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Wireless Information Transfer
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Channel

Receiver

Typical Characteristics
* Low Noise (Sensitivity)

Transmitter

Typical Characteristics
* Qutput Power and Gain

* Qutput Linearity/Distortion * Input Linearity/Distortion

- Efficiency * Gain

Goal: Efficiently transfer information uncorrupted from one point to
another through a channel medium

Challenge: Design components/system in a systematic, accurate and cost
effective manner




Communication Framework

* Distortion (in/out band) » Power Amplifiers * Mixers » Conversion Linearity
* Memory * Low Noise Amplifiers * Doublers + Distortion (in/out band)
« Efficiency
. —
Frequency
Conversion
Domain
Conversion
. —

* PIM/PH (very low levels) * Filtering » Conversion Linearity

* Memory « Antenna * Analog-Digital + Distortion

* Biasing + Digital-Analog * Resolution/Sample Rate




Component Characterization Space

Four main aspects of linear/nonlinear
measurements and modeling:

* Coverage
* Accuracy
» Usability

» Efficiency

Nonlinear

[Present advancements: (future)

N~____‘f

*NVNA (new measurements, frequency
range, high power)

* Simulation Tools Nonlinear (present)
* Models

* Circuit

* Compact (NVNA measurement
based)

* Blackbox/Behavioral (X-parameters)



System/Component Nonlinear

Measurement and Modeling

* Distortion (in/out band) » Power Amplifiers * Mixers » Conversion Linearity
* Memory * Low Noise Amplifiers * Doublers + Distortion (in/out band)
« Efficiency
] & N !
4 N 4 B
« NVNA Frequency « NVNA Simulation-
Memory Conversion N
+ Models * Models efficiency
- J - J
. RN - ~
* NVNA [Distortion levels * Nothing
* Models | Memor .
Y Domain
- j Conversion 4 J
I &= = 1
* PIM/PH (very low levels) * Filtering » Conversion Linearity
* Memory « Antenna * Analog-Digital + Distortion
* Biasing + Digital-Analog * Resolution/Sample rate

| Good | Average | Limited |




Future Trends

. Measurement/modeling domain conversion (ADC/DAC)
Coverage Frequency range (DC to THz)
/Instantaneous bandwidth and memory (DPD)

Low level distortion measurements
Accuracy Model interpolation/extrapolation
/ Measurement accuracy/uncertainties

Simplified user experience (Hardware/Software)
Usability Standardization
Verification

-

Hardware integration (leads to algorithm improvement)
Efficiency Simulation order reduction
7 New science in measurement/modeling in time-frequency domain

Time-
Frequency

Localization

- v



Capturing the Imagination of the Industry

Vol 53+ MNeo. 3

Changing the way
the industry works

Solves real-world
problems now

Continuous wave
of innovations and
award-winning
research

Interoperable
characterization,
modeling, and design
solutions

Does for nonlinear
design what
S-parameters do for

linear design Parameters
S-Functions, Poly—

harmonic Dl%tortmn

Models, Waveform
Engineering, Hot S-22,
NonLin-S, Active Harmonic

Load Pull, NVNA  OpenWave Forum.  pup
horizon Nonlinear Device Characterization L

is heating up and everyone from test equipment
mh ouse manufacturers to software developers are involved. MINO-0TA
Will deir effors wansform de microwave component induitry? [mIJ|i][||]|1

Founded in 1658

mwjournal.com




Presentation Outline
Introduction to NVNA

« Measurement Capabilities

Amplifier Design Considerations using X-parameters

* Industry Challenges
* Introduction to X-parameters

End-to-End Power Amplifier Design with X-parameters

« Load-Dependent X-parameters
« High Power X-parameter Measurement Configuration
* Final PA Results

Mixer/Converter Characterization with X-parameters

* NVNA Measurement Wizard for Mixers
« X-parameter Measurements of Mixers




Nonlinear Vector Network Analyzer (NVNA)

=Vector (amplitude/phase) corrected nonlinear
measurements from 10 MHz to 13.5, 26.5, 43.5, 50, 67 GHz

=Calibrated absolute amplitude and relative phase (cross-

frequency relative phase) of measured spectra traceable to
standards lab

=Up to 67 GHz of vector corrected bandwidth for time domain
waveforms of voltages and currents of DUT

*Multi-Envelope domain measurements for measurement and
analysis of memory effects

NVNA FW =X-parameters: Extension of Scattering parameters into the
nonlinear region providing unique insight into nonlinear DUT
behavior

=X-parameter extraction into ADS nonlinear simulation and
design

*NVNA can control external DC instruments (sweep and sense)
during RF measurements

=Standard PNA-X with New Nonlinear features and capability

New phase calibration standard




NVNA System Configuration

Vector Calibration

Phase Calibration

\ Phase Reference




Phase Reference

Agilent’s new IC based phase reference is

superior in all aspects to existing phase reference
technologies.

Frequencies to 67 GHz.

New!! Agilent
Calibrated
Phase Reference

Advantages:

=Lower temperature sensitivity
=Lower sensitivity to input power

=Smaller minimum tone spacing (< 1 MHz vs 600 MHz)

=Lower frequency (< 1 MHz vs 600 MHz)

=Much wider dynamic range due to available energy vs noise

Normalized Amplitude




NVNA Applications (What does it do?)

Time domain oscilloscope measurements with vector

error correction applied

A
[ZH Agilent Nonlinear Vector Network Analyzer

File Response Analysis Stimulus Utility Help

Measurement Configuration/Calibration Measurernent Display |

i Time Parameters

Start Trme  [0pses 2]
Stop Time ; | 200 nsee E
Step Size : | 100 psec E

© Frequency & Time

FreqSet: |1 GHz({Segl1) =
Power Set: |5 dBm b

 Power

Continuols

Display Measure
Domain | Parameter: |Customize... -
’7 Single

=10/ x|

View time domain (and frequency
domain) waveforms (similar to an

oscilloscope) but with vector correction

1334 mU

10 14352en
—"2 /10

972l ml -

4BE0ml -

Bo7atnll |
=

Li

458 mUT -

-1044ml0

2430 mU

3026 mU

0000 s 1600 s

1200 ns
ime - Secancls

2000 ps 2000 ps

2000 s

applied (measurement plane at DUT
terminals)

Vector corrected time domain
—— voltages (and currents) from
device

Meas Time: 791.74ms PhPRF 1 GHz

g



NVNA Applications (What does it do?)

Measure amplitude and cross-frequency phase of
frequencies to/from device with vector error

correction app lied View absolute amplitude and phase relationship

between frequencies to/from a device with

_|olx| Vector correction applied (measurement plane
File Response Analysis Stimulus Utility Help at DUT termlnals)

Measurement Configuration/Calibration Measurernent Display |

~Format—————— ~Display Measwe Useful to analyze/design high efficiency <:||]|1
& logMag  © Real Domain—— Parameter: |Quad Display = Sl i
= mplif h as class E/F
& (s
ClnMag  © Imag IFrEgUEREy e FreqSet: |1 GHz(Segl) v a Imers such as class
 Power Continuous
CPhase  C Polar povorset: [Sabm ] || e | Can also measure frequency multipliers <:||]|1
Mirl OnAl'Wave % 1.000GHz Y:-36.18 dB B1 Wave
] ATy 8 Agilent Nonlinear Vector Network Analyzer _ O] %
13,45 ap Tk Nave ol
o 6‘ % jz gzﬁ | File Response Analysis Stimulus Utility Help
E -ggg ﬁ g 5 @:54 25dR Measwement Configuratior/Calibration  Measurement Dwsplaﬂ
o _54:15 4B - % 5744 dE | Format Display — Measure
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= 1 E 60 &3 dB = - @ Frequency  © Time o GHz(Sea ) = %
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g ERER: S = w021 4B -
Z 8416 dB - S mam | Ml OnB2wave X 1000GH:  Y.-4551deg
=1 — To M2 OnB2Wave dxX: 1.000 GHz dv: 1221 deg
— 9356 dB - - -¥6.39 dB - - Mhs? On B2 Wave * 2000 GHz - 7B63deg
1,000 GHz 2.000 GHz 3200 GHz 3000 GHz 1.000 GHz 2000 GHz 3.200 GHz 5000 GHz Mi3OnB2Wave X A000GH:  Y.-1002deg
Frequency - Hertz Freguency - Hertz 1520 dsg
A2 Wave tkr1 On B2 Wave *: 1.000 GHz - 3046 dB -,
D Mk On B2 Wave 2000 GHz ;- 4253 dB
G578 dB To“ Mkl OnB2Wave dX-1000GHz  dv: 1207dB 1Zadeg
T a2784D 2 Wave A
06249 dB T E
@ (o Eo1nag
o, TAmdE | o 2
T-7991dB | ; " et deg
= o H
£ -8562dB E 7105 toeg
6913248 S
3051 deg
Z 570348 - E
5 ) Output-harmonics D) S
-10638 dB ! - 9 2351 dB L - prrm
1.000 GHz 2.000 GHz 3.200 GHz 3000 GHz 1.000 GHz 2.000 GHz 3.200 GHz 3.000 GHz
Frequency - Hertz Freguency - Hertz R T 24008z 300k 5000 Gz
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Meas Time: 781.12ms Ph PRF 1 GHz Cal LLEEAG A TR (il A E] sl

Input output frequencies at device terminals Phase relationship between frequencies at output of device



NVNA Applications (What does it do?)

Measurement of narrow (fast) DC pulses with vector

error correction applied

FouTin
(CEj Agilent Nonlinear Wector Network Analyzer

File Response Analysis Stimulus Utility Help

Measurement Configuration/Calibration  Measurernent Display |

~ Time Parameters

StertTime : [Tpses 5]
Stop Time 1.00 nsec E
Step Size |2 00poec [

Display
Domain
© Frequency

Parameter: |BZ2 Wave hd
Freq Set Combined -

& Time

1 Payver

Measure

Single

Continuous

kel On B2 Wave x. 488.0ps
To  Mkr2 On B2 Wave dx b8.00 ps
Mkr2 On B2 Wave X 546.0 ps

Y.-53.62 my
dy: - 5.004
W:-50.63 my

25.87 m¥
— R R4V
832 -
SEddm¥
ST ESm¥ -

1169 my |

1461 my |

Linear Real- “olt

1753 mi
2045 m¥

2338 my

-266.3 mV
1}

000 5 2000 ps 4000 ps 6000 ps

Time - Seconds

3000 ps

1.000 018

View time domain (and frequency
domain) representations of narrow DC

=T pulses with vector correction applied

(measurement plane at DUT terminals)

Less than 50 ps

3Agilent Nonlinear Vector Network Analyzer

File Response Analysis Stimulus Utility Help

-8

MeasLrement Configuration/Calibration Measurement Display |

- Format Display Measure
@ logMag ¢ Real Domain | Parameter: |B2 Wave =
& Frequen © Time Sl
CclnMag € Imag quency Freq Set: |Combined Al
 Power Continuous
 Phase 1 Polar
2680 dBm
—52\Wave 33 gpm |
F64din |
305 dBm |
=
i
O 4547 dBm
@
he)
2 5389 dBm -
2
=)
5}
= 931 dBm |
o
3
g
6173 dBm |
015 dBm |
7556 dBm |
8098 dBm
3000 MEz 1040GHz 1560 Gz 2080 GHz 26 50 GHz
Frequency - Hertz

Meas Time: Ph PRF: 500 MHz

Cal

Meas Time: Ph PRF: 500 MHz Cal



NVNA Applications (What does it do?)

Measurement of narrow (fast) View time domain (and frequency

. domain) representations of narrow RF
RF pu Ises with vector error pulses with vector correction applied

correction app lied (measurement plane at DUT terminals)

Agilent Nonlinear Vector Network Analyzer _ I8 il USIng Wldeband mOde (rESO|Ut|0n -~ 1/BW
File Response Analysis Stimulus Utility Help ~ 1/26 G HZ ~ 40 ps)

Measurement Configuration/Calibration  Measurement Display |

i~ Time Paramet Display Measure ) i
StartTime  [7500rsec[f] | ~Demain— | Paamster [B2Wae = igie Example: 10 ns pulse width at a 2 GHz carrier
Stop Time : [12500mse ] (:;fvj:fw o e Freqset. [Combined 7] coniros | | frequency. Limited by external source not NVNA.
100.00 psen . . .

stop size: 102 ] Can measure down into the picosecond pulse widths
Mkrl On B2 Wave ¥ 9720 ns Yo 1408 mY ] Agilent Nonlinear Vector Network Analyzer
To  Mkr2 On B2 Wave dx 7500ns dy: 2285 mv
Mkr2 On B2 Wave ¥ 1047 ns Y 1437 my

2637 m¥

. ave TR | HHH ‘

1346 my
1031 m¥

5135y ] \
I

2468 m¥
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Linear Reak “olt
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-1546mv

-206ZmV

Meas Time: 3.79 s Ph PRF: 5MHz Cal



NVNA Applications (What does it do?)

Measurements of multi-tone stimulus/response with
vector error correction applied

Agilent Nonlinear Vector Network Analyzer - Dlﬂ . . )
File Response Analysis Stimulus Utility Help VleW tlme and frequency domaln
Measurement Corfiguration/Calibration  Measurement Display re p rese ntatl ons Of amu |t| _to ne

| Time Perameters stimulus to/from a device with vector

STarTTime-IUDsec DLEJSUprI:a\fin— Parameter IQUHU Display 'l
100.00 nse © Frequen & Time req Set: |Combine - H H
siey oo MRS { e Fregset: [oomoned <] correction applied (measurement
plane at DUT terminals)

Step Size : |1DD.DD psew

BT Al Wave BT Bl Wave
760 m¥
_ 2070wy - AUy

Stimulus is 5 frequencies spaced 10
MHz apart centered at 1 GHz

Ef:;éu?:v |ﬂ'|\l| - il“)‘J‘l‘l"}“’]”’]”’ e Eé};% ||f||ﬂ|ilfl'f\"-'*l'a\"|‘1I.|i\’|\,||‘Jl'|\"'f-*’n'Jl'ill'ﬂhh"ﬂh'hlwﬂ'||]|" ”’\l”l“wmnm
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P . Measure amplitude AND PHASE of
ke ﬁggé'?i“fi ” intermodulation products <=
i B o LD

“Ui M-t i’l‘h']\WN\‘\lﬂ]unﬁIMV H”ml } “l 4 Generated using external source
:i:::moos 00 ns 00 ns 1000 ns ijlj:‘;uuu 3000 n 5000 100.0 1 (PSG/ESG/MXG) USIng NVNA and

ime - Seconds T\mefSec Vector Calibrated receiver

Meas Time: 273 s Ph PRF: 10 MHz "izal



NVNA Applications (What does it do?)

Calibrated measurements of multi-tone
stimulus/response with narrow tone spacing

"!ﬁ Agilent Honlinear Vector Hetwork Analyzer

File Response Analysis  Stimulus Uity Help

Messuremen Corbqureion/Calfbratan MessuromentDispley View time and frequency domain
S ey = e representations of a multi-tone
© Froquency C Tims Feoser  [Comomed <] stimulus to/from a device with vector
S correction applied (measurement
satriom PL8aTS 15 4pama BLYE plane at DUT terminals)

-21.38 dBm - -29.43 dBm -
-33.534 dBm -| -40.36 dBm -|
254530 dBm | 5 -51.30 dBm -
257,27 dBm - 0 52.23 dBm
s 2

= 69253 dBm - = .73.17dEm -

S 2 o ~80 kHz apart centered at 2 GHz. The

Stimulus is 64 frequencies spaced

3193 15dBm -
~L105.1 dBm - ~ [106.0 dBm - . . .
ey e NVNA is measuring harmonics to 16
10.00 MH= 4.800 GHz A . ?ﬂgEZGHz 18.01 GH= 10.00 MH= 4.200 GHz 5 " ?ﬁgEZGHz 16.01 GHz

requenc Tequenc G H 8th h -
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-14.58 dBm 21.15 dBm

-26.00 dBm - 7.781 dBm |

-37.43dBm - 55924 -

4385 dBm - ©18.97 dBm -

-60.28 dBm - 23234 dBm

-71.71 dBm - 2-45.71 dBim -

5313 dBm é"-js 09 dBim ‘ “ || | I“ ||' I ‘

-34.56 dBm -

Multi-tone often used to mimic more
Lo, complex modulation (i.e. CDMA) by
i s matching complementary cumulative

-1228.2dBm -112.6dBm
10.00 MHz 4.800 GHz B 9.600 GHz 16.01 GHz 10.00 MH=

Log Magnitude - dBm

requency - Hertz

% | distribution function (CCDF). Multi-
tone can be measured very

accurately. <—m




NVNA Applications (What does it do?)

Calibrated measurements of multi-tone
stimulus/response with narrow tone spacing

’fﬁ Agilent Honlinear Vector Hetwork Analyzer

File Response Analysis Stimulus Uty Help
Measurement Configuration/Calibration Measurement Display

Tirme Parame ters Display Measure

Start Time TZUUusecB Damain Parameter: Quad Display - V_ . d f d .
p— gy Tme e iew time and frequency domain

sepsie: B0 [ i e representations of a multi-tone
L wave o1 wrave stimulus to/from a device with vector

e e correction applied (measurement
o gro plane at DUT terminals)

S e @81 |
| &

2 2004 -
13367 Saoow
581 miv -

-336.1 mV -

-2.004 ¥ -
-2ET2V

Stimulus is 64 frequencies spaced
~80 kHz apart centered at 2 GHz. The

-1.404 ¥+

35227 -1.748 7
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Time - Se

A2 Wave B2 Wave

B NVNA is measuring harmonics to 16
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=350V v v
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NVNA Applications (What does it do?)

Measure memory effects in nonlinear devices with
vector error correction applied

HA]
Agilent Nonlinear Yector Network Analyzer - Envelope Domain _ || x |
File Response Analysis Stimulus Utility Help

Pulse Multi-Envelope Configuration/Calibration  Pulse Multi-Envelope Measuremem'

~ Envelope Parameters Format ——— |  Display Measure VIeW and analyze dynamlc memory
e L {é R “f e = ( s | signatures using the vector error
stepsee: [T0e [ || OO e | corrected envelope amplitude and phase

Output (b2) multi-envelope waveforms

at the fundamental and harmonics with a
pulsed (RF/DC) stimulus

12.10 dBm

3553 fdBm -

-1153 dBm -

-2306 dBm -

dBm

73458 dBm |

ifude

4511 dBm -

|

gn

= Each harmonic has a unique time
varying envelope signature

Ma

-3764 dBm -

Log

-69 17 dBm
-20.70 dBm
-0222dBm |

-1032 dBm. ! !
0.000 s 39.00 ps 7200 ps

170 ps 156.0 ps 1950 s
Time - Seconds




NVNA Applications (What does it do?)

Measure modeling coefficients and other nonlinear

device parameters
X-parameters

Agilent Nonlinear Vector Network Analyzer

File Response Analysis Stimulus Utility Help

Measurement Configuration/Calibration - Measurement Display |

... More

=10]x]

1 L] 1 b Format Display Measure
ave O rl I IS a a n WaveS & Lloghag  © Real Domain {Port, Harm) Parameter: |X-parameters v
Single
- _ onge |
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. -3.494 dB -2192dB
~Format Display Measure Teonem | s
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5 @ [— TRETT R [—
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p ly: ity P e ALWave g BlWave e e
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Y ‘ ‘ Smas . ‘ Souam Suns
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A2 Wave B2 Wave TN B
= [ 97148 279448 7559 B 040
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-I6ZTmA o . o . . .
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N y
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data from your device



NVNA and X-parameters

_ Design and simulate with
Measure X-parameters with measured or generated X-

Agilent's NVNA parameters in ADS

Fie Edt Select Wew Insert Options Tools Layout Simulate Window Dynamiclink DesignGuids Fl
Oegs kMl 0 FBARES,
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NI LR LY
T TR L)
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File=)(Parameter_model sdp
I_ Wout
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-
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QH
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0 ModelType=5 ubnetwork

~
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L
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=
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o .o
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Design with measured
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X-Parameter Technology in Agilent EEsof EDA’s
Platforms

Advanced Design System Genesys SystemVue

(ADS) Affordable, High Performance Electronic System-Level Design
RF/Microwave Board Design (ESL) Software

Premier RF & Microwave
Software

Design Platform




ADS X-Parameter Generator

Available in ADS 2009 Update 1

Generate nonlinear X-parameter

models in ADS FE— | X Parameter
Name2 i
* Augments Agilent’s measurement-based @ o
X-parameter generation (PNA-X Series XP_S eeeee L~ arates
Nonlinear Vector Network Analyzer) @Eﬁmm oo é
. Easy to setup and run L e e (5:)[";”

LS_freqHarms[2]=1,2

* Multi-tone
« Multi-port: No limits on the number of ports, frequency or power
« Models amplifiers, mixers, and transceivers with frequency conversion



Linear and Nonlinear Device Characteristics

Nonlinear Hierarchy from Device to System

Systems

Modules

ilitary systems
Etc.

%nplifiers, Mi
Multipliers, ulators, ....

istors, diodes, ...




Presentation Outline

* Measurement Capabilities

Amplifier Design Considerations using X-parameters

 Industry Challenges
* Introduction to X-parameters

End-to-End Power Amplifier Design with X-parameters

« Load-Dependent X-parameters
« High Power X-parameter Measurement Configuration
* Final PA Results

Mixer/Converter Characterization with X-parameters

* NVNA Measurement Wizard for Mixers
« X-parameter Measurements of Mixers




Solutions: Next Generation Communication Systems

Power Amplifier Industry Challenges:

* Research & development of new semiconductor processes for
next generation components

» Develop smaller, higher power, more efficient active device
designs

* Reduce cost and the development time to bring product to
market

« Components are exhibiting more & more nonlinear behavior
(often by design to increase efficiency)

* Models of newer technologies (such as GaN) may not exist or
may not provide an accurate description of all the component
behavior.


http://visuals.soco.agilent.com/scripts/CUWP_CGI.EXE/3-DHA0005-Cotati Tower.tif?directArg=ALN1606983150,3-DHA0005-Cotati Tower.tif

How do | Optimize Desired Amplifier Specifications?

Ant

PAE (accuracy<3%) v

ACPR
Matching (accuracy<1dB)
Z0=500hm Matching Network 2W
— O Network max
D VSWR=2.5

i

max

PAE= Power Added Efficiency
ACPR= Adjacent Channel Power Ratio
VSWR= Voltage Standing Wave Ratio



Evolution of the Tools & Measurements

@*

1

Patch " S.p S-Parameters + NVNA
atchwork  — S-Parameters  — Figures of Merit —  X-Parameters
TOOLS: TOOLS: TOOLS:
SS & Oscilloscope Vector Network NA >
Grease pens and Analyzer SA/ISSINFA  ceeeeeeiiiiiinnen. >
Polaroid cameras Power meter — ceeeeeeeeeeeeeeieeieeeee >
Slotted line MEASUREMENTS: Oscilloscope  crreeerereereemeeeeeeeees >
Power meter Gain DC Parametric Analyzer
Input match
MEASUREMENTS: Output match MEASUREMENTS:
Bode plots Isolation Gain compression, IP3, IMD
Gain Transconductance PAE, ACPR, AM-PM, BER
SWR Input capacitance Constellation Diagram, EVM
Scalar network analyzers GD, NF, Spectral Re-growth
Y & Z parameters ACLR, Hot “S22”

Source and Load-Pull



Nonlinear Component Behavior

ot A - |
| ‘(@7 i

=
MMM E

e, {lun

...and you want to build a system by
cascading components together.



S-parameters:

Linear Measurement, Modeling & Simulation

Measure with linear VNA:
Small amplitude sinusoids

Incident S21 Transmitted
ai g )% o
S11 \ 2
Reflected J O out A Soo
b Port 1 Port 2 Reflected
e R ap
Transmitted S12 Incident
Model
Linear Simulation: Parameters:
Matrix Multiplication Simple algebra
S-parameters b
M
b1 = Suai + Srea Sij = —
a i ak :O

b: = Sx1a1 + Saaz TS



S-parameter measurements require that the S-parameters of
the device do not change during measurement

\ 4
y
\ 4
y

10 01
a, €] 52 e; b;
00 11 00
e e} ) 6 e, e
0 01 10 0
D % . . iz a;
i Z ik k

k S-Parameter Definition

b,=5,a +S,,a To solve, VNA's traditionally use a forward
¢ A e and reverse sweep (2 port error correction).



If the S-parameters change ....

(when sweeping in the forward and reverse directions when performing 2 port error correction)
... then the resulting computation of the S-parameters are invalid

—
b =S,a +5,3, X(t) y(t)
b, =S, +5,,3, Hot S22 : :

This is often why customers are
asking for Hot S22 because the match
Is changing versus input drive power
and frequency (Nonlinear
phenomena). Hot S22 traditionally
measured at a frequency slightly offset
from the large input drive signal.

This still does not provide the
complete picture. X-parameters are
the solution.




X-parameters revolutionize the Characterization, Design,

and Modeling of nonlinear components and systems

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

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

« Fully nonlinear (Magnitude and phase of distortion)
« Cascadable (correct behavior in even highly mismatched environment)

« Extremely accurate for high-frequency, distributed nonlinear devices

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

]

Qﬁ HARMONIC BALANCE

O Do

HB2

Freq[1]1=RFfreq . .
Order[1]=5 o
UseKrylov=no

EquationName[1]="RFfreq"
EquationName[2]="RFpower"

EquationName[3]="Zload" & & e w= ae e e 5

ot

{

U968088000

i ou
B (G000

lﬁzggt ‘TIB;(

S S

- aiiile - ©

(gl =



”W Q 4-A2

-
HMM - L B,

LJord——t e
00 02 04 068 0B 10 1.2 14 18 18 20

The X-parameters provide a mathematically correct mapping of the ‘A’ and ‘B

/

B, = Flk(DC1 A Ay Ay, Azzi---)

B, & Fok (DG, AL A Ay Agyyl)

R

Harmonic (or carrier) Index

TW\TT Port Index
Unifies
S-parameters
J Load-Pull,
: f/ f Time-domain
\ \ load-pull

b

waves at ports, input powers, harmonics, DC bias, etc, etc.



Scattering Parameters

-

S-Parameters — Linear System Description

bi = Zsik "
K

b1 — Sllal + SlZaZ
bz — SZlal + Szzaz

\

N
X

\_ k,1(1,1)

-Parameters — Linear and Nonlinear System Description

bij = XiEF)(|A11|)Pj + Z Xi},sk)l (|A11|)Pj_I ray t Xij(',Tk)l (|A11|) pi- 'a;

)
~

)

\An\ = Large signal drive to the amplifierinput port (port#1)at the fundamental frequency (#1)

Definitions

* i = output port index

* | = output frequency index
* k =input port index

* | =input frequency index

For example: X7
P X21,21

Means: output port =2
output frequency = 1 (fundamental)
input port = 2

input frequency = 1 (fundamental)




Measurement-Based Modeling & Design Flow

NVNA ADS

Nonlinear Measurements Design and Simulation

Data File

> - X-parameter blocks

X-parameters enable accurate nonlinear
simulation under small to moderate
mismatch. (See later for large mismatch)

EAXER:

aiis
NHR
5

allowing prediction of component behavior in
complicated nonlinear circuits.
IMD / ACPR exact in narrow-band limit

“X-parameters: the same use model as S-parameters but much more powerful”
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e Introduction to X-parameters

End-to-End Power Amplifier Design with X-parameters

« Load-Dependent X-parameters
« High Power X-parameter Measurement Configuration
* Final PA Results

Mixer/Converter Characterization with X-parameters

* NVNA Measurement Wizard for Mixers
« X-parameter Measurements of Mixers




Load-Dependent X-parameters

Some components (un-matched transistors) may require input and output tuners
because their match is far from 50 ohm.

This requires an X-parameter model that also includes dependence on the load
impedance supplied to the output of the component. This is accomplished by
adding an impedance tuner to the output of the component.

Depending on the component, and the class of operation, a multi-harmonic tuner
may not be required.

The source tuner can be fixed at a single impedance that is close to the

conjugate match point and a power sweep performed to vary the available
power to the component.

&-Parameters definition with port 2 gamma dependence N

b, = X;F)(DC,|A11|,F2)PJ' +

> (XEDC AL )P g, + X2(DC A, 1,)P - ay )

kl

k,I=(1,1)
o ] /




Load-Dependent X-parameter Measurements

1 Large Measurement Measurement
‘All ‘ IS Swept through Signal Signal port 1 Signal port 2

a power sweep

', 1s swept through

Pulse generators

A3
5l

1_|l |50 ——
L1

a set of fundamental

frequency impedances

supplied by tuner. All other

harmonic impedances

are uncontrolled

Comb
Generator

??@ CT}

Fo 2Fo 3Fo Fo 2Fo 3Fo

Input Frequency Spectrum OQutput Frequency Spectrum



Load-Dependent X-Parameters of a FET

Measurements X-par Simulation

Measured and Simulated Voltage and Current Waveforms

P.,: Contour 20 0.30
dBm )
( ) LY 15 025 =
> fE E 8
2L 10 o020 &
oo @
o0 a
B> 5 015 O
= =
Eo @
N= 0-¢ 010 >
N | | | | 0.05
0.0 0.2 0.4 0.6 0.8 1.0
time, nsec
Measured and Simulated Dynamic Load Line
16 0.5 0-30
14— i =% 0.25]
S 4 4 : 04 = 5o
S g 12— | @ ==
== 3 / \ QD > 5
S9 ' 03 2 o9 9297
25 107 @ e
Q9 = © > 0.15—
o 3 —0.2 O =R
33 5 Eg
E o o Hh= 0.10—
n= —0.1 =2
0.05 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
0.0 2 0 2 4 6 8 10 12 14 16 18
0.0 0.2 0.4 0.6 0.8 1.0
MeasuredVoltage
time, nsec SimulatedVoltage

Experimental Harmonic Balance  X-parameters unify S-parameters and load-pull
G. Simpson et al IEEE ARFTG Conference, December, 2008



X-parameter Harmonic Load-Tuning Predictions

Fundamental Output Magnitude Second Harmonic Output Magnitude

Cree CGH40010 10 W
RF Power GaN HEMT

Contours vs. 2nd
Harmonic Load

(Fixed input power // /
and fundamental load)
/// //

X-Parameter Prediction: Blue
Measured with Harmonic Load Pull System: Red

Harmonic load-pull may be unnecessary! Simpler, cheaper, faster alternatives exist

J. Horn et al, IEEE Power Amplifier Symposium, September, 2009



GaN HEMT Load-Dependent X-parameter Model

Cree CGH40010
GPIB GaN HEMT
: 10 W packaged
Bias
Tees PNA-X transistor
DC Supply Maury | | NVNA
Software | Firmware . 900 MHz
« Measure Load-dependent

L C
| & X-parameters

- - VS power at 9 impedances
Maury Maury » 4 harmonics measured
Tuner Tuner « probe tones at 2" and 3

9 load states at f, harmonics

_ _ « harmonic impedances
X-parameter file taken into ADS uncontrolled
for independent validation




Harmonic Load-pull Setup: For Validation Only

« \Waveforms measured

GPIB
versus power at each set
Bias of 729 harmonic loads as
Tees PNA-X controlled independently
by the tuners.
* Fundamental, second,
DC Supply Maury | | NVNA and third complex
Software | Firmware impedances set
independently
1 C
)
' o
"""""""""""""""""""""""""""""""""" N
Maury Maury Maury Maury
Tuner Tuner Z; Tuner Z, Tuner Z,
9 states O states O states

J. Horn et al CSICS2010, Oct. 2010



Load-Dependent X-parameters Vs. Harmonic Load-pull

@d—dependent X-parameterx @monic load-pull \

measurements
* One output tuner to vary load at « Three output tuners to vary
fundamental frequency. At each load loads at fundamental, second,
inject small tones at 2"d and 3 and third harmonics
harmonic frequencies iIndependently
(9x(1+2x2) = 45 measurements, (9x9x9 = 729 measurements)

actually ~125 measurements) . Measured DC - 4% harmonic
« Measured DC — 4™ harmonic

« Take into ADS. Present 729
independent loads to model

. AN /

Compare waveforms, PAE, dynamic load-lines, etc.




Prediction of GaN HEMT Harmonic Load-dependence from

Fundamental-only Load-dependent X-parameters

80
PAE
70—
60—
Harmonic loads
Z; so]
Z 40—
Z 4
Cree 30—
CGH40010
GaNHEMT1°_|||'|'|'|'|'
C 0 By *
Id [A] vd ] 20
15—_ 60 — C Id
] _—1.5
10 50—
40 — 1.0
0.5_:
307 —0.5
0.0 20—
/ —0.0
-0.5-|||||||||||||||||||||||||||||||||| 10_,,//
0 10 20 30 40 50 60 70 -
Vd [V] 0 ——-05

00 02 04 06 08 10 12 14 16 18 20 22 24

X-parameter model Time (nanoseconds)

Courtesy of J. Horn .. i
Harmonic time-domain load-pull measurements



Prediction of GaN HEMT Harmonic Load-dependence

from Fundamental-onl

Harmonic loads

PAE

Cree
CGH40010
GaN HEMT

2.0
d [A] 57

L]

5]

).0

)5 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-10 40

“vd v

[TrrT
60 70

Vary second harmonic output impedance (keep others fixed)

| oad-dependent X-parameters

60—

50—

40—

30—

20—

10 | | | | |

4 10 12 14 16 18 20
Pin (available)

70 \Vd 2.0
CId
—1.5
_—1.0
:—0.5
_—0.0

-10 |||||||||||||||_-0.5

00 02 04 06 08 10 12 14 16 18 20 22 24

Time (nanoseconds)



Prediction of GaN HEMT Harmonic Load-dependence

from Fundamental-only Load-dependent X-parameters
PAE
60—
Cree 50—
Z Harmonic loads CGHA0010 404
1 GaN HEMT
Z, _ .
23 \a o]
10 l l | | | | |
4 6 8 10 12 14 16 18 20
Pin (available)
70 _Iﬂ)
vd -
2.0 6077 —15
Id [A] ] s
1.5—: —1.0
] 40 —
140—: C o5
05— 30—
: —0.0
0.0 20—/
05 10 0=
o T e L A A A AL R

00 02 04 06_08 10 12 14 16 18 20 22 24
Time (nanoseconds)



Prediction of GaN HEMT Harmonic Load-dependence

from Fundamental-only Load-dependent X-parameters
PAE o]
50—
Zl Harmaonic loads !
40—
Z
7 Cree 30
CGH40010
GaN HEMT
10 T rrTr 1T 1T T 1T T 11T
4 6 8 lbin (d%allaﬂfb) 16 18 20
dA] Vd o -
157 50—_ -
: 307 —0.5
057 .

Time (nanoseconds)

Vary third harmonic output impedance (keep others fixed)



Implications of Arbitrary Load-dependent X-parameters

Input and output harmonic load tuning dependence predictable
Harmonic load-pull may be unnecessary for many apps.

Source pull may be unnecessary (apart from power transfer)
Complementary approach to “compact” nonlinear device models



Power Amplifier Design

Goal: Design a power amplifier using X-parameter measurements of a
transistor. |

X-parameter model measured CCHA0045 o hewr
Of a C ree CG H 40 045 F G aN Cree’s CGH40045 is an unmatched, gallium nitride (GaN) high electron

mobility transistor (HEMT). The CGH40045, operating from a 28 volt

tran S i Stor u Si n g NV NA . rail, offers a general purpose, broadband solution to a variety of RF

and microwave applications. GaN HEMTs offer high efficiency, high

gain and wide bandwidth capabilities making the CGH40045 ideal

for linear and compressed amplifier circuits. The transistor is Pack
Ckage Types: 440193 & 440206

DeSIred DeSIQn Goals: available in a flange and pill package. PN'S: CGH40045F & Catiagomos
*Frequency = 1.2 GHz
*Output power > 45 dBm

FEATURES APPLICATIONS

* Up to 4 GHz Operation e 2-Way Private Radio

L PAE > 60% e 16 dB Small Signal Gain at 2.0 GHz e Broadband Amplifiers
e 12 dB Small Signal Gain at 4.0 GHz e Cellular Infrastructure
L C I aSS A B e 55 W Typical P, ¢ Test Instrumentation

s 55 % Efficiency at P, e Class A, AB, Linear amplifiers suitable
e 28V Operation for OFDM, W-CDMA, EDGE, CDMA

waveforms

Linearity and other performance parameters
were not part of this first phase design.

Note: Cree transistor is capable of higher
performance than ‘Desired Design
Specifications’. Refer to Cree datasheet
for more information.



Power Amplifier Design

Total PA design completed in ADS:

1. Simulated impedance contours of output power and PAE at
fundamental and harmonic frequencies at input (gate) and output
ports (drain)

2. Simulated impedance contours used to determine appropriate
termination impedances at fundamental and harmonic frequencies at
Input (gate) and output ports (drain) to maximize PAE and output
power

3. PCB designed with appropriate matching from (2)
4. Final PA assembled and compared against simulation



NVNA X-parameter System — Power Budget (120 W)

I—} 18 dBm (ET) i
L [

Couplers - minicircuits i
ZGDC10-362HP+ I
CF~-10dB i
Pmax >+ 53 dBm :

Pmax >+ 53 dBm

———————————————— e b .—}+1o dBm to +32 dBn{
Port 1 Tuner ————
BiaSjm === m e e 4
+12 dBm (ET) at +32 |
______ dBminput _________|
| AR 551G4 i
! G = 30 dB at lowest gain |
i Pmax = +37 dBm (5 Watts) i 30dB
| Frequency = .8 — 4.2 GHz ' e -
D e —————— | !
-20 dBm -20dBm | Cree CGH40045F GaN HEMT : DUT
_______________________ _ | F=12GHz |
| AR 60S1G4 i I Gain ~ 12-16 dB |
NVNA | G =max 38 dB min 33 dB at 0% | | Pout~46dBm |
i Pmax = +48 dBm (60 Watts) :
| Frequency = .8 —4.2 GHz i
e . -20dBm  -20dBm
20dB
'4— +36 dBm i '4— +46 dBm (max) |
I 2x20dB 40dB I
'—} +36dBM | (<1 W) -—} +26 dBm (ET) |
Port 2 Tuner
mTEEEmmEmmmm——————— < .
10dB (100 Watt) I Couplers - minicircuits i Bias
[fTTmmmmmmmmmmmssmsmsmsmseeeee | ZGDC10-362HP+ i
| =) 1 dBm (ET) at G= 35dBl | CF~-100dB !
e e e e e e e e e e e e e e e 1
1 1
L



High Power X-parameter Measurement System




Model Verification

Verification of the measured X-parameter model:

1.

Make measurements of component (transistor). These are not X-
parameter measurements but instead measurements of other
parameters like ‘A’ and ‘B’ waves, output power, PAE or another
parameter of your choice.

Record the input power, impedances (input and output ports,
fundamental and harmonic) and bias used during the
measurements in (1).

Place these impedances in the simulator as terminations of the X-
parameter model and sweep power over that used in measurement
range.

Note: Extrapolation boundaries is a topic for
another day



X-parameter Model Verification - Circuit Template

Z=Z_5 Ohm
P=dbmtow(RFpower)
Freg=RFfreq

File="CGH40045F _XP rmdf"

RFfreq=1200 MHzZ

Z | 1=1364*3.79

Z | 2=16.14%41.86
|_3=95 23+4*67T 92
5_1=206+*0.78
Z_5_2=2 26419487
Z 5 3=306429.35
vhigh=28 %
Wlow=-2.87

Z0=80

Z|
Z

|_Probe |_Probe
|5 Lo ls_high
wiate X ] rain
+| O Feed O Feed +|
— DC CC Feeft OC Feet? —=V_DC
_T SRC2 ; % T &3
woo=vlow Ydc=vhigh
|_Probe
lload
CD |_Prohe CD
1 11_input ]
s winput 11 i I 1 Woutput
’ I ’ . ' 11
o Tone OC ok _I_ OC ok
=~ CC Boki L CC Bodk?
3 |PORT! = *2P = -
Num=1 HNP

Term
Term1

IIFT—AAA

Num=2
Z=Z_| Ohm



X-parameter Model Verification - Results

Verification of X-parameter Model

46 2.0
Measured
g Simulated _’__::::;;;:::::::::‘._ )
,.-—:::33::::: ———— E
E AT B 5 .
— | / B
o B -
o 2
5 2 z
>
= i S
v 9,
S L
| 0.7
28 30

Incident Power (dBm)



Simulated Fundamental Pout and PAE Contours

Maximum
Power

and contour

levels, dBm:

46.05 Output Power > 45

46.00 dBm

45.50
45.00
44.50
44.00
43.50
43.00
42.50

\\ // Maximum PAE
and contour
N levels, %:

70.812 < PAE > 70 %

68.000

23;888 All other impedances in the

E P 22-888 simulator set to 50 ohm
level=70.711610, number=65 level=46.029871, number=52 45990 except fundamental input

44.000 ~
10000 Impedance (~2 ohm).

PAE contours

Power_contours




Simulated Parameters

ADS Amplifier DesignGuide

Output Spectrum, dBm i .
50 19 rulTransducer Power Gain, dB Gain Compression PAE, % High Supply Current
] ek between markers, dB 80 1.8
0 18 3.220 70 1.6
] ] a 1.4+
] 17 607
50 ] N 1.2
1 ] Output Power 50
] 167 at Marker m2, dBm 40 1 1.0
100 1] 45.70 1 087
-1500....,....,...,....,....,....Q,’...‘.:A,’...L 38 39 40 41 42 43 44 45 46 38 39 40 41 42 43 44 45 46
a = - N N o
3 .8 -8 o 8 @ -8 a g o Fund. Output Power, dBm Fund. Output Power, dBm Fund. Output Power, dBm
© < ® o © ® [2] 9]
Available Fundamental DC Power High Thermal
Fundamental Source Power Output POWer  Transducer Power- Added Consumpt. Supply Dissipation
RF Power Selector Frequency dBm dBm Power Gain Efficiency, % Watts Current Watts
] 3 1.200 GHz 20.000 38.916 18.916 37.953 20.281 0.724 12.547
e nanas et SEELNEEEEEELL L 21.000 39.826 18.826 42019 22.583 0.807 13.047
NONON NN NN NN e W 22.000 40.717 18.717 46.465 25.069 0.895 13.361
©o © o ©o ©o o o o o o o 23.000 41.596 18.596 51.376 27.747 0.991 13.415
24.000 42.460 18.460 56.108 30.984 1.107 13.500
RFpower[0,:] = 25.000 43.318 18.318 61.767 34.283 1.225 12.977
26.000 44.122 18.122 67.226 37.877 1.353 12.242
27.000 44775 17.775 71.322 41.453 1.481 11.653
28.000 45.180 17.180 72.659 44.579 1.592 11.865
29.000 45.472 16.472 73.308 47.124 1.683 12.142
30.000 45.696 15.696 74.317 48.783 1.743 11.988
Input and Output Voltage Waveforms
Fundamental and Third Harm., dBm
50
45
404
> w357
55 EEE ]
SE 222 304
> 0D E
nn jeNoNoN 4
=2 HHHB 254
204
154
' 18 10 e e T e

20.0 20.5 21.0 215 22.0 22.5 23.0 235 24.0 245 25.0 255 26.0 26,5 27.0 27.5 28.0 28.5 29.0 29.5 30.0

time, nsec
RFpower



Final Power Amplifier

PAE could be improved based on a
better physical termination impedance
at the 2" harmonic at the input in the
next design. However, there is a
tradeoff between the bandwidth of the
impedance and PAE (i.e. PAE could be
very peaky over a very narrow

frequency bandwidth)
Courtesy of University of Waterloo
Figure of Merit Simulation Results Measurement Results
Input Power 30 dBm 30 dBm
Drain Efficiency 64.1% 64.6 %
PAE 62.3% 62.6 %
Output Power 45.3 dBm 44,93 dBm




X-parameter Measurements “Rules-of-Thumb”

Leave enough pre-amplifier linear gain for extraction and drive tones

* |If the pre-amplifier is saturated with the drive signal then adding the extraction
signal will degrade X-parameters. Generally seen during a power sweep where
there is divergence between simulated and measured results at the higher end of
the power sweep (watch receiver compression though).

Simulation termination impedance

* When comparing simulated a’s and b’s from X-parameters against measured a’'s
and b’s it is critical that the terminations in the simulation match that used during
measurement. Ensure proper calibration and de-embedding techniques where
applicable.

Calibration procedure using 8 term error model, tuners and pre-amplifiers

« Often pre-amplifiers are removed behind the couplers during calibration and then
placed back in-line after the calibration procedure is complete. This may effect the
tuner characterization and therefore the source and load impedances behind the
tuners should be determined from the NVNA and accounted for to ensure proper
applied impedance to the component by the tuners.



Presentation Outline

 Measurement Capabilities

* Industry Challenges
* Introduction to X-parameters

* Load-Dependent X-parameters
* High Power X-parameter Measurement Configuration
* Final PA Results

Mixer/Converter Characterization with X-parameters

* NVNA Measurement Wizard for Mixers
« X-parameter Measurements of Mixers




New NVNA Measurement Classes

Two additional measurement classes have been added to the NVNA FW:
1) Multi-tone (multi-tone measurements and two-tone X-parameters).
2) Mixer/Converter (Measurements and X-parameters).

Measurement Class | " X |

—Measurement Class —

C General

" Envelope

Phase Ref
z.

' Multitone

o S P
4 )
SiE toe
25 B .
y ANy 3 ‘
&« MixerfConverter g utpu RCVREB 5 Measuremen ¢
IN Phase Ref
Input Lo

Measure: Conversion gain, mixing products
and nonlinear Input / Output waves of 3
frequency converting device.

Note: Changing the measurement class will delete the existing measurements.

OK I Cancel Help




NVNA Mixer Measurement Setup Wizard

Hardware Setup

' File Response Analysis Stimulus Utility Help _|El|ﬂ

Measure : Single -

Measurement Configuration |

Hardware Setup |External LO Source v || Reference Source |10 1Hz =] View Setup Help |

1.600000000 GHz 33.500000000 GHz

LO {fund_2) IOffset - I |30.000000 MHz EI
Input:
Port 1

Configure Source | 1

[=]
Source Aftenuation... | T3 Recerer Attenuation...

Configure:

1) External or internal LO
source drive.

Source Attenuation... |

 Measurement Frequencies:
rUmit Bandwidth ——— - Hamonics ——— 7 [~ Mixing Products {m* Input+-n*La) High SidefLow Side 2) R f
Start 10000000 MHz  [5] || Max Input Harmonics . [3 [£] || & Maxm: [3 [5] Maxn [3 ] iEQTg’d‘ Lgﬁl L0 grerence source.
igh Side Qnly (+
Stop: [50.000000000 GHz [5] || Max LO Harmorics:  [38 [5] || © MaxOrder jm + ) - LO%\, Side Omyy(_ LO)

- Other Sweep Settings:
- Source Power

Input Source Power.  Start: |-10.0 dBmEI Stop: |O.U dBm EI Fower Points: |3— Number of Freq Foints |2

LO Source Powsr.  Start | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: |1_E IF Bandwidth: | 1.000 kHz E

Switch to Multitone Setup. | Anply | Close |

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer HW Setup Wizard

HW Setup Dialog

View Setup il

lllustrates connections for the
HW as well as if X-
parameters are available in
the selected HW
configuration.

o ——— o ————

>C§A‘ e =
ol
LO (Port 3) J ‘*—J

Input (Port 1)

Calibration Reference Plane

X-Parameter measurements are available
Port4 Bypass = Rear Panel

Close | Help




NVNA Mixer Measurement Setup Wizard

Input and LO Freguency Setup

' File Response Analysis Stimulus Utility Help

_|=|%|

Measure : Single -

Measurement Configuration |

[Hardware Setup [External LO Souce  w | Reference Source [10 w2 - |

Start/Stop  |{1.600000000 GHz 33.500000000 GHz

View Setup

Help

 Measurement Frequencies:

LO (fund_2) [ofset ~| [30.000000MHz ]
Input: Output:
Port 1 Port 3
Configure Source | I 1
Source Aftenuation... | Recerer Attenuation...
Source Attenuation... |

Start: [10.000000 MHz
Stap: [50.000000000 GHz [+

i Limit Bandwidth

Max LO Harmonics :

s B

Hammonics ———————
|VMaxInpuT Harmonics: |3 E

|

Mixing Products {m* Input+-n*L3]

& Mawm: IS—E Mand IS_E

© Max Order (m+n):

High SidefLow Side
& Both (+/- LO)
© High Side Qnly (+ LOY
© Laow Side Cnly (- LO)

- Other Sweep Settings:

[ Source Power

LQ Source Power:

Input Source Power.  Start: |-10.0 dBmEI Stop: |O.U dBm EI Power Points: |3—

Can configure in start/stop,
center/span, offset, and fixed
frequency types.

Humber of Freq. Foints |2

Start. | 7.0 dBm EI Stop: | 7.0 dBm |j| Power Points: |1_E

IF Bandwiclth : 1.000 kHz E
Switch to Multitone Setup. | Anply | Close |
[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS




NVNA Mixer Measurement Setup Wizard

General Source Configuration

_|=|%|

Measure : Single -

' File Response Analysis Stimulus Utility Help

Measuremant Configuration |
_~| ReferenceSource |10 MHz -] View Setup Help

Els.soonoonoo GHz

Hardware Setup IEx’[emaI LO Source

1.600000000 GHz

LO(fund_2)  [offser ~| [30.000000MHz  []
Output: \

Input:
Port 3

K Port 1
Recerer Attenuation...
N \

Canfigure Soursa |I 1
Source Attenuation... |
soucs trorstn. | /| Configure internal and
adenges Midng Procuets (rvinpt+/n°LO) external sources and internal

rUmit Bandwidth ————— - Hamonics ——— High SidefLow Side
g . & Both (+/- LO)
|VMax Input Harmeonics IS—E |Vf" GEEANE IS—E Man n ITEW |; H?gh Side Ol (+ Lﬂ . .
) receiver attenuation.

start [10.000000 MHz 2]
Max LO Harmanics : 3 E  Max Qrder (m + nj: © Low Side Only (- LO

Stap: [50.000000000 GHz [+
- Other Sweep Settings:
| Source Power
Input Source Power  Start [-10.0 dBm 2] Stop: [0.0 dBm  [] Power Points: [3 Number of Freq Points |2
Start. | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: | 1 E IF Bandwidth: | 1.000 kHz E

LQ Source Power:
Close

Apply

Suitch to Multitone Setup.. |

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer External LO Source Setup

Configuring External LO Source for Mixer/Converter

Measurement Setup

Source Configuration |

x|

Source: [Source 2 vI Source Frequency |fund_2

[~

Add Source |

Delete Sounce |

/Prupedy Walue:

[19

Search for Instrurnents |

Test Connection |

[dentify Instrurent |

Instrument Properties:

Initialization Cornmands

Set Power Commands

Set Frequency Commands
Source On Commands
Source Off Commands
Multitone Table Setup Commz
Multitone Row Setup Commar

=

Multitone On Commands

~

Wiite to Instrument |
Fead from Instrurnent |

Wait Staternent

Save Source to File |
Load Source from File |

D

) [rternal Source & External Source

Source Type
’7  Leaye On

WYariable Selection:

"Aﬁer Measurement

& Turn Off

Insert Yanable Reference |

oK | Canoell Help |

\

NVNA is already pre-loaded
with commands to control
external sources.

Can also search for
Instruments.




NVNA Mixer Measurement Setup Wizard

Limit Measurement Bandwidth

' File Response Analysis Stimulus Utility Help

_|=|%|

Measure : Single -

Measurement Configuration |

Hardware Setup |External LO Source v || Reference Source |10 MHz View Setup

1.600000000 GHz

[ofset ~ | [30.000000 MHz
Input:
Port 1
Configure Source | 1

Source Aftenuation... |

Els.soonoonoo GHz

=

LO (fund_2)

i Measurement Frequencies:
rLimit Bandwidth ——————

Start: 10.000000 MHz
Stap: [50.000000000 GHz [+

Mixing Products {m* Input+-n*L3] High SidefLow Side

& M 5 M 3 & Both (+/- LO)
|V = I—E o I_Ew |V(‘ High Side Qnily [+ Lﬂ
)

© Max Order {m + rj; ¢ Low Side Only - LO

—Harrnonics
armonics . |3 E

Max LO Harmonics : IS_E

- Other Sweep Settings:
- Source Power

Input Source Power.  Start: |-10.0 dBmEI Stop: |O.U dBm EI Power Points: |3—
Start. | 7.0 dBm EI Stop: | 7.0 dBm |j| Power Points: |1_E

Humber of Freq. Foints |2

IF Bandwidth : 1.000 kHz E

LQ Source Power:

Switch to Multitone Setup. | Anply | Close |

Reduces the total measured
frequencies while still
capturing the harmonic/mixing
order products within the set
bandwidth.

T

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer Measurement Setup Wizard

Harmonic order

' File Response Analysis Stimulus Utility Help —|5’|ﬂ .
| ware snie -~ The number of input/LO
Measurement Configuration | .
harmonics to measure.

Hardware Setup |External LO Source v || Reference Source |10 MHz View Setup

1.600000000 GHz 33.500000000 GHz

=

LO (fund_2)

Source Attenuation... |

 Measurement Frequencies:

~Limit Bandwidth ——————(~ Harmonics High SidefLow Side
Start: [10.000000 MHz H Max Input Harmonics - | 3 E (‘: E?T’: ‘(Shrd Lg)l - L0)
= igh Side Qrily (+
Stop: [50.000000000 GHz [5] | | Max LO Harmorics:  [8 [5] || £ MaxOrder jm + ) ¢ Low Side Only (- LO)
- Other Sweep Settings:

| Source Power
Input Source Power  Start [-10.0 dBm 2] Stop: [0.0 dBm  [] Power Points: [3 Number of Freq Points |2

LO Source Powsr.  Start | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: |1_E IF Bandwidth: | 1.000 kHz E

Switch to Multitone Setup. | Anply | Close |

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer Measurement Setup Wizard

Mixing Products

' File Response Analysis Stimulus Utility Help

_|=|%|

Measure : Single -

Measurement Configuration |

Hardware Setup |External LO Source v || Reference Source |10 MHz

1.600000000 GHz 33.500000000 GHz

=

LO (fund_2)

Help |

Wiew Setup

Input:
Port 1
Configure Source | 1

Source Aftenuation... |

Source Attenuation... |

 Measurement Frequencies:

Start: [10.000000 MHz  [£]
Stap: [50.000000000 GHz [+

Max Input Harmonics IS—E
s B

Max LD Harmonios © Max Order (m+n):

& Mawm: IS—E Mand IS_E

rUmit Bandwidth ———————— |'Harm0nics S "Mixing Products (m* Input+-n*La)

High Side/Low Sid
7 B 09]]
High Side Qnly (+ LOY
© Laow Side Cnly (- LO)

- Other Sweep Settings:
[ Source Power
Input Source Power.  Start: |-10.0 dBmEI Stop: |O.U dBm EI Power Points: | 3

Start. | 7.0 dBm EI Stop: | 7.0 dBm |j| Power Points: |1_E

LQ Source Power:

Humber of Freq. Foints |2

IF Bandwidth : 1.000 kHz E

Suitch to Multitone Setup.. |

Anply | Close |

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz

ExtS

The mixing product order for
the input and LO.

Harmonics and mixing
products are using to
determine what frequencies to
measure.

e



NVNA Mixer Measurement Setup Wizard

High Side and/or Low Side Mixing

' File Response Analysis Stimulus Utility Help —lﬁlﬁ 1 1
wasre: s - | JS@d tO determine if

Measurement Configuration | .
T rReemsaml = wess | = 7 | Measured frequencies should
1600000000 GH> Els.soooomoo GHz [2 :
LO(fund_2)  [Offset ]| [30.000000 MHz [ be set for hlgh’ IOW’ or bOth
| side mixing.
CorfigieBowe=. || 1

Source Aftenuation... | T3 Recerer Attenuation...

Hardware Setup IEx’[emaI LO Source

Source Attenuation... |
 Measurement Frequencies:

rUmit Bandwidth ——— - Hamonics ——— 7 [~ Mixing Products {m* Input+-n*La) High SidefLow Side
Start: [10.000000 MHz  [&] || Max Input Harmonics . |3 & Maxm: [3 Maxn [8 S Bl [ L0, v
I H |7 i E |7 E Ew © High Side Qnly (+ LOY
)

Stop: [50.000000000 GHz [5] || Max LO Harmorics:  [38 [5] || © MaxOrder jm + ) ¢ Low Side Only (- LO

- Other Sweep Settings:
| Source Power
Input Source Power  Start [-10.0 dBm 2] Stop: [0.0 dBm  [] Power Points: [3 Number of Freq Points |2

Start. | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: |1_E IF Bandwidth: | 1.000 kHz E

LQ Source Power:

| Apply | Cloge |

Switch to Multitone Setup.

[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer Measurement Setup Wizard

Other Sweep Settings

' File Response Analysis Stimulus Utility Help

_|=|%|

Measure : Single -

Measurement Configuration |

Hardware Setup |External LO Source v || Reference Source |10 MHz

1.600000000 GHz

[ofset ~ | [30.000000 MHz
Input:
Port 1

Configure Source | 1

Source Aftenuation... |

Wiew Setup

Els.soonoonoo GHz

=

LO (fund_2)

Source Attenuation... |

 Measurement Frequencies:
r~ Limit Bandwidth

Harmonics

Max Input Harmonics IS—E
Max LO Harmanics : IS_E

Mixing Products {m* Input+-n*L3]

& Mawm: IS—E Mand IS_E

© Max Order (m+n):

High SidefLow Side

& Both (+/- LO)
© High Side Qnly (+ LOY
© Laow Side Cnly (- LO)

Start: [10.000000 MHz
Stap: [50.000000000 GHz [+

—Other Swaan Sattinac
P g5

- Source Power
Input Source Power.  Start, | -10.0 dBm EI Stop: | 0.0 dBm EI Power Points: |3—
LC Source Powsr.  Start | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: |1_E

Mumber of Freq. Foints |2

IF Bandwiclth : 1.000 kHz E
Switch to Multitone Setup. | Anply | Close |
[Mliscer 3P/1-3-4 ¥-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS

Configure input and LO power

sweeps, frequency points and
IFBW.



NVNA Ul

Status Bar

iFiIe Response Analysis Stimulus Utility Help _|=] %] Sta’tus bar Contalns

Measure : Single -

Measurement Configuration | I m po rtan Ce i nfo rm ati O n :

_~| ReferenceSource |10 MHz -] View Setup Help |

Hardware Setup IEx’[emaI LO Source

1.600000000 GHz 33.500000000 GHz

LO(fund_2)  [Offset v | [30.000000MHz [
-Input
| 2) Number of ports

Source Attenuation... | - Fieceiver Aftenuation... CcO nfl g ure d .

1) Measurement class.

— 3) X-parameters enabled.
 Measurement Frequencies:

rUmit Bandwidth ——— - Hamonics ——— 7 [~ Mixing Products {m* Input+-n*La) High SidefLow Side 4 M .
start [10.000000 MHz 2] |7MaxlnpuTHarmonos (3 B} {c‘ Maxm: [8 [5] Maxn FEW{“ Both {+- L0} ﬂ ) easurement tlme
)

 High Side Only (+ L
Stop: [50.000000000 GHz [5] || Max LO Harmorics:  [3 [£] ¢ Low Side Only (- L

~Other Swoop Setings: 5) Phase reference source.

| Source Power
Input Source Power  Start [-10.0 dBm 2] Stop: [0.0 dBm  [] Power Points: [3 Number of Freq Points |2

LO Source Powsr.  Start | 7.0 dBm EI Stop: | 7.0 dBm |j| Pawer Points: |1_E IF Banidhwidith - IWE 6) Rece iver Cal i b ratl O n .

Switch to Multitone Setup. | Anply | Close |

© Max Order (m+n):

7) Source calibration.
8) Other....

[Vliscer 3P/1-3-4 ¥-Parameters Meas Time:  19.2 min Ph PRF: 10 MHz ExtS ]




NVNA Mixer Vector Calibration — Port Selection

The mixer/converter is connected between ports 1 (Input), 3 (IF) and 4 (LO)
on the NVNA. Be sure to select these ports during the vector calibration.

Select Calibration Ports and ECal Module x |
— Cal Type Selection————— 3 Port ECal Configuration
;‘ EDH Ega: Select 1st Port |1 - | Selected CalKit  N4631-50004
ort ECal . .
2 FartECal Solect ?nd Port |3 - I Serial Mo 03259
1 PortECal Characterization:  Factony

Select 3rd Port: -

ViewSelet ECal Module |

v Show Advanced Settings (Orientation & Thru Cal Section) [T Calibrate source and receiver powar

< Back | Meodt > I Cancel | Help |




NVNA Mixer Vector Calibration — DUT Connectors

Select DUT connector types for vector calibration.

Electronic Calibration: Select DUT Connectors b 4 |
DLT Cannector Cal Kits
) Cal Method: 3-Port
=R AP 35 female NABI1-E0004 ECal 03259 v |
Fort 3 |AP03.5 male v | NABI1-E0004 ECal 03259 v |
Fort 4 |AP03.5female v | NABI1-E0004 ECal 03259 v |

< Back I Mend » I Cancel Help




NVNA Mixer Phase Calibration - Configuration

Good practice to enabling some averaging during the phase calibration.

Calibration Wizard

Phase Calibration Configuration

Remawing receiver attenuation and / or adding separate awveraging for phase calibration would improwe calibration
accuracy, especially when narrow tone spacings are desired in high power applications.

1 Remove Receiver Attenuation
| Use External Attenuatar

Femowving receiver attenuation during phase calibration would improwve calibration accuracy and simplify high
power measurement setup.

It requires wector calibration to be complete first and one or more extra steps if checked.

W Enable Averaging

Averages: IW E

< Back Mext > Cancel Helg




NVNA Mixer Phase Calibration — Module Selection

Select the phase reference module that will be used during calibration.

Calibration Wizard

Select Phase Reference Module
Select a phase reference from the list and press MNext to perform the phase calibration. This phase reference should not
be the one used during measurement.

todel Serial Mumber Firrmware Yersion Calibration Date n

1J9391F-FFF hAv'49230122 Al 2R100916:20

U939 F-FFF k49230124 Al 21041012:47

lfwou hawe one or more phase references not shown in this list, Detect Connected Modules

wou may connectthem to a USE port now and click 'Detect
Connected Modules’.

If wou want to use an unsupported phase reference, click 'Next'
without selecting a phase reference.

< Back Plext » Cancel Help




NVNA Mixer Amplitude Calibration

Amplitude calibration is calibrating the amplitude response of the
receivers(This is not performing a source power calibration).

Source Power Calibration

— Power

— Channel and Source Port Selection

— Calibration Status

x|

Calibration exists for
Cal Power -5.00 dBm Channel I 1 E IF’DFﬂ -] this port. 0K
[ ey Cancel
Power Offset |u.u dB E Tolerance |”-”“5 dBm E
, [v Calibration On Help
bdax Mumber of Readings 15
V53 [pEEr MDD ol Dptions... | Fower Meter Config. . Take Cal Sweep




NVNA Mixer Source Power Calibration (New)

Once the NVNA receivers have been calibrated they are then used to
calibrate the source(Recelvers are very accurate).

‘ File | Response Analysis Stimulus Utility Help - |E|ﬁ
Measure 4 Measure: Single -
Measure  New Trace 4
Measurement Class... :
Hardw erence Source |1 0 MHz Ll WView Setup... Help |
Cal 4 Start Cal 4
Calibration Wizard... )
LO (fu Correction on/OFF
Format ¥ Interpolation ON/off Output:
Scale 2 | R Port 3
Display Manage Cals 5 |
3
Receiver Attenuation... = i e (b )
. ) . Source Power Correction onfOFF
Receiver Path... Fixturing -
Port 1 Reference Mixer Switch...
3
Phase Normalization  lon.. |[LO:
_l Ext. Src.

rMeas  Couple Segments (Receiver only)
- Limit B3I [~ FTanTIonTeS Mixing Products (m*Input+-n*L0) High Side/Low Side

Start: [10.000000 MHz  [5] || MaxInput Harmonies - [3 [5] || @ Maxm: [3 [5] Maxn [3 5] || © Both(+ LO)

£ High Side Only (+ LO)
Stop: [50.000000000 GHz [5] || Max LO Harmonics:  [3 [£] || © MaxOrder (m + ) ¢ Low Side Only (- LO)

~Other Sweep Settings:
~Source Power

Input Source Power:  Start: [-10.0 dBm [Z] Stop: [0.0 dBm 2] Power Points: IS_E Number of Freq, Points |2 E

LO Source Power  Start: [7.0 dBm  [5] Stop [7.0 dBm [5] PowerPoints: [1 ] | IFBandwidth:  [1.000 kHz [

Switch to Multitone Setup.. | Apply | Close |

[Mlixer 3P/1-3-4 K-Parameters Meas Time: 19,2 min Ph PRF: 10 MHz ExtS



NVNA Mixer Measurement Types

Specific device parameters can be selected for display.

GFiIe Response Analysis Stimulus Utility Help _ = x|

Measure  New Trace > Input Match (XF1/|A1])
I Measurement Class... S-Parameters Conversion Gain (XF2/|A1])
X-Parameters Quad Display IPwr
Cal. . . ® Xf Parameter OPwr
L0 (fu Calibration Wizard... . EI LOPwr
Format » OutpL Leak_O_L
Scale » i leak O I
D|sp|ay » J Leak I L
LOMatch
Receiver Attenuation... © IsoIlL
Receiver Path... Iso O L
Port 1 Reference Mixer Switch... Iso O I
Phase Normalization > bion.. |[LO: o e
Ext. Src. T OutputMatch
~Meas  Couple Segments (Receiver only)

r~ Limit BEnawITTT [~ oS Mixing Products (m* Input+-n*CC - High Side/Cow Side
Start: [10.000000 MHz 5] || Max Input Harmonics : [3 B & Maxm[3 [ Maxn [3 E © Both {+- LO)

 High Side Only (+ LO)
Stop: [50.000000000 GHz [5] || MexLO Harmonics: |3 [ || © MaxOrder (m + n) ¢ Low Side Only (- LO)

~ Other Sweep Settings:
—Source Power
Input Source Power:  Start: [-10.0 dBm [Z] Stop [0.0 dBm [ 2] Power Points: [3 E Number of Freq. Points |2 E

LO Source Power:  Start [7.0 dBm [5] Stop [7.0 dBm [ PowerPoints: [1 5] | IFBandwidth:  [1.000 kHz []

Switch to Multitone Setup... | Apply | Close |

[Wlixer 3P/1-3-4 K-Parameters Meas Time: 19.2 min Ph PRF: 10 MHz ExtS



NVNA Mixer X-parameter Measurement Setup

To measure X-parameters you need to specify the appropriate ET level
mechanism.

Xl Gain based is generally best if

*-Parameter Setup' . .
component is not hard in
compression. Otherwise extraction

e g | || signal may be to low at lower drive

Port 2 Gain at Maximum Input Power | -6.00 dB E Port 2 Maximurn Quiput Power: | 15.00 dBm E I eve I S
-
Port 3 Gain at Maximum [nput Pawer I 0.00 dB E Port 3 Maximurn Qutput Power: | 0.00 dBm E

*Gain based on port 1 stimulus

Maximum Harmonic/Midng Qrder, | 3
Number of Phase Offset ETs | 4

KD e

- Extraction Tone Level

~ Manual ET Level ~ Port Labels
Port 1 Add port_|

Port 1 ET Level [F1500dBm & | | |Port2

Port 2 ET Level [ooodBm H| | [Po° Detete Port

Port3 T Level [ooodBm [

Part Labsl: |

0K | Cancell Help |




X-parameter Mixer La

Measure a mini-circuits mixer

Coaxial
-
Frequency Mixer ZFM-4212+
Level 7 (LO Power +7 dBm) 2000 to 4200 MHz A
v

& e
Maximum Ratings Features
Operating Temperatura ___-55'C 10 100°C: + low comvarsion loss, 5.44 dB typ. 488 verminn shown
Stomge Tsmperaturs 55'C 0 100°C = widaband, 2000 to 4200 MHz CASE STYLE:KAE
RF Dower SomW « rugged shielded case
Effower oW Connectors _Modsl Price
IF Current aomA SHA ZFNazTer  ssessea (1)
Pt cages oy oy o e e e o Applications BRACKET (OPTION'B") 250 (14)
Coaxial Connections : m{ﬁléHF + RoHS compfiant in accordance
o 1 “isn with EU Directive (2002/95/EC)
RF 2 = instrumentation The + Suffix has boen added 1 order fo dantify AoHS
I 3 Compiiance. Sae ourweb sic for AGHS Complance

e rodkloges and qualiicn tea.

Elecirical Specificalions

Performance Charts

ZFM-4212+

FREQUENCY LO-RF ISOLATION LO-IF ISOLATION
Outline Drawing (MHz) (d8) (dB)
Tp  Mn Tp  Mn
R [T
Typical Performance Data
Fraguency Conversion Isolation. Isolation VSWR VSWR
4 ' MHz) Losa LR [®] RF Port L0 Port
ot 10 10 10 Lo 1o
[ 0 T T +Tdm e +TdBm
200000 18000 505 =0 12560 198 67
a7 B 7 510 230 150 158 625
248750 242750 557 Er 1250 18 55
2126 27128 ] 208 1400 vot &
. 247500 ® e x50 1460 204 b
Outline Dimensions (23') =875 =075 581 217 1590 235 648
] 250 551 EE 1620 Za 6o
A m 0524 4624 558 210 720 237 6%
4z 428 200000 204000 55 am 1820 2a0 £
nm ns 26000 2000 535 I 1850 2 76
e a1z sz 220 1 297 ar
- B 50 556 70 1220 z10 B3
dmoEmn e B o 348125 342128 552 2740 1750 225 ]
: 26250 ® 57 21 1650 21 548
AT 70875 635 2710 1600 23 az
250 250 633 260 1560 23 s
® ® 608 X 1550 218 e
5 2006, 52 D50 1640 156 iz
112,00 0500 51 o 1620 7 e
® I 56 00 1470 s az

n.J
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NVNA Mixer HW Setup Wizard

Connect external HW as described in the following diagram

View Setup

Input (Port 1)

Calibration Reference Plane

X-Parameter measurements are available
Port4 Bypass = Rear Panel

Close | Help




Mixer Measurement Setup Steps #2

Setup the following stimulus response settings in NVNA:

RFE (Input)
Frequency = 2 — 4 GHz (2 points)
Power =-20 — 0 dBm (5 points)
LO

Frequency = -60 MHz offset (fixed IF measurement)

Power = +7 dBm
Harmonics

Max input and LO = 3
Mixing Products

Max ‘m’ and ‘n’=3
High Side/Low Side
Both




NVNA Mixer Measurement Results

File Response Analysis Stimulus Utility Help

q ~ Forme o 7 dBm Measure : Single -

—— AlWWave 20,00 dBm /-20.00 dBm ——  AZWave 20,00 dBm /-60.00 dBm
2000 GHz  -20135 dBm < 1.940 GHz 6.937 dBm

—— B2 Wfave 10.00 dBm /-50.00 dBm jn0n — Conwvainle 5.000 dB f-15.00 dB —— ConmviainHi 5.000 dB /-15.00 dB
fl 1 2000 G -4.195 d8
o000 0I1.l1122 4.000 G -5877 dB
’ ff 1 2000 G -30.24 4B
-S.DDD¢>_ - AEHA I d&

-10.00

S.000

-15.00
-Z0.00
-25.00
-30.00

-25.00

40,00
2.000 & 2400 & 2.200 G

——  ASpp 100048 - XTpp 10000 ——  ASpq 1000040 - ——  AfZ2.000dBm /-16.00 dBm

——  X5qq 10,0688~ - XTqq 10.0(

9 1 Ph PRF: 10 MHz




X-parameter technology is expanding rapidly

Agilent breakthroughs:

» Load-dependent X-parameters

* 50 GHz Agilent NVNA

« High-Power X-parameter measurements
« X-parameter generator in ADS

« Simulation of XnP component in ADS,
Genesys & SystemVue

« Two-tone measured X-parameters

» Three-port measured X-parameters
 Memory: Dynamic X-parameters
« Education, training, app. Notes




For More Information

X-parameters

www.agilent.com/find/x-parameters

Nonlinear Vector Network Analyzer

www.agilent.com/find/nvna

ADS MMIC design seminar (click on X-parameters link)
www.agilent.com/find/eesof-mmic-seminar

X-Parameters Aid MMIC Design
http://www.mwrf.com/Articles/Index.cfim?Ad=1&Article|D
=22811

X-Parameter Youllll videos
http://www.youtube.com/user/AgilentE Esof

Trademark Usage, Open Documentation & Partnerships
http://www.agilent.com/find/x-parameters-info

Advanced Design System
(ADS)

Premier RF & Microwave
Design Platform
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