

guidelines for model users.

As Figure 1 suggests a behavioral model provides a nonlinear mapping between a time
domain (or multi-harmonic frequency domain) input signal x(t) and output signal y(t). Shown
alsoisthe Mo d e | i tXiparametérs-based model representation for a specific example
amplifier model from Mini-Circuits. The available input parameters will vary with the model.

T h enodel_ moded par amet er inanlinesaeX-paranteterradad yfsoers and t o
small-signal S-parameter analyses. For practical reasons, it is easier to provide a broader-
band small-signal (S-parameter-based) model to include out of band frequencies that may be
of interest for stability and other purposes. The nonlinear model will generally be applicable to
a narrower frequency band, including the main operating band of interest, since it is more

i e X p e ntedewelepdn terms of test time and measurement complexity. This is especially
true when measuring X-parameters of high power devices and circuits.
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Whereas a deep dive on the mathematical formulation of X-parameters is beyond our scope
here it may be helpful to review in brief one of the main defining equations shown below in
Eq.. 1.

1 : ij ki \[ Y1 A ij ki1 . *I Equation 1
=X{P(ADP,+ & (XD(ADP 3+ XTU(ADP &)
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Before we discuss thetermsinEq. 1,1 et 6 s r ec al | -par&reeterffoomulatiorothat t h e S
X-parameters simplify to in the low power linear extrapolation. Eg. 2 should look more
familiar, and friendly!

b, =S, +3S,8,
b, =S8 + S8, Equation 2

or

9 _ Equati
b =4 S,a fori=12 quation 3

k=1

Starting with Eq. 2, b;and boarethe i r e f | wltageavdveés flowing out of ports 1 and 2,
respectively, from a 2-port device, defined in terms of the S-parameters and the incident
voltage waves a; and a,. The indices 1 and 2 are port indices and all parameters are
frequency dependent. This is a linear equation set and no new frequencies are generated
and t he f ma pnpedtolge@mplitsde iadeendent. The S-parameters are
measured as ratios between reflected and incident waves, typically using a vector network
analyzer, with no need to know the exact absolute power level of any of the waves. Eq. 3is
equivalent to Eq. 2 with i and j being the input and output port indices, respectively. S-
parameters models obey superposition, that the combination of multiple small signal stimuli
presented to the model will output the same response as the sum of the individual responses
would. As such, S-parameters are easily and conveniently cascaded in a linear mode of
operation.

Turning our attention to Eqg. 1, in this case we have anonlinearmap pi ng bet ween Ar e
or outgoing i bwaves, linear superposition does not apply and we have new periodic
frequencies generated, cross frequency phase dependency, and the mapping is amplitude
and frequency dependent at a single operating point. For this reason, there are four subscript
indices used in the equation: iis the output port index, j is the output frequency (or harmonic
number) index, k is the input port index and | is the input frequency (or harmonic humber)
index. This formulation is setup to accurately represent amplitude dependence under the
variance of port 1 power as represented by the notation |A11|, which is the amplitude of the
incident wave on port 1 at the fundamental frequency. The X-parameters are the functions
that have superscripts (F), (S) and (T) and depend nonlinearly on |A;1]. P is a phase term
that, along with the magnitude-only dependence on |Ay| of the X® and X functlons is a
necessary consequence of the assumed time invariance of the underlying system®. When
measuring X-parameters with a modern nonlinear vector network analyzer, such as a suitably
optioned Keysight PNA-X, we need to calibrate for and accurately measure absolute powers
4



and the phase relationship at fundamental and all harmonic frequencies to be recorded.
Moreover, for high efficiency amplifiers or when PAE is important, drain efficiency data can be
included in the X-parameter model by carefully setting up the bias in the NVNA menu to
establish communication between instruments and guaranteeing that the model is set up
properly with measurement variables®.

The motivated and mathematically inclined reader is referred to the cited references to dig
deeper into understanding Eg. 1; however, some graphical insight is offered in Figure 2. For
engineers who have a lot of familiarity looking at S-parameters for amplifiers, a first look at X-
parameters plotted can be far from intuitive! Nevertheless, when we consider that X-
parameters are a superset of S-parameters, we can start getting some comfort level by
examining Figure 2a. Note how some of the functions can be presented in a way that directly
correlates with the more familiar S;; and S,; parameters at low power. Figure 2b, illustrates the
multi-frequency, multi-port mapping that X-parameters enable between the nonlinear a and b
waves. One of the key advantages to X-parameters is the way that harmonic signals with
accurate harmonic amplitude and phase information are captured. This enables time domain
waveform transformations as well as accurate analysis of cascaded nonlinearities. This
contrasts with the worst-case system analysis performed by engineers for many years, using
traditional spread-sheet methods.
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Figure 2. Graphical views to assist with understanding X-parameters for an amplifier: a. in terms of linear
extrapolation to S-parameters and b. representation of the multi-port/multi-harmonic frequency mapping the X-
parameters enable. (Graphics provided courtesy of Keysight Technologies.)



Example Amplifier Models and Simulation Results

We now turn to presenting a few examples of X-parameter models selected from Table 1. We
will start with the GVA84+ model. Figure 3 illustrates the Mo d e | | tddtasheet &vailable for
this amplifier model.
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Figure 3. As an example, the Mo d e | i tdétashest for the GVA84+ model contains 15 pages of information on
model use, validations and detailed technical information.

Loading the Example Workspace

Accessing Mo d e | i tamdlifiersefamples is a
straightforward process. Once one of the featured Janes
Mo d e | i tlibraries sakZe been installed to the
system, the examples folder will be available to
access withinthe Mo d e | i tlibrarydosdér on the
computer.
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Once selected,t o open a wor kspace, navigate in the 06Org
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Figure 6. Once the example for GVA84+ has been opened this will be displayed in the main ADS window.
Depending on your setting the arrangement of files may be different.



Model Parameters for X-parameter amplifier models

Many of the X-parameter models in the Mo d e | i tlibrarycaseflesigned to work under
conditions specified by the manufacturer of the physical part. Some of the X-parameter

amplifiers have editable parameters such as voltage biasing, substrate scaling, and
model modes. These parameters can be altered according to the u s e requgements.

Listed below are the Mini-Circuits X-parameter models that are currently available for use.

Table 2. A listing of all available Mini-Circuits models available in Modelithics libraries.

Table of Modelithic Mini-Circuit Models

Model Bias Substrates Freq Range
MCL-62+ +5V 20mil Rogers 0.05-18 GHz
MCL-63+ +5V 20mil Rogers 0.05-18 GHz
MCL-84+ +5V 10mil Rogers 0.05-12 GHz
MCL-PGA102+ +3.3V 10mil Rogers 0.05-12 GHz
MCL-PGA103+ +3V or +5V 10mil Rogers 0.05-12 GHz
MCL-PGA105+ +5V 10mil Rogers 0.05-12 GHz
MCL-PHA1+ +5V 20mil Rogers 0.05-18 GHz
MCL-PHA22+ +5V 10mil Rogers 0.05-12 GHz
MCL-5043+ +3 or +5V 10mil or 30mil Rogers 0.1-12 GHz

Parameters on models

Some ofthe Mo d e | i tamglifers E
X-parameter models can simulate

over bias. These models have a
voltage (V) parameter included with
them that allows the user to specify

AMPXP_MCL_PSA4_5043plus_001_MDLXSLC1

the desired voltage to be applied in X2
simulations (within a range specified H=_O-254 mm
in the model data sheet). The \E/L-Cﬁ-go

available biases and their ranges can
be found within each individual model
datasheet. Consult the model features
on the top of the first page for a brief
overview of available voltage settings
for each model.

model_mode=0

Figure 7. The Mini-Circuits 5043+. This amplifier model has
both bias and substrate scaling available as well as the

standard model mode.




Also available on some Mo d e | i tXiparameté models is the ability to scale with

substrate. Models that have this scalability haveaniio and AEr 0 user par amet

parameters set the height and dielectric constant of the substrate to be included in the
simulation. Each substrate scalable model has been measurement validated and will scale
across the H/Er range specified in the datasheet. | t i s recommended to
datasheet for more technical information on substrate scaling when available.

The model_mode parameter is found on all Modelithics X-parameter amplifier models and is
used to dictate the modeling type the amplifier will be used for. This parameter currently has
two settings available to switch the model between linear simulation mode and non-linear
simul ation mode. |l tsd0 setting is dependant
performed.

Simulations with X-Parameter Models

Linear Simulations (model_mode = 0) - The model, which is setup using the manufacturer
recommended bias point of 5V and low power current of 108mA, has two model modes: 0 and
1. Model mode 0 enables accurate linear S-parameter simulation over 0.05 to 12 GHz. Noise
parameter prediction is also provided for over 0.5 to 6 GHz, using the same mode. Figure 8
shows simulated and measured S-parameter and noise parameter results for the GVA84+
amplifier model. One of the advantages of data-based behavioral models like S-parameters

and X-parameters models, is that agreementt o measured data can be

when the simulation corresponds to measured data conditions used in generating the model.)
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Figure 8. S-parameters (a.) and noise parameters (b.) simulation and measured results for GVA84+ model using
model_mode=0 setting and appropriate linear ADS simulation schematics.
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Linear Simulations: S-parameters and Noise Workspace

Performing a linear simulation with the models be gi n s by opening the A
No i s e Shematic for a given workspace. The frequency of the schematic is set to reflect

the range covered in the model datasheet. In this example, the GVA84+ is accurate for S-
parameters from 0.5 to 12 GHz and accurate for Noise simulations from 0.5 to 6 GHz. Note

that the amplifier is set to model_mode=0.

|$| S-PARAMETERS I . [E=) DisplayTemplate
— a disptemp1

-~ S_Param - " “ua. "

sp1. _ "S_Params_Quad_ dB Smlth

. Start=0.5 GHz.

- Stop=6 GHz

Step=50 MHz

+ ) I/ 4 Term
T AT S qem2
(Termd A meL **‘fAs4p|us 001 MDLXSLCMCLGVA84 [ & [Num=2"
ANum=1 " g S |z=50 ohm -
2=50 Ohm RFfreq 2GHz . . . . . . _l'_

_L ~model_mode=0 =

Figure 9. The example S-parameter and Noise simulation schematic.

In this schematic, the frequency range for noise simulations is set by placing a S-Parameter
block from the palette menus and setting the start and stop frequencies from 0.5 to 6 GHz.
Step size can be defined by the wsngasdMHzsteef er er

i L
Included in the schematic is the Q| S-PARAMETERS dsmmw
DisplayTemplate block for G o "S_Params_Quad_dB_Smith"
RS Params_Quad_ ThB _ stat=05cH:z
block  automatically  plots S-  Stop=6 GHz
parameters and Noise parameters. Figure 10. The S-Parameter Sweep and DisplayTemplate

blocks.

Full S-parameter results are displayed on the left side of the default display. Noise results are
only included on the right side of the page displaying Noise and Minimum Noise, Noise
Resistance, and the Gopt of the simulated model.

Each model has wunique frequency ranges that <ca
not recommended to simulate behavioral models, like X-parameters, outside of the specified
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range as this will result in extrapolation.

Nonlinear HB Simulations (model_mode=1) - Switching to nonlinear analysis, Figure 11

shows simulation results for a single-tone power sweep setup for the same amplifier model.

According to the model datasheet, nonlinear analysis can be performed from 0.2 to 6 GHz. As

can be seen in Figure 11, the device is compressed at high-power levels. Since X-Parameters
contain informati on ad&dandphase araultiplecharmaniesbtee a mp | i t u
nonlinear phase behavior (e.g. AM/PM) in the compression region can also be assessed. The

results of using a somewhat more involved simulation setup for P1dB calculated across a

range of frequencies are shown in Figure 12Figure 12, with excellent correlation to the

ma n u f a c speaifiedrP&d8 for this part.

Output Spectrum (B2 Power) Output Spectrum (B2 Phase)
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40 135
-0 o R o _18?10.0‘ 75 50 25 00 25 50

l I
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0

Input Power (dBm) Input Power (dBm)

Figure 11. Multi-harmonic power sweep simulation for GVA84+ amplifier example showing amplitude and phase
at 2GHz for the b2j (amplifier output signal) wave at j= 1, 2 and 3, corresponding to fundamental (red), second
(blue) and third (green) harmonic.
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Blue X: Mini-Circuits: Measured Typical Data
Plot shows P1dB vs. Frequency
X-Parameter Model results mounted on 10mil
Rogers 4350B substrate.

DC Voltage: +5V, model_mode=1 used.
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Figure 12 Simulated results for cross-frequency 1dB compression power simulations compared to manufacturers
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data.

Non-Linear Simulations: Single Tone Power Sweeps & Power Compression

The example workspace comes with several single tone harmonic balance schematics.
in the model

Typically, there is one schematic per simulatedr e s u |l t

datasheet provides a list of available dBm power ranges that the amplifiers function in

s 6

depending on the frequency selected for simulation. For this example, the schematic chosen
will simulate at 2000 MHz. For this, we need to open

t he

dat 3

AltonePswp_ HBsi m_2

schematic.
|ag,)] HARMONIC BALANGE I [*/] PARAMETER SWEEP ]
HE 1 PowerSween
Freg|1 Frundamsn il SwaepVar="Pwr"
Orderft}=3 SiminstanceName[1]="H81
SiminstanceName[2]«
m . i SiminstanceName[3]=
VAR 1 st SminstanceNamel|d|=
fuﬂr:zTMlJ"O 2 GHz SiminstanceName[5]=
Pn=20 SminstanceName [B)=
Sant=12
Sop»1
] [ep= ®
x‘ll l?\ ﬂ
PORT1 i l/l[ 2
Num=1 o~ — %
Z=50 Oam  DC_Block! =
= P=dbm o {Fin) X1
wte Frog=findaments RFfreq=0 2 GHz
model_mode=1

Term 1

Num=2

<=50

Ohm

Figure 13. Example single tone power sweep schematic. Note the current probe positions and

parameter blocks.

In this schematic, the circuit has again been setup with a completed circuit including two
current probes for measurements as well as a 1 tone terminal block at port 1. This block

allows for an adjustable input frequency and power.

Observing the Harmonic

Balance block, there are g;%

HARMONIC BALANCE

%%/ PARAMETER SWEEP l

inputs for frequency and
the number of harmonics
to be simulated. In this
schematic, the frequency
refers to a fundamental
frequency which has been
defined along with a
default input power (Pin)
for the 1 tone terminal
block. A Parameter Sweep
block has also been added to the
schematic to sweep the Pin

HarmonicBalance

HB1

Freq[1]=fundamental

Order[1]=3

VAR
VAR1

fundamental=0.2 GHz
Pin=-20

Figure 14. Harmonic balance and parameter sweep blocks.
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parameter while during simulation.

Simulating the schematic, input power is swept from the datasheet specified range of -10 to 5
dBm for our chosen frequency. To properly display the forward transmission and output power
of the simulated model a few equations must be observed.

These equations represent the —(v1+50%i1 i —(vO+50*D i
formula for forward transmission a1 (v1+50%i1.1)/2 aZ (v2+50%i2.i)/2

power, dBm(al) and phase, b1 =(v1-50%i1.1)/2 b2=(v2-50*i2.i)/2
phase(a2), as well as the output
power, dBm(b1) and its respective
phase, phase(b2). To properly display the second and third orders of the output power, the
plots must be specified for each order.

Figure 15. Equations that result in output power and phase.

Another single tone simulation available for X-
g% GAIN COMPRESSION parameter models are power compression simulations.
These have a similar setup to the Harmonic Balance

XDB

simulation but include the
A82 Compressiond block to the
Freq[1]=RFfreq P !
Order[1]=3 the ability to constrain a number of the parameters
GC_XdB=1 during simulation. The Gain Compression block
gg‘ngtPgt=1_2 requires a definition of the input and output ports as
GC_In:tuptLIJ:trezz_RFfreq well as the desired input and output frequency. Also
GC_OutputFreq=RFfreq included are restrictions for power variation and the
GC_InputPowerTol=1e-3 maximum allowed input power (measured in dBm) to
GC_OutputPowerTol=1e-3 be used during simulation.

GC_MaxInputPower=100

Figure 16. Adding a gain compression Nonlinear Envelope Domain Simulations

block to a power sweep schematic (model_mode=1) Another common amplifier figure of
allows for a power compression merit of interest is two-tone third order intermodulation
simulation. (IM3) and third order intercept point (IP3) simulations.

While there is a methodology for measuring X-

parameters under 2-tone simulation®, our scope here
will be limited to X-parameters generated from more conventional 1-tone X-parameters test
setups. That said, our experience in validations done so far is that quite good results can be
obtained for 2-tone IM3 and IP3 simulations using 1-tone X-parameters models, with certain
caveats also observed'®. Figure shows that excellent results were obtained for this
comparison between simulated and measured third order distortion. In this case, the
measurements were made at Mo d e | i tusing a sefarate test setup from that used to
generate the X-parameters model. The envelope domain can also be used along with the
same X-parameters model type to simulate more complex digital modulations, such as
CDMA.

Another interesting example of the advantage of an X-parameter model over than that of an
S-parameter model is one where superposition breaks down, such as two amplifiers, with
non-linearities present, are cascaded as depicted in the schematic in Figure a, with simulated
results shown below in Figure b. In this example, two X-parameter models of different Mini-
Circuits XFL-1000LN+ amplifier units are cascaded back to back (AMP1 and AMP2). The

14
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results are then compared to a third X-parameter model (AMP3) where the cascaded
amplifiers were treated as a single gain block and modeled together. AMP1 overdrives AMP2
at higher power levels, but unlike S-parameters, these X-parameter models are able to
accurately predict the fundamental and harmonic spectra of the incoming and outgoing
waves. This can be seen by observing the close correlation of the simulated results, verifying
the accuracy of X-parameters with for proper calculation of cascaded non-linearities in both

amplitude and phase.

g, byt a, 2 by
—_ - . _—
b,0 LT b, a1
: 2
l - - = =
% AMP1 AMPZ g
S
L a i by =
- — —
byt a2
— —

+ ¥
AMP3 § ‘

| H wf—

a. Schematic block diagrams of AMP1 and AMP2 discrete X-parameter models cascaded in simulation (upper
schematic) and the AMP3, which is the X-parameter model of the two amplifiers measured and modeled together

as a discrete gain block.

Qutput Spectrum Power Cudput Spectrum Phase

10 T T
o fa
10 1507 .
zfc _M(
?U' 12{’1_, —-—rr—r—r—r—v—u T § &8 & ° =
% 0 @1 fo —
404 Qi S A—————— - '
Y 12 b
& -504 £ -
i &0 %
S 1 3fe "
=70 ﬁ:’.‘ g4 = % = 8§ T FE T8 s L L
B0
Nt T T ]
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Input Power (dBm) Input Powar (dBm)

b. Comparison of simulated results of an X-parameter model of cascaded amplifiers (red) to the result of a combination of the
amplifiers when measured and modeled as individual X-parameter models (blue), and cascaded in simulation. Left plot
shows simulated output power of the fundamental, 2" and 3" harmonics vs. input power. Right plot shows simulated phase
of the fundamental, 2™ and 3" harmonics. 1 Ghz is the frequency of simulation.

Figure 17 Schematic (a.) and simulated results (b.) for output power and phase of the fundamental, 2" and 3"
harmonics when two X-parameter amplifier models are cascaded together as measured and in simulation.
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Figure 18 Simulation results compared to independently measured IP3/IM3 data. Left plot shows simulated 1P3

4 od 1 2 3 (3 a 2 1 14 12 b 3
Frequency (GHz)
X Parameter Mode! ~Measrnd

Red. X-Parameter Model, Blue. Measured Validation Data
X-Parameter Model results mounted on 10mil Rogers 43508 substrate
18 dBm per-tone RF power, DC Voltage: +5V, model_mode=1 used
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Legend

Hed X-Parameter Model, Blue Measured Validabon Data

X-Parameter Model results mounted on 10mil Rogers 43508 substrate

DC Voltage 5V, model_mode=1 used

vs. frequency over 0.2 to 3 GHz. Right plot shows power swept fundamental and IM3 data at 1 GHz fundamental
for GVA84+ model.

Non-Linear Simulations: Two-tone Envelope Power Sweep

Two-tone power sweeps are also available within the example workspaces. These two-tone
simulations provided by the 1 tone X-parameter models are reliable representations of IM3
ons.

and

P3 simul ati

Open

provide both IM3 and IP3 results once simulated in ADS.

n

the schematic

vin, [ 11 F\ Vioad
P_nTone ] Ll Term
— |_Prob
PORT1 I o B Term1
- DC_Block lload DC_Block _
Num=1 DG Blooki AMEEZ MCL_GVA84plus_001_MDLXSLCMCLGVA84 gy Num=2
Z=50 Ohm - X1 s Z=50 Ohm
=I— Freq[1]=RFfreg-fspacing/2 RFfreq=2 GHz =
— Freq[2]=RFfreq+fspacing/2 model_mode=1 —
~—  P[1]=dbmtow(RFpower-3) - -
P[2]=dbmtow(RFpower-3)
V] VAR ENVELOPE
| %l PARAMETER SWEEP I | %l PARAMETER SWEEP I I SWEEP PLAN l VAR1
ParamSweep ParamSweep SweepPlan :Egs\‘:;i??z E;\\;?‘Ope
Sweep2 Sweep1 SwpPlan2 Mol -
SweepPlan="SwpPlan2" SweepVar="RFpower" Start=0.2 GHz Stop=6 GHz Step=0.2 GHz Lin= I:f:(::'q?«_f; OagwﬂnHz/Z)“num ts) E)r:jqe[:[i]g:freq
SweepVar="RFfreq" SimInstanceName[1]="Env1" UseSweepPlan= numppts=1 Op 9 P Stop=numpts*tstep
SimInstanceName[1]="Sweep1" SimInstanceName([2]= SweepPlan= Step=tstep
SimInstanceName[3]= Reverse=no

SimlnstanceName[2]=
SimInstanceName[3]=
SimInstanceName[4]=
SimlnstanceName[5]=
SimlnstanceName[6]=

SimInstanceName[4]=
SimInstanceName[5]=
SimlInstanceName[6]=
Start=-20

Stop=3

Step=1

Figure 19. The example two-tone power sweep schematic.

The schematic of the two-tone circuit layout features a single current probe and a P_nTone

terminal connection for port 1. This nTone terminal can support multiple input frequency and

powers to represent up to the nth tone required. In this case the schematic calls for two
separate tones for simulation. For complex power sweeps such as this example, an Envelope
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block is used. This block is designed for use in high-frequency amplifiers that involve transient
or modulated RF signals. In this case we will be using it for RF modulated signal of two
separate signal inputs. The Envelope defines the frequency and the number of orders to be
simulated. The Envelope also defines the stop and step timings of transient calculations.

(%] VAR ENVELOPE
| SWEEP PLAN I E N @

SweepPlan RFfreq=3 GHz Envelope
SprTanZ RFpower=15 Env1

Start=0.2 GHz Stop=6 GHz Step=0.2 GHz Lin=oPac¢ing = 10 MHz Freq[1]=RFfreq
UseSweepPlan= tstep=1/((fspacing/2)*numpts) Order[1]=3
SweepPlan= numpts=10 Stop=numpts*tstep
Reverse=no Step=tstep

Figure 20. Blocks for configuring the envelope simulation. These blocks are used to set the
constraints of the two-tone simulation.

Since a two-tone schematic requires two unique inputs, the setup utilizes two separate
Parameter sweep blocks to simultaneously sweep both input frequency and the power of the
input signal. Using the nTone terminal, two equations are used to separate the signal from
each other without cluttering the schematic with too many variables. The same method is
used for the power
input of the circuit. In

A PARAMETERSWEEPI A PARAMETERSWEEPI

this case, the RFpower ParamSweep ParamSweep
. . Sweep2 Sweep1
of both mput S|gnals SweepPlan="SwpPlan2" SweepVar="RFpower"
will be the same. SweepVar="RFfreq" SimInstanceName[1]="Env1"
SimInstanceName[1]="Sweep1" SimInstanceName[2]=
Consul t t he mosdhietdnctNéel2)= SimInstanceName[3]=
SimInstanceName[3]= SimInstanceName[4]=
datasheet for further SimInstanceName[4]= SimInstanceName[5]=
information on SimInstanceName[5]= SimInstanceNamel[6]=
. . SimInstanceName[6]= Start=-20
appropriate input Stop=3
frequency and power Step=1
combinations. Figure 21. Envelope simulation parameter sweeps used to

define the ranges of power and frequency.

The simulation equations
shown are used to plot the
fundamental and third order
power output as well the IP3

results.

Figure 22. Equations used to define fundamental, third order, and 1P3
results. ] _ )
Jles we will switch to a different

model. The p'reviously discussed GVA84+ is a pre-matched amplifier that is matched in the
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