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R 22
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Bl — SllA1 + SlZAZ ) <}B£I impedance of <}A£I )

the measurement

B, =5,A +S,,A, system

« Models all linear time-invariant behavior.
« Can model time-invariant nonlinear devices in the small-signal case.
 What about the large-signal case?
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Nonlinear Functions
with Single-Tone Stimuli

small-signal linear output
f T f
Nonlinear H .
Device armonics
arge-signal — ____ generated
f * T p T at s f
B, =F(ALA)
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Nonlinear Functions
with Multi-Tone Stimull

small-signal linear output

AA

Nonlinear harmonics and
Device Intermodulations
arge-signal __ | generated

| R |

| B, = R(ALA,)
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« A set of pure tones are commensurate if all the tones
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In the set are located on a frequency grid f, = kf,

defined by f,, called the fundamental.

« Qutput tones will all land on the same frequency grid
and have a same common period.

f, 2f, 3f, 4f,
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f, 2f, 3f, 4f, 5f, 6f,

B, = Fl(Al’AZ)
B, =F,(ALA)
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Break incident and lin lout
—_— 4

scattered waves into  ——x. 2-Port S
their commensurate ==>| Network ==
tone components, Vin B Zc = characteristic | Vou
called pseudowaves. . ¢== impedance of “—
P the measurement <}:I
B, = Fl(Al’Az) system
B, =F,(ALA,)
U b
BZ,l BZ,Z BZ,3

By = P (A A A Ay Ay Aaen) e B
B = oA A Ay A Ay A ) pseudowave PV
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« Defined as the phase of each pseudowave when
the fundamental, A, ;, has zero phase.
* B, can be related to A, , iIn magnitude and phase.
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/J Nonlinear
A1l A1 .\A13 ,:_> Time- :>|321 222 és
| | | Invariant | | |
5 2 p =] 2-Port |
7 < Device 4 ?
Bi11 B2 B13 Az1 Az o Az 3

By = Fo (A A Ay Ay Ay A )

» Scattered pseudowave determined by a
complicated time-invariant scattering function
that depends on the magnitude and phase of
each incident pseudowave.
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F L (ALe” ALY ALEY),
=F (ALAL AL )E")

Shifting all of the inputs by the same time means that different
harmonic components are shifted by different phases.

time delay

| f, 180° phase shift

0.2 04 06

1 2f, 360° phase shift

1 3f, 540° phase shift

0.2 04 06
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« Can use time-invariance to separate magnitude and
phase dependence of one incident pseudowave.

Bok = Fox (A Auan Ay, using
= Fu (AL AP APTLOPY o Au e

Shifting reference to ‘All‘
zero phase of A, ;. |

| | | | | =
08 1 1.2 14 16 1.8 2
: Tlme‘ {ns) ‘ : :
| | | | |
08 1 1.2 14 1.6 1.8 2
: Time {ns) : : : :
| | | | | =
08 1.2 14 16 1.8 2
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P~ AP P=,..)
= p,k(Al,l’Al,Z’AL3"")P -

<
B, = XU (AL AP APE,.)P

« Still difficult to characterize this nonlinear term.

* If only one incident pseudowave, A, 4, Is large then
the other smaller inputs can be linearized about
the large-signal response of F,, to only A, ;.

 Define
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Approximates
Scattered Waves

X(FB)(‘AM‘ A12P_2 ALs —3’."

A
Nonlinear Mapping R
~ A A A A
| "N/
frequency (FB) | frequency
A X dALl 0,0,...)
é?éﬁ; Simple Nonllnear Mapping *
+ T p 14t
frequency frequency
(S) (T) *
Z[ okl Par T Rpkar Ay l
3 Nonanalytic Harmonic R
frequency Superposmon | frequency
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p.k;q,l
(@)~ @)=
q.l)=(11 D=(11
. J J
Y Y Y
Simple Linear harmonic map Linear harmonic map
nonlinear map function of incident wave function of conjugate of

iIncident wave

« X-parameters of type FB, S,
and T fully characterize the

- - S = Al'l
nonlinear function. X (S) e
p.K;ql 1
« Depend on s
— frequency output / _
— large signal magnitude, |A, 4] port ~ output input 'Nput
— DC bias | harmonic port  harmonic
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X-Parameters Collapse to S-
Parameters in Small-Signal Limit

g=N, 1=K g=N, 1=K
~ X (FB) pk X (8) S X (M K+
Bp,k"“xp,k P" + Z p.k;q,l Aql P 1Z|:1 p.k:q,l Aql P
g=11=1 g=1, 1=
(q.,1)=(1,1) (q,1)=#(1.1)

As A, , shrinks, the conjugate terms and harmonlc terms vanish:
FB S
B,,~ X P+ZX‘). A,

p.1q,1

Remove unnecessary harmonic index and assume 2-port:
B~ X" . P+ X5 A
B, ~ X;™ P+ X5 - A

X .P=S_ |A|P=S_,A forsmall A and P = arg(A,): X (S)

k;q,l
o SllAl " SlZAZ output y /q
B, =S,,A +S,,A, port / |
output input Input

harmonic port harmonic
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Generating X-Parameters

* Traditional Generation
— Simulated using harmonic balance.

— Measured with a nonlinear vector network
analyzer (NVNA).
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Assume nodal voltages can be represented with
Fourier series and solve for the Fourier coefficients.

V(t) Re 2122: kal,kz, B ejZﬂ(k1f1+...+knfn)t

k,=0k,=0 n=0

Update Node Voltages

Y
. : : = N
Separate Lnear | Lo | S | [ e °
Initial Guess of and Nonlinear omponents - - u en SID me 1l Currents + KCL Error <
Node Voltages Component | Freguency boma . threshold?
from Linear Nonlinear
Voltages
Voltages Currents) Yes
A
Nonlinear
Components _ Y
. Calculate FFT Nonlinear Simulation
IFFT Nonlinear .
_ - Nonlinear .| Currents to Complete
» Voltages to > o »>
. . Currents in Time Frequency
Time Domain . .
Domain Domain
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* Need to set proper values for:
— Frequency range

— Fundamental power
DC bias

« X-parameter measurements are
unidirectional because of large-signal
fundamental |A, ;| on one port.

 Different types of X-parameter ports:

Source

ECE 451
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QO

Load

s

Bias
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++ XP Bias
'PORT3

: @9 ‘Num=3

.DC_mode= Voltage

Ie pomt

[ - -
DCbias
RFin _ _ RFout

+

i|#-—4®%‘

=1 DC_value=10V
DC sprype Slng
XP_Source
PORT1
‘Num=1

70=(50+j*0) Ohm

LS_fregHarms[1]=1

LS_format[1]= Mag/Phase
LS _swpType[1]=Use sweep

LS value[1,Mag]= -

LS. start[1, Mag]=dbmtow(-20)

LS. start[1,Phase]=0 _
LS_stop[1,Mag]=dbmtow(5)

LS_stop[1,Phase]=

LS _numPts[1.Mag]=26
LS _numPts[1 Phase]=

ECE 451

ambGnd
X 1 AmpDUT
Amp1

: ‘@ ‘ X-Parameters I

X_Param
XP1
" Freq[1]=1.0 GHz
- Order[1]=5
- XParamMaxQOrder=3

T. M. Comberiate

XP_Load’

PORT2

‘Num=2

70=(50+j*0) Ohm

Load_mode=Impedance

LS fregHarms[1]=1
LS format[1]=Mag/Phase

LS swpType[1]=Single point -

LS. value[1,Mag]=50 Chm

LS. valug[1,Phase]=0

LS_start[1,Mag]=

LS_stop[1,Mag]=
LS _numPts[1.Mag]=
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Nonlinear Vector Network

Analyzer (NVNA)
PNA-X
* Four ports.

 Two filtered
microwave
sources.

 Microwave
combiner.

ECE 451 T. M. Comberiate
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Amplitude Calibration

* Necessary for any nonlinear measurement
because linear property of homogeneity does

not apply.
 Measures power and |s controlled V|a GPIB.

B 4] DAY AR - '
i ‘ } \ ﬂ\ : 3 \ ‘ R :;
! {118 2 ! & "4‘*: '
G ? '_". ?.,"- "3
TANRE ’h L it
TIIZINS
! o 2 Y

j .‘:{h A'““‘ mm‘zcamm

100pW -100mW (-70 to + 20dBm)
10MHz 18 GHz

. Max Power 200mW ( +23dBm)
; peak or average, 20 VDC
] ; Mmmmhmn !SM

T e o e 1w o ==
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« Enables cross-frequency phase measurement.
« Takes frequency input from external microwave source.

m‘mjw T T T T T T T
Losp
2
B
E osfi
<
Mod
:

EE
il
0 0 2 ET @ & ] 0 & E] 0
Frequency inGHz
T T T o T
[ 990000

8ot
2
=
£ o8
L
B
MNodf
]
£
Sz

(] 5 0 15 o =

Frequency in GHz
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Vector Calibration

LR
» Can use ECal. '
« Based on eight-term error |
model.
* Works for forward, reverse, i s
and combined stimuli. ==
@~ o b WS \bzo
9100 8111 ‘Lezll ezoot
b0 8‘101 b " j izlo jazo
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* Apply large-signal stimulus A, ; without
any small-signal stimulus.

* Measure the response at all ports and
harmonics of interest.

X k term IS the measured response to

the large-signal stimulus at port p and
harmonic k

ECE 451 T. M. Comberiate 24

il



DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING

Apply large-signal stimulus A, ; and one
small-signal stimulus A, | at zero phase.

Measure the response at all ports and
harmonics of interest.

Apply large-signal stimulus A, ; and one
small-signal stimulus A, at 90° phase.

Measure the response at all ports and
harmonics of interest.

Use both measurements to extract
XS and X

p.k;q,l p.k;q,l "
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 Traditional Uses

— Modeling mixers and amplifiers in steady-
state simulations for RF systems.

— Can be used to determine nonlinear figures of
merit.

« 1-dB Compression Point
« AM/AM and AM/PM
« Third Order Intercept
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[S]

11

Al(l) Bz(l) A1(2)
Bl(l) [ ] Ag(l) 81(2)
o e
Al(l) Bz(l) Al(g)
@ @) @
[T] = transfer scattering parameters.
ECE 451
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I

A :T] (T) _

&= [T[m®

Can disregard circuit
behavior at internal node.
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[X]

These equations at
the internal node

must always be
satisfied:

B, M=A,,®,
Al’k(Z) = Bz,k(l)

[X] (T)

for all values of k.

ECE 451
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Can construct entire receiver chains made of S- and
X-parameter blocks.

: H:AR:MiON:IC :BA:LA:N'C:E :

- HarmonicBalance-
. HB1.

- MaxQOrder=7
Freq[1]=Freq1

" Freq[2]=Freq2

. V.DC .
AttenuatorDCBlas
— Vde=10V

= Vdes6V

V_DC .
MixerDCBias

- \/AR

VAR

- PLO_dBm=10 _dBm"
. PRF_dBm=-30 _dBm
. Freql=1GHz
Freq2=0.8 GHz

-~ Order[1]=7 - P I ISR I -
- Order[2]=7 - I . - S . a e f d
!
. . . . .+f P 1Tone. | X3P S l RoaTS Ohm _
. RF_Input Sop . . LNA . | xap - .
Num=1 = = —— "
: ‘Z=50 Ohm | Attenuator File="XLNA.xnp". - Mixer-
. ‘P=polar(dbmtow(PRE - dBm} o) File="SAtten.s2p" Type=GMDIF . |  File=" Xﬁlewllxerxnp
- E P Freal - UserVar[1]= deltaFreq —=} P 1Tone
' req=rreq ' - UserValue[l]=deltaFreq - L;cal Oscillator =
' Z=50 Ohm
j_ P=polar{dbmtow(PLO_ dBm} 0y
—L  Freq=Freq2 | -
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* Multiple Large Signhals

« DC Components of Scattered Waves
— DC current port bias: X@,
— DC voltage port bias: XM,

 Memory Effects
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