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Nonlinear Hierarchy from Device to System
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Nonlinearities
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The Need for Phase

Cross-Frequency Phase

Notice that each frequency component has an associated static phase shift.
Each frequency component has a phase relationship to each other.

Why Measure This?

If we can measure the absolute
amplitude and cross-frequency
phase we have knowledge of the
nonlinear behavior such that we can:

= Convert to time domain waveforms (eg:
scope mode).

= Measure phase relationships between
harmonics.

= Generate model coefficients.

= Measure frequency multipliers.
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NVNA Hardware

Take a standard PNA-X and add nonlinear measurement capabilities

Agilent’s N5242A premier performance
microwave network analyzer offers the highest
performance, plus:

=2- and 4-port versions

= Built-in second source and internal combiner
for fast, convenient measurement setups

= Spectrally pure sources (-60 dBc)

UEBEEEEED

= Internal modulators and pulse generators
for fast, simplified pulse measurements

= Flexibility and configurability

= arge touch screen display with intuitive user interface

Agilent Technologies




Measuring Unratioed Measurements on PNA-X

Unratioed Measurements — Amplitude &) ?
i M
Works fine.
Ever tried to measure phase across frequency on an unratioed M w\%m W
measurement? ® 2
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Measuring Unratioed Measurements on PNA-X

Unratioed Measurements — Phase &)

Phase response changes from sweep to sweep. As the LO is swept the
LO phase from each frequency step from sweep to sweep is not
consistent. This prevents measurement of the cross-frequency phase Phase Shifted
of the frequency spectra.
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NVNA Hardware Configuration

Generate Static Phase

= Since we are using a mixer based VNA the LO Domsin Display
phase will change as we sweep frequency. This
means that we cannot directly measure the
phase across frequency using unratioed (al, b1)

measu rements " IF and Digitization

= Instead...ratio (a1/ref, b2/ref) against a device o o atf bt 2] be imemedat Frequeny
that has a constant phase relationship versus i
frequency. A harmonic phase reference K C
generates all the frequency spectrum 1] at|  b1| e2| b2| Inpuouput waves
simultaneously. Harmonic

Reference Signal Separation and Stimulus

= The harmonic phase reference frequency grid
and measurement frequency grid are the same J our
(although they do not have to be generally). For
example, to measure a maximum of 5 harmonics
from the device (1, 2, 3, 4, 5 GHz) you would | 4 Froquency
place phase reference frequencies at 1,2, 3,4, 5
GHz.

RF Source @
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NVNA Hardware Configuration

Phase Reference

= One phase reference is used to maintain
a static cross-frequency phase
relationship.

= A second phase reference standard is
used to calibrate the cross-frequency
phase at the device plane.

= The phase reference generates a time
domain impulse. Fourier theory
illustrates that a repetitive impulse in
time generates a spectra of frequency
content related to the pulse repetition
frequency (PRF) and pulse width (PW).

= The cross-frequency phase relationship
remains static.

File Control  Setup Measure  Analyze  Utilites  Help
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Mathematical Representation of Pulsed DC
Signal

y(1) = (rect py, (1)) * shah;f (1)

2.,0(t-n(1/prf))
rect,, (t)
‘_1 /pr |0 1 /2pW ol -2/prf -1/prf 0  1/prf 2/prf -1/prf 0 1/prf !

Y(s)=(pw-sinc(pw-s))-(prf - shah (prf -s))

Y(s)=(pw.sinc(pw-s))-(prf -shah(prf -s))
Y (s) = DutyCycle -sinc(pw -s).shah (prf -s)
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Frequency Domain Representation of Pulsed DC

i Fin n*Fin
Signal - || [—
Harmonic
Frequency Response Phase
ererence
= Drive phase reference with a Fin o o (HPF“)
frequency.
= Get n*Fin at the output of the phase %
reference. Eos
= Example: §0.47
= Want to stimulate DUT 202
with 1 GHz input stimulus . ‘
. 0 10 20 30 40 50 60 70 80 0 100
and measure harmonic Frequency in Giz
responsesati,2,3,4,5 1
GHz.
Bos-
= Fin=1GHz 2
go.s—
= Can practically use frequency e
spacings less than 1 MHz 'ré“’
Soz

Agilent Technologies




NVNA Hardware Configuration

If we were to isolate a few of the frequencies from the phase reference we
would see that the phase relationship remains constant versus input
drive frequency and power.
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Example NVNA Configuration #1
Using external source for phase reference drive




Example NVNA Configuration #2
Multi-Tone, SCMM, DC/RF, Calibrated receiver mode




NVNA Error Correction Algorithms

Generalized VNA HW

» The input and output waves from a two
port device are measured. Systematic
measurement hardware errors prevent
accurate measurements of the device.

 Calibration and error correction provide
the means to get an accurate
representation of the device
characteristics.

RF Source@

5
Y

al
Q Q LO Source

A
&

DUT

a, —> Incident voltage traveling wave

b, — Reflected voltage traveling wave
\/Z_O — Normalization term

V, = Voltage applied to port 1 of device
I, — Current applied to port 1 of device

V, =/Z, [a, +b] > Incident voltage wave + Reflected voltage wave
I = [al _bl]

1 \/Z—o

Therefore (in units of </ Watts),

— Incident current wave — Reflected current wave

a, = ﬁ [V1 + IIZO] Incident Power = |a1 |2

Reflected Power = |b1 |2

1
b=——|V -17Z
1 2\/2—0[1 10]

Therefore (in units of Volts),

_d - _ |a1|2
a,==[V,+1Z,] Incident Power =
2 Z,
2
b = 1[V 1Z,] R _ ol
==V, L4, eflected Power = ——
2 Z()
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NVNA Error Correction Algorithms

12 Term Error Model

- A 12 term error model is often used to eliminate systematic
measurement errors. Assume crosstalk negligible
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NVNA Error Correction Algorithms

12 Term Error Model - Terminology

- Common terminology used today

e, = Port 1 Directivity(dp,)
e, = Port 1 Source Match(smp, )

e, = Forward Load Match(lm,,)

10 01 _ : )
e, ¢, = Forward Reflection Tracking(rt fiv 7)
10 01" _ F dT : sion Tracki

e, €, = Forward Transmission Tracking(z fwd)

Port 1

e, = Port 2 Directivity(dp, )
e, = Port 2 Source Match(smp,)

e, = Reverse Load Match(/m )

rev

e, €, = Reverse Reflection Tracking(rz,,,)
10 01" _ R T - sion Tracki
e, ¢, = Reverse Transmission Tracking(sz,,, )

Port 2
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NVNA Error Correction Algorithms

Generalized 8 Term Error Model

« The 8 term model accounts for changes in the match of the source
and load by either measuring all the ‘a’ and ‘b’ waves or by
calculating the ‘a’ waves from match coefficients (like delta match).
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NVNA Error Correction Algorithms

Conversion of 12 Term Model to 8 Term Model

» To utilize the standard vector calibration algorithms a conversion is
done to generate the 8 term model from the 12 term model.

Agilent Technologies




NVNA Error Correction Algorithms

Conversion Equations

» The conversion relationship equations to map the 12 term

coefficients to the 8 term coefficients

00 _
e, =dp,
0 0130 0
11 e e I rtfwdrl _
el - " _1 OOFO rev_l d 1—‘()_S}/npl
- 1 —ap,1
10 01
e e —rtfwd
10 01 _ 10 oI 0070 "] _ 0
e e =e¢ e [l—e2 sz—ttfwd [1—dp2F2]
0
0o _ a4
I =—
bl

e, =dp,
10 0110 0
Pl _ 8 & I L T mp
2 T ™2 000 fwd 0 2
I-e, T 1-dp,T,
10 01
62 62 _rtrev
10 01 _ 10 01" [1__ _0007] _ _ 0
e, e =e,e [1 e, Flj—ttmv[l dp1F1]
0
| _9
270
2
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NVNA Error Correction Algorithms

Conversion Equations

* Instead of calculating the gamma terms we can instead directly
calculate the 8 term model tracking coefficients from the 12 term

coefficients.

Im
)= sl

rt, +dp, [lm fwd — STD, }

—Smp,

e'e) = 1 [1—dpzrg]

rt, +dp, [lm fd smpz}

Im,  —smp
e'ey =1t ll—dp2 fud 2

lm rev Smp 1

I =
I’Tde +dp1 [lmrev _Smpl]

eye =t [1 —dp I’} ]

lmrev B Smpl
rtfwd +dp1 [lmrev _Smpl]

Port 2
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NVNA Error Correction Algorithms

8 Term Model Coefficients

 We now have the 8 term model coefficients...however we need to
isolate the terms to relate the amplitude and cross-frequency
phase.

Agilent Technologies




NVNA Error Correction Algorithms

Isolating Coefficients - Amplitude

» Error model of VNA port and amplitude (power sensor and meter)
calibration device. This isolates the amplitude of one of the
tracking coefficients.
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NVNA Error Correction Algorithms

Isolating Coefficients - Phase

« Error model of VNA port and phase reference (harmonic comb
generator) calibration device. This isolates the phase of one of the
tracking coefficients by relating the phase (cross-frequency phase)

|-

at all frequencies. >—0 >—0 > >
a, € a,
00 11 11
e, e, e,
0 01 1 10 0
b, € b, € d,
< O < O < < O < O <
0 _10 01 0 _00 11 11 0 _10 11 01 0 _10 01 0 00 0 11 00 11 10 01
(I 1—ellpl! o 1—ellpl!
0 11 11 0 00 0 11 00 11 10 01
ol _b1 [l—e1 €, }—ale1 +ae, [el e, —e e }
€ = 20"
[
0 11 11 0 00 11 00 11 10 01
b |1—e e, |—a |e —e,|e e —e e
¢(el ):¢ T — The phase reference term a e, is known
a,e
9
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NVNA Error Correction Algorithms
J
Isolating the Rest of the Coefficients in the 8 Term Model
ad a3

« We now have the 8 term model coefficients...however we
need to isolate the terms to relate the amplitude and cross- eey! e)el
frequency phase.

Terms already isolated

Terms to isolate

Calculation path

Isolate amplitude and cross-
: 10 01
frequency phase using power ez e

sensor and phase reference < egl —
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NVNA Error Correction Algorithms

Error Correction Matrix

« We now have isolated all the error coefficients in the 8 term model and can
now relate the uncorrected waves to the corrected wave of the DUT. Notice
each ‘R’ term is multiplied by " and ¢ which provide the cross-frequency
phase relationship between the uncorrected and corrected ‘a’ and ‘b’ waves.

A
A 4
A 4
Y

a a b, b,
b b ) ) a, a
1 r 1 r
00 10 01 00 11 00 10 01 00 11
o - R "=—1I\e¢e e —e e R =——-1 e e, —e e
1 00 01 0 ! orpt T (e 2 o1 72 %2 2 ©2
R1 Rl 0 0 € e
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NVNA Applications (What does it do?)

Time domain oscilloscope measurements with vector
error correction applied

3 Agilent Monlmear Vector Matwork Anabynes ;l_;l_:'EJ
Fie Response  Analysks Stmulus Uity  Help

Measirement ConfigurahoniCaibration  Measurement Display ;

ok Piaeiies Dby = View time domain (and frequency

St Tene, |Upsee 2 D oersailn . . .

Gy IGE  Frgsiey e domain) waveforms (similar to an
 Paear Cantinuous

Stop Size [100pe= [

oscilloscope) but with vector correction
applied (measurement plane at DUT
terminals)

1E3451

W0 1EEall
w2 {10
FTIL Bl
il all

BLZIEE

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

60l

Pl (FrE)

SF el

Lk

<1858 all

1944 oll
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Tim=-Seconds

Meas Tima: 791 14ms FhPRFE 1 GHz “Ca
I.H-.
1
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NVNA Applications (What does it do?)

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

appl Ied View absolute amplitude and phase relationship
between frequencies to/from a device with

R it Moo Vocios Hic s _|mix| Vector correction applied (measurement plane
Fi= Response Analysk Stmulus Utlty Help . at DUT termina|3)
Weastrement ConfigurshoniCaibration  Measirement Display |
Format Display o Mensure
# logMag ¢ Real D vl FErEmete |f>s=.~1 Display '] —— |
Cinbeg cimep | | ® e Fegset: |1 Grzceeg1) =] po— Useful to analyze/design high efficiency (——y
e = i N - E— amplifiers such as class E/F
AR Ot A7 'Wans ¥ 1.MDGH: W.-FEIBdE Nos Bl e
g o
guze Can also measure frequency multipliers <
ane b Ty —— o i
7 O o D . :
Bl & [y B R T Pl saa i Ty
J-2am (BT Tehes e
My'ﬁilll’.ﬂ: r | 3 & JI!J_-J'_I:; 3000z I -:'\-'- -\--
Mkl Cn BE W 3 1mr:?ﬁ;w_'_'.'"-msade : .
ke On BEWerem o 20 GH: -2 R3dB
- To kbl On B e o - 1. 000 GH2 o 1207 dB e P g =
2 : - 1 x
e -

= 1348 -

= Output harmonics

5 415 &
. AXecH: 11303 ke 1000 (THa 1200 IHz
Freauancy-Herz Freounrcy - Heriz

MeasTime: 781 12mes PR PRFE 10QGHz 3l

Input output frequencies at device terminals

Phase relationship between frequencies at output of device
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NVNA Applications (What does it do?)
Measurement of narrow (fast) DC pulses with vector

error correction applied

B Anlient fonlinaar Vactor Natwork Anstyzer
Fie Response  Analysk Stmulus sty Help

Meastrement Configurshonaibration  Measurement Cisplay

Tame Pasameiers Display - _ Mensure
fert T, |V Femc 9 Chornasn Parameter: |E2 Wava —— |
Stap T [190meec 2] ol e e FreqSat: [Combned =] 1
Step Siza [200pe= [ il )
Wi On B2 W woAEA o-S3ER mY
T WiE On B Yémve o B3 00 pa dr.-Eamy
Wil On B2 Wmas b ] ' =5E B3 my

. Urear Reak s,

L
IIl:llil:l.'ls 2000 ¢ a0 g AN 0 2000 g L0000 e
Trne - Saconds

Meas Tire

FN PRF S00 MHz od

View time domain (and frequency
domain) representations of narrow DC
pulses with vector correction applied
(measurement plane at DUT terminals)

Less than 50 ps
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I

agn bl P Tt N L P o Bl e

= Regoomes  Aegippy Shmeles Ry Melp
n i [ - el Cogiay

Stf e - e ]
¥ F F F F ) ¥
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NVNA Applications (What does it do?)

Measurement of narrow (fast)
RF pulses with vector error
correction applied

hikglh-f fonlnasr Vechor Mebwrork Anabyrer

View time domain (and frequency
domain) representations of narrow RF
pulses with vector correction applied
(measurement plane at DUT terminals)

Using wideband mode (resolution ~ 1/BW

—|O'%
Fe Responie Analysks Somulus Uity Help ==l ~1/26 GHz ~ 40 pS)
Measirement ConfigurshoniCaibration Measurement Display |
Tome: Pasameters Display - . Measure . .
Stert e [0 re [ || Do A | Example: 10 ns pulse width at a 2 GHz carrier
i qu-ﬁ-‘-n:ei;l - Fgeny  F T FreqSat: [Combied =] re— / frequency. Limited by external source not NVNA.
e e — Can measure down into the picosecond pulse widths
buT On B2 Waes b P M T0E |

To  WEiE On B W o F R0
WEIE On B2 Wass

dr: 22 my

104 T He TR miy

LT 6l

=4

B
%

 Lireer Paak yaf
& =

EAD a1 LUt

1035 0w

n T Dewy
Trie - Saconds

12310 e

Meas Time: 3,795 Fh PRF 5 MHz

p bt b et oo Lor Palvwirl A il il
Fiz Respomse feaiEs Shimeles UV Help
L el Doy Daltration  Meepaeren Daplay
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NVNA Applications (What does it do?)

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

ﬂ Aglient Monlevesr Vector MNatviork Analyzes =] |_PSJ . . .
Fle Response Analysis Stmulus Uity Help View time and frequency domain
Meastrerant Configurafion Calteaian Messtrsment Disps | representations of a multi-tone
Time: Farameters Display - Measure . . .
St ege [1ee 3] || Do vaiamater [T Doy 2] || s stimulus to/from a device with vector
: I 0 e ™ Fraquencs & Time AL lcombined: o = . .
o R o o || correction applied (measurement

plane at DUT terminals)

Stimulus is 5 frequencies spaced 10
MHz apart centered at 1 GHz
measuring all spectrum to 20 GHz

Measure amplitude AND PHASE of
intermodulation products <—i

Generated using external source
(PSG/ESG/MXG) using NVNA and
vector calibrated receiver

Tms - Emconcs

Meas Tire:. 2 78 4 FiFRF 10 MHz ol
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NVNA Applications (What does it do?)

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

View time and frequency domain
representations of a multi-tone
stimulus to/from a device with vector
correction applied (measurement
plane at DUT terminals)

Stimulus is 64 frequencies spaced
~80 kHz apart centered at 2 GHz. The
NVNA is measuring harmonics to 16
GHz (8t harmonic)

Multi-tone often used to mimic more
complex modulation (i.e. CDMA) by
matching complementary cumulative
distribution function (CCDF). Multi-
tone can be measured very

accurately. <—m

- Agilent Technologies



NVNA Applications (What does it do?)

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

SnriTime [ 120w 5] Diarrsin Parmmater.  [DuBd Dispie

SepTime | 0mue 2] R il FraqSa  |Combined ; S VIeW tlme and frequency domaln
sepses i gl T ! representations of a multi-tone

stimulus to/from a device with vector
correction applied (measurement
plane at DUT terminals)

2y W W om m om om o
I
)

Lo AR L Ly
REE i B

Stimulus is 64 frequencies spaced
~80 kHz apart centered at 2 GHz. The
NVNA is measuring harmonics to 16
GHz (8t harmonic)

I‘ [ ] .I
[ L]
T I L LR
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Multi-Envelope Domain
Memory Effects in Nonlinear Devices

x(1) y(1)
@,
@,
x(t) = |A1| e/t
Single frequency pulse with fixed phase and amplitude versus time
20,
= Can measure envelope of the
fundamental and harmonics with NVNA
error correction applied. Use to analyze
memory effects in nonlinear devices.
3w

= Get vector corrected amplitude and phase
of envelope.

= Use to measure and analyze memory
effects in nonlinear devices. -

NOEDY

n=—co

B, (t)|ej¢"(’)e_jg"'

Multiple frequencies envelopes with time varying phase and amplitude

Agilent Technologies



NVNA Applications (What does it do?)

Measure memory effects in nonlinear devices with
vector error correction applied

ﬁi wilent Monlinaar Viackor Metwork Analyzer - Erelops Domialn ;I;L’EJ
Fie Response  Analyske Sbmulus Uity Help
Fules Mult-Ervelops ConfiqurstiondCalbration  Fulse Muln-Ervelope M&asu?mmrl . .
Eweglope Parasatars Foavrat Dilsplay Mangura VleW and analyze dynamIC memory
Start Trme F LogMag T Real # Hamanics 152wae 7| H .
e el [P o || SRR S e | signatures using the vector error

i e R R corrected envelope amplitude and phase
.. _Output (b2) multi-envelope waveforms at the fundamental and harmonics with a
ey e N — pulsed (RF/DC) stimulus

= Each harmonic has a unique time
varying envelope signature

DN 4 TR g T80 1170 i L¥0 1 1930 o
T - Seords

I‘ [ ] ‘J
[ L]
T I L LR
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NVNA Applications (What does it do?)

Measure modeling coefficients and other nonlinear
device parameters ... More
X- parameters

= 0] x|

0 e bt hawhis
1'-Ie REEDOmae |'|.lﬂrll SI‘ITIH'- 1l'.ll'r Help
venl Coagly

swrwni CorisprmianyTaltraten | el

Waveforms ( a’ and ‘b’ waves) | e

“"_F 4 drsat Wil
Fe Seangmes .uq.u snmh uu-r neu
LT T L

miisserl Dorip s Taltraton MepLasTer

Ll T Bidda i
rwiadi Fhisi Comdyy

Measure, view and simulate actual nonlinear
data from your device
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X-Paramelers: A New Paradigm for
Interoperable Measurement, Modeling,

and Simulation of Nonlinear
Microwave and RF Components

Agilent Technologies




S-parameters: linear measurement,
modeling, & simulation

o Easy to measure at high frequencies
= Measure voltage traveling waves with a (linear) vector network analyzer (VNA)
= don't need shorts/opens which can cause devices to oscillate or self-destruct

. Relate to familiar measurements (gain, loss, reflection coefficient ...)

« Can cascade S-parameters of multiple devices to predict system performance

. Can import and use S-parameter files in electronic-simulation tools (e.g. ADS)

« BUT: No harmonics, No distortion, No nonlinearities, ...

Invalid for nonlinear devices excited by large signals, despite ad hoc attempts

Linear Simulation: Measure with linear VNA: Model
Matrix Multiplication Small amplitude sinusoids Parameters:
Incident S21 Transmitted Simple algebra
S-parameters at g >
S11 (D2
b1 = SHaT + 81232 Reflected O our HS_ZZ) § = bi
Port 1 Port 2 Reflected o
b2 = S21a1 + S22a2 b1§¢ e ey, | a.|
= (P, ransitted S 12 Incident J kk;tj

34 Agilent Technologies



Scattering Parameters — Linear Systems

Linear Describing Parameters

 Linear S-parameters by definition require that the S-parameters of the device do
not change during measurement.

x(1) y(1)

S-Parameter Definition

To solve VNA's traditionally use a forward
|:b1j| _ |:Sn Slzi||:ali| and reverse sweep (2 port error correction).

Agilent Technologies




Scattering Parameters — Linear Systems

Linear Describing Parameters

- If the S-parameters change when sweeping in the forward and reverse directions
when performing 2 port error correction then by definition the resulting
computation of the S-parameters becomes invalid.

b =S§,a+S,a,

bz = S21a1 + Szzaz
x(1) y()

This is often why customers are asking for

|:b1:|_|:511 512:||:a1:| — —
b2 SZ] 522 a2 — —
a a Hot S22 because the match is changing
versus input drive power and frequency

Hot S22
|:blf blr:| — |:Sll Sl2 :|
f r
by b, Sa1 @ (Nonlinear phenomena). Hot S22
\ traditionally measured at a frequency
- - ' slightly offset from the large input drive
; B RoeTL signal.

.j:.;:_._:. Agilent Technologies



X-parameters the nonlinear Paradigm:

Have the potential to 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 based, device independent, identifiable from a simple set of
automated NVNA measurements

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

« Extremely accurate for high-frequency, distributed nonlinear devices

NVNA: PHD component : ADS:
Measure device X-parms Simulate using X-parms Design using X-parms

|@ HARMONIC BALANCE J

Aarmonicoalance

HB2
Freq[1]=RFfreq 1
Order[1]=5 I 1 |

N geekmeweno e ]
. T rs
—y L

UseKrylov=no i | | | |
EquationName[1]="RFfreq" || {| | | | |
EquationName[2]="RFpower" | | 1 | | |
EquationName[3]="Zload" &= =""% B T =

ol B

34 Agilent Technologies



X-parameters come from the
Eoly-ﬂarmonic Distortion (PHD) Framework

Tﬁ\ B, =F, (DC,A A, ,...,A A,,.)

szrwc’ AH, A12’ oo A21’ Azz ’)
- ‘ \ Harmonic (or carrier) Index

*T¢M\¢ 1 TTTTT Port Index

Unifies

S-parameters
0002 | 00s | Load-Pull,
o] : ' ff (l Time-domain
o oo \ ’\ load-pull

':l.D '21.2 0.4 l:l.ﬁ l:l.ﬂ 1I:l 12 14 1E- 1E 2.0

Data and Model formulation in Frequency (Envelope) Domain
Magnitude and phase enables complete time-domain input-output waveforms

34 Agilent Technologies




X-parameters: Systematic Approximations to NL Mapping
Trade measurement time, size, accuracy for speed, practicality

Incident

r T oA

B, (DC,A ,A,,A,,...)
Multi-variate NL map

/

Scattered

R

—~
o~

X" (DC,A,,0,0,0,...)

/

12111

(I

Simpler NL map
+

Linear non-analytic map

SO S

(X, ' (DC,ADA, + X,/ (DC,A

DA
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X-parameter Experiment Design & Identification

-3f -f DC f

o
|
N
® O
o
N
—
o

3 4

: : : lo 4y 5

;%1 : %

3 : : : e :

(T) (S)
There are two contributions at each harmonic X i3,72 CZJ X 3,2 a,z
From different orders in NL conductance of driven system 5 fo fl fo + fl
— Y F) f () f=h (T) f+h ;

B,,=X"(A, P +ZX (AP T a, + > X V(A P, P = pi?A)

g.h
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Scattering Parameters — Nonlinear Systems
X-parameters

b; = Xzy(‘F)(‘“nDPj t Z (X;Sk)l (‘anbpﬂ Uy +Xz§',Tk)z(‘anD P’ -aZ,)

k,l#(1,1)

Definitions Description
* i = output port index » The X-parameters provide a
- j = output frequency index mapping of the input and output

. . frequencies to one another.
* k = input port index

* | = input frequency index
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X-Parameters Collapse to S-Parameters in Linear
Systems

By definition, P=-"L
o]
_ Y () j () j-l (T) L
bij = Xij (‘an‘)P + Z (Xij,kl (‘an‘)P Ay +Xij,kl(‘all‘) P 'akl)
k. 1#(1,1)
For small |a| (linear), XT terms go to 0.
Cross-frequency terms also go to 0
— (F) J (S) pj-l
by =X, (a )P+ 3 (X5P ay)
1
k,lj;t(l,l) Consider fundamental
bl = Sllal + Slzaz frequency (j = 1). Harmonic
index is no longer needed.

b2=521d1+522a2 b =8 ‘a‘P_i_S a (F) (S)
'\ | 1|4 1262 b =X, (‘all‘)P-l_Z(Xik -ak)

Definitions b, =S, |a|P+S,a, e
* i = output port index :
. . For small |a,,| (linear), Assume 2 port (i and k =1 ->2)
+ j = output frequency index ¢ _
erms go to S.;-|a, |,
* k = input port index and X3 terms are equal to (F) (S)
* | = input frequency index linear S parameters b =X, (‘a” ‘)P + X0 a

b,=X,"(|a,)P+ X3 -a,
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Example: Fundamental Component

le( A11 ) — X (F) AllDP + Xz(f,)Zl(‘All‘)Am + Xz(lT,)zl(‘AnDPZA;
_ (S) (S) (T) 2 A%

le( A11 ) — X21,11 AllDAll T X21,21(‘A11DA21 T X21,21(‘A11DP A21

40 (IS) T T T T T
dB Xoui éfil ‘ ‘ — 5
20 I — - 1A, 10
- X(S) _ (5)
0 2l X2121(‘ 11‘)|A| 0S22
11
20T 7
(T) A
T

40 XZ(I,)Zl ) 2121(‘ “‘ A, 1— 0

25 _l20 _:15 -:IO _.5 O 5 10 Reduces to (linear)
|As4] (dBm) S-parameters in the

appropriate limit
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X-parameter Experiment Design & Identification
Ideal Experiment Design

E.g. functions for B, (port p, harmonic m)

B,, =X0(A P+ X5

pm.,qn

All‘)Pm—nAqn + X(T)

pm.,qn

AP A,

Perform 3 independent experiments with fixed A,; using orthogonal phases of A,,

input A, output B, i
A BI(JO) (F) Al

-
Im
By =X (A P+ X, (1A ) P A + X0 (1A ) P AL

»

Rer By =X (Al P+ X0, ([Au) P A + X0, ([ Al) P Ay
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X-parameter Application Flow

Automated DUT X-params measured on NVNA

Application creates data-specific instance

Compiled PHD Component simulates using data

NVNA

— MDIF

Simulator

PHD instances

Fi]ali o)

- =% 'ﬁ!w File Data-specific
! . m% ‘E'?; » simulatable

! ; S\ reth i
4 £ ra'ﬂ == Instance

Compiled PHD component

- .
- o

Harmonic Bal:
magnitude & phase
of harmonics,
frequency dep.

@ Ref || and mismatch

Envelope:

A tely simulat
Measure X-Parameters  [\g it oo

complex stimulus

Simulation and Design
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Measurement on the NVNA

(0H] Agilent Nonlinear Vector Network Analyzer

File Response Analysis Stimulus Utility Help
i Measurement Conl Marker 4 |55uremem Digplayl
2

Start —— I‘equency | Start | Stop | Power ‘ Power Sweep

RN parameers | Grabe cparaeter ’

S-parameters » Configure X-parameter Extraction...

Maximum
Harmonics

IFBYY

Switching from general measurements to X-parameter measurements is
as simple as selecting “Enable X-parameters”

Measuring X-parameters for 5 harmonics at 5 fundamental frequencies
with 15 power points each (75 operating points) can take less than 5
minutes

DC bias information can be measured using external instruments
(controlled by the NVNA) and included in the data

b
i %
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PHD Design Kit

i Advanced Design System 2008 (Main) _ ||:||5|
File Wiew Tools Window Desigrkit DesignGuide Help | PHD (X-pararns)

H_]] 5’1 ]@ *=] % g E E‘ | Create Single PHD Component

Create all PHD Compangnts

File view | Project view | PHD Design Kit Help
Fil= Browser Project Hierarchey
- = PHD_Demo_pri o 2\ ADSProjects\DemoProjectPHD _Demo_prj
B 3 data

[ 23 mom_dsn
- BT netwarks
- £3 PHD_Files
B B3 synthesis
B £ verification

| C:\ADSProjectsiDemoProjectiPHD_Demo_prj 4

The MDIF file containing measured X-parameters is imported into ADS
by the PHD Design Kit, creating a component that can be used in
Harmonic Balance or Envelope simulations.
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Measurement-based nonlinear design with X-parameters

ZFL-AD11+ | [Connector| | ZX60-2522M-S+
Source | 11dB gain, 3dBm | 80ps [723.5dB gain, 18dBm |7 Load
max output power| | delay max output power

D ©
Y v, . , e || A
i 1 | Probe |_Probe 'V 5
R=50 Ohm DC_Block i MCA_ZFL_11AD Connector MCA_ZX60_2522 i2 DC_Block R=25 Ohm
DC_Block1 MCA_ZFL_11AD_1 X1 MCA_ZX60_2522_1 DC_Block2
fundamental_1=fundamental fundamental_1=fundamental
+ V_1Tone L

SRC14

veeazaingv  Amplifier Component Models from individual X-parameter measurements

Freq=fundamental
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Results
Cascaded Simulation vs. Measurement

Red: Cascade Measurement

Blue: Cascaded X-parameter Simulation

Light Green: Cascaded Simulation, No X(T) terms
Dark Green: Cascaded Models, No X©®) or X(™ terms

Second Harmonic % Error

Fundamental Phase

—x O
76 NaT 100

EQA B u‘f'._.N'_ i
TTER — 1 1 T T ~ S84
Sl A S0p 80
niEEL ==&

i = -
2258 \ A=
N2 72— R~ 60—
e} = N
=5 L \ (O
O 5 n © _ \ — 9._,
STER \ 9%
258y 704 S Lo 40—
-9 ® N
o O = _ . B
cCsZ )
S=235 68 AN w= T 20
ESS 0o
5 i Z5 0 1 .

NQV | | — -
66x‘x‘w{x‘x‘w{w‘x‘x{w{x‘w 2= Ox{x‘w{w‘w{w[w{w{w{x{
-30 28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 - -4 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -
Pinc Pinc
Pincref
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Large-mismatch capability (load-pull)
Full Nonlinear Dependence on both A1 & A2 [13]

_ (F) Terms linear in the
B, =X (AU,,O,O,...)+

remaining components
Mismatched Loads: 0 < |I'| =1

Fundamental Gain Fundamental Phase

160

155+

150+

145

140

135+

L A ‘ 130\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\\\
30 25 20 15 -0 5 0 5 10 30 25 20 15 10 5 0 5 10

Pinc Pinc

Fundamental frequency: 4 GHz
PHD Behavioral Model (solid blue) Circuit Model (red points)

Bl
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Large-mismatch capability (load-pull)
Mismatched Loads: 0 < || = 1

20 -106
:
-120
1404
Second -160]
Harmonic e
-200+
-220+
-240-
'260 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
10 30 25 20 15 -10 5 0 5 10
Pinc
20 60
o] S——
-20 20
]
7 04
] _40, -
Third ] 0]
. -60 B
Harmonic .. o]
B 601
100-] -8
n-l n7
—12\1\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ -10\/\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
-30 -25 -20 -15 -10 -5 0 5 10 -30 -25 -20 -15 -10 -5 0 5 10
Pinc Pinc

Fundamental frequency: 4 GHz
PHD Bepavioral Model (solid blue) Circuit Model (red points)

Bl
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Large-mismatch capability (load-pull)
Mismatched Loads: 0 < || = 1

Dynamic Load-lines (green for maiched case)

0.08
0.06—|
0.04—|
0.02—|
Port2voltage 0-000\\\\ L A L S R S B S R Port2Current
6
5]
4
3_
2
1
0||||||||||||||||||||||||| 0.00||||||||||||||||||||||||
0 100 200 300 400 500 0 100 200 300 400 500
time, psec time, psec

Fundamental frequency: 4 GHz
PHD Behavioral Model (solid blue) Circuit Model (red points)
I :. 4 ! !
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PHD-Simulated vs Load-Pull Measured Contours & Waveforms
from Load-dependent X-parameters (WJ transistor)

Red: Load-pull data
Blue: PHD model simulated

Fundamental Gamma = 0.383+j*0.31

WJ Transistor

Measured & Simulated Wavefogrps
10 — — 15

# N
Y
/[ 4-0.10

% — =
/’//'/,",,..'// —
’ V4 - \
/ 3 \
1]/ /)
{ f [ f |
e
f o
{
\ ~=
\
N - @

000 Efficiency

SimulatedVoltage, V
MeasuredVoltage

z X

(0]
Power 005 £
Delivered 5

3

—-0.05
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Amplifier with bias; standard compliant wideband modulation source;

Parametric sweep of A) source power (dBm), & B) electrical distance (degrees)
from output of amp to 2" harmonic notch filter [fundamental = 1GHZ]

|%| PARAMETER SWEEP I 0% | ENVELOPE | % PARAMETER SWEEP I

Envelope ParamSweep
ParamSweep Env1 Sweep_Tline
Sweep_pw_r" ) _ Freq[1]=RFfreq SweepVar="T_line"
ggtrate_p;/ar- Pavs == Order[1]=3 Start=90
= V_DC Stop=tstop Stop=360
Stop=0 VAR - VDC Step=tstep Step=30 VAR
Step=1 SourcePwr — Vdc=VDC =

= VAR2
Pavs=-2_dBm + T_line=360
TLIN _

| _Probe TL1
19| oc Z=50:0 Ohm
E=T _line H i
IS-95 CDMA Source F=2 GHz Harmonic
Nk Vin | 1] . N , My Vou |
ot aml — A | dA—Ii
e DMALISSSREY DC_Block 7X60_2522M DC_PHD s_harmfiter DC_Block Term
FO=RFfreq DC_Block2 ~ ZX60_2522M DC_PHD_1 X1 DC_Block1 Term1
Power=dbmtow(Pavs) fundamental_1=_freq1 Num=1
Z=50 Ohm Z=50 Ohm
Num=1
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Tline length to filter

Gain in dB
+21 to +24 in 0.5 dB steps

(g_contour) constant GAIN contours of T-line length -vs- Pavs src pwr

"4 level=22.000, number=3

200
180 — e
160 ! \ e
140 - — e
i | /// P
120 — \§ S
100 | \ \v
B s Jevel=22.,000, number=1 level=21.500, numbes=fevel=21.000, number=1
80 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
80 7570 65 -60 55 -50 45 -40 -85 30 25 20 -5 -1.0 05 00
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gmin=21

Helslomax=24
Helslgstp=0.5

e

y
Y

=22 b=

level=24.000, number=1
level=23.500, number=1
level=23.000, number=1



Tline length to filter

Power delivered (dBm)
+14 to +23 in 1 dB steps

(P_contour) constant Channel Power contours of T-line length -vs- Pavs src pwr

T Eormin=14
340 f’J Felglpmax=23
11 @f { :
| \ | pJpst =1
320 ¢ | \ qn [S=1tY
| | |
1 |
300 ¢ 4
4 %
\ ®
280 level=19.000, number=2
X
- g> /)
260— |
240 4 4
4 ¢ //
/ / Y4
220— / / /
/ / /
1 { \ ) level=23.000 ber=1
200 (} L §\ % evel=23. , number=
iR \ \ level=22.000, number=1
\ level=21.000, number=1
180 % % ,
I : N
\ \ \
160 | \ \
1 X \\
140— level=19.000, number=1
J X
120 3 \0
- / /
100 | ya
- 4 level=141000, nunfbéewa=15.000, numbériehel=16.000, number=A level=17.000, number=1 o Tevel=18.000, number=1
80 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
-75 -7.0 -6.5 -6.0 -55 -5.0 4.5 4.0 -3.5 -3.0 25 2.0 -15 -1.0 -0.5 0.0
Pavs
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Power Added Efficiency (%)
6% to 36% in 2% steps

(PAE_contour) constant (percent) PAE contours of T-line length vs Pavs src power

360 : ,
1| | pae_m|n=6
¢
340 ] =Helslpae_max=36
I !
| \ —
320 X pae_stp-2
&
300+ X level=22.000, number=2
7 —~ level=20.000, number=2
280 - level=18.000, number=3
- <> ~
260— /
5 1 7 J
= 240+ ¢ ’
o I
he /
> 220 |
c 3
2o 10 I\
@ 200 = -
£ \ =1 - 1l:=
& - = . s =
180 N HE R e
i \x —¢ level=22.000, number=1
160— ¢ \)\\ 4 level=20.000, number=1
140
] X level=16.000, number=2
120—
100 | /
- ¢ level=6.000, number=1 </ieveI:10.000, nuwbeelt12.000, numeest$14.000, number=1 betevel=18.000, number=1
80 L ‘ L ‘ L ‘ T 1T ‘ LR ‘ T 1T ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ LR ‘ T TT ‘ LR ‘ T 1T
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Summary

X-parameters are a mathematically correct superset of S-
parameters for nonlinear devices under large-signal conditions
— Rigorously derived from general PHD theory; flexible, practical, powerful

X-parameters can be accurately measured by automated set of
experiments on the new Agilent NVNA instrument

Together with the PHD component, measured X-parameters
can be used in ADS to design nonlinear circuits

All pieces of the puzzle are available and they fit together!

Nonlinear Nonlinear

Measurements Simulation
Nonlinear Custpmc_ar
Modeling Applications
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Summary

New Nonlinear Vector Network Analyzer based on a
standard PNA-X

New phase calibration standard

Vector (amplitude/phase) corrected nonlinear
measurements from 10 MHz to 26.5 GHz

Calibrated absolute amplitude and relative phase
(cross-frequency relative phase) of measured spectra
traceable to standards lab

26 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

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

X-parameter extraction into ADS PHD block for
nonlinear simulation and design
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