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Content for meeting 4:

Introduction to nonlinear device characterization

1. Introduction: Basic terms and motivation for this subject

2. A few math reminders before we begin dealing with RF nonlinearities:
2.1: Definitions of Even and Odd function
2.2: Decomposition of “general” functions into even and odd parts
2.3: Mclaurin Series representation of a function
2.4: Mclaurin Series private cases for even / odd functions
2.5: Small signal approximation
2.6: The spectral decomposition of the terms cos™ (wt), sin™ (wt)

3. Memoryless RF nonlinearity analysis:
3.1: 3 order approximation representation for “base model”
for analysis
3.2: Two-tone analysis
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Content for meeting 4 (continued):

Introduction to nonlinear device characterization

3. Memoryless RF nonlinearity analysis (contunued):
3.3: Results summary

4. Interception points:
4.1: The concept of interception points
4.2: Real life results generalization

5. Measuring nonlinear products by a spectrum analyser

6. Last homework review + NF ADS demo
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Introduction, basic terms and motivation
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Introduction:

AM-AM and AM-PM nonlinearities in RF and microwave devices is a
fundamental subject in microwave engineering.

* The device's nonlinear behavior has monumental influence on the overall RF
system performance.

* Nonlinear behavior causes new frequency products (harmonics and
intermodulation distortion), spectral regrowth and deteriorate the wanted
signal's quality (in terms of EVM or other modulation quality metrics).
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Effects of memoryless nonlinearity:

Power sweep )

G\TERLLIGE.\'T RFTRAINING CENTRP

((1) Gain compression:

Deviation from “small signal” (nominal) linear gain at high
power levels, due to (higher than 15t order) nonlinear
effects (a frequency selective measurement) which

. become more and more dominant at higher power levels. \ J
\

P gut [dBm|

Output spectrum

INTERLLIGENT RF TRAINING CENTRE

(', .
(2) Harmonics:
Integer multiples of an input’s signal

frequency, produced by the nonlinear JL ——
device. Requires a minimum of one SeEesans

\CW input to exist.

INTERLLIGENT RF TRAINING CENTRE

-

J
\

Output spectrum

INTERLLIGENT RF TRAINING CENTRE

f . . .
(3) Intermodulation distortion:  mnput spectrum
New spectral products generated by the

nonlinear device at integer linear ” { -
combinations of the input frequencies, -

\Requires a minimum of 2 input tones to exist.

5
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Effects of memoryless nonlinearity:

((4) Blocking (also known as de-  >pectrum analyser Spectrum analyser h
sensing) effects:

The output power of a carrier will decrease MWJWW L,ﬂ,.,ﬂmf

as a second input carrier is inserted to the w1 W5

~N\
INTERLLIGENT RF TRAINING CENTRE

W1 w3
\. J . J
knonl'near device. Single CW input at ;  Dual CW input at @, and w> )
(" )
(5) SpECtraI regrOWth: Input spectrum Output spectrum
An expansion of the wideband (modulated)| | | M/W\M
signal’s spectral-emission mask due to the i " e jve
nonlinear effects of the device which the il
signal is passing through.
\_ J
f L3 [ ] [ ] . .
(6) Modulatlon dlstortlon: Input signal (1Q) space Output signal (1Q) space
q\ TERLLIGENT RF“I:&\I.\I.\G CEN I‘R? rl\l ERLLIGENT RF 'l'cll{[_‘\)l\l‘{G CE\‘I'RI?
When a digitally modulated constellation is # % |& #
inserted into a nonlinear device, its higher-power & % |8 = ,
(exterior) symbols will suffer more (than the low w % & % |Val®)
power, internal symbils) from gain compression PR P
and will be displaced towards the centre of origin. /
.
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Kinds of nonlinearity

Memoryless nonlinearity [ Nonlinearity with memory]
(AM-AM)
The input-output relation The input-output relation
between V/;,, and V¢ is between V/;,, and V¢ is
time invariant and is given time variant and is given by
by a McLaurin power series. a Volterra power series.
In other words, the input In other words, the input
amplitude controls the amplitude dominates the
output amplitude. output phase.
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Basic systems definitions:

[ Definition of system Linearity: Systems that satisfy the principle of superposition )
(which includes both homogeneity and additivity) are refed as linear systems.

x(1) m[x(t)]

—) m( )

Conditions for linearity (collectively called “superposition”):
(1) Additivity: mlx,(t) + x,(t)] = m[x; ()] + m[x,(t)]

\(2) Homogeneity: m|ax(t)] = am[x(t)] where a is any complex constant

" Definition of system’s time invariance: A system is called time-invariant if a time- |
shift in its input signal results an identical time-shift in the output signal.

x(t + AT) m[x(t + AT)]
—_— m() —

LTI (Linear Time Invariant) systems satisfy linearity and time-invariance conditions
together. It can be shown that LTI systems cannot generate new frequency products.
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A few math reminders before we begin
dealing with RF nonlinearities
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2.1 Even and odd functions:

Example illustration for an
arbitrary even function:

Definition of a real-valued EVEN function:
Let f be a real-valued function of a real variable. Then f is even if

the following equation holds for all x such that x and —x in are in f(x)
the domain of f: f(x) = f(—x). In other words, there is symmetry
about the y-axis (like a reflection). X

A few examples for EVEN functions:
cos(x), cosh(x),xN (for even integer N values), | x|

Example illustration for an

Definition of a real-valued ODD function: _ ]
arbitrary odd function:

Let g be a real-valued function of a real variable. Then g is odd if

the following equation holds for all x such that x and —x in are in 8(x)
the domain of g: g(x) = —g(—x). In other words, there is
symmetry about the origin. > X

A few examples for ODD functions:
sin(x), sinh(x),x" (for odd integer N values), erf(x)
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I”

2.2: Decomposition of “general” functions

into even and odd parts:

Even-Odd function decomposition: — \
» ~ : Example: Even-Odd decomposition of

A “general” real-valued function, m(x), of a m(x) = (x — 1)

real variable x, can be decomposed into a _

sum of its even and odd parts (functions):

mx) = f) + gk
N —— N—— ——p—
"general" evenpart odd part
function

Where the even part is given by:

m(x) + m(—x)
fl0) =———
And the odd part is given by:

m(x) — m(—x)
2 | N L

.
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2.3: MclLaurin power Series
representation of a function

The McLaurin series of a real or complex-valued function m(x) that is infinitely
differentiable, is given by the infinite expression
(which is a private case of a Taylor series, that is developed around zero):

(3) (n) )
mr(o mrr(o m m™ (o
[m(x)—m(0)+ ) +—2|()x2+—3() 44 n() + -
Or using the more e With )
e m™ (o)
compact “Sigma m(x) = a,x" coefficients . =
notation: — given by: n! J
Where:
\

(m(“) (o) Denotes the n-th derivate of m evaluated at the point x = 0

(The derivative of order zero of m(x) is defined to be the function m(x) itself).

\n! Denotes the factorial of n (0! Is defined to be 1) y
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2.4: McLaurin Series private cases for even / odd functions:

It can be shown that the McLaurin series of a real valued even function, f(x) that |
is infinitely differentiable, contains only non-trivial even-order terms (in other
words, the odd order terms are zeroed):

(4) f6)
[f(x)—f(0)+0+f(0) 40+ 2xt b0+ + 1200 4

J

00 th N
Or using the more Wit f(n) (0) While the evenness
compact “Sigma” (x) = Z a,x™ coefficients — of f(x) forces odd
notation: =0 given by: n! coefficients to zero )

In a similar manner, the McLaurin series of a real valued odd function, g(x) that
is infinitely differentiable, contains only non-trivial odd-order terms:

(3) (5) (7)
[g(x)—0+g(") +0+g3(0) 3+0+g5(0)x5+0+g7(0)x7+"']

7!

. 0.0) .
Or using the more With g(n)( ) While the oddness of
compact “Sigma” | g(x) = Z a,x" coefficients }q. = g(x) forces even
notation: = given by: n! coefficients to zero
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2.5 Small signal approximation

Let's look again at the general McLaurin power series below:

’ 7 (3) (N)
m(x) _m(0)+m<o> +m2_'<0>xz+m3_'@xs+,,,+mTl<o>xN+,,,

IH

For a small “input” argument to the function, |x| < 1 we get:

x| > |x]2 > |x|3 > |x|* > -

In other words, for such “small input signals” (arguments) to the
function, the lower the order of the term, the more dominant it is.
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2.6: The spectral decomposition of the terms cos" (wt), sin™(wt)

For single-tone CW input signals of the form Acos(wt) or Bsin(wt), it can
be shown by the Euler and De Moivre theorems that each of the different
power-orders terms present in the output can be spectrally decomposed
into a sum of first-order sinusoids as follows:

(Spectral decomposition: Odd, positive ‘N’ (1,3,5...\ (Spectral decomposition: Even, positive ‘N’ (2,4,6...)\
Both cos™ (wt) and sin™ (wt) shall include spectral | | Both cos™ (wt) and sin" (wt) shall include spectral
components in all of the following frequencies: components in all of the following frequencies:

* w: Fundamental frequency * Ow: DCresponse

* 3w: 39harmonic product e 2w: 2"4harmonic product

 5w: 5™ harmonic product * 4w: 4™ harmonic product

. .

* Nw: * Nt harmonic product (final) * Nw: * Nt harmonic product (final)
Positive odd INsexamples: Positive even IN:examples:
cos3(wt) = 0.75 cos(wt) + 0.25 cos(3wt) cos?(wt) = 0.5+ 0.5 cos(2wt)
sin3(wt) = 0.75 sin(wt) — 0.25 sin(3wt) sin?(wt) = 0.5 — 0.5 cos(2wt)
cos®(wt) = g cos(wt) + % cos(3wt) + %cos(Swt) cos*(wt) = % + % cos(2wt) + % cos(4wt)

\sin5(wt) = %sin(wt) — % sin(3wt) + 1—163in(5wt)) % sin*(wt) = % — % cos(2wt) + % cos(4wt) Y
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? Riddle time!

A 100MHz CW signal is passed through a memoryless nonlinear
device (a gain compressed amplifier).

What output frequencies will be influenced by the amplifier 5t
order nonlinearity?

Slide 17 | © INTERLLIGENT | Instructor: Oren Hagai| www.int-RF.com
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Memoryless RF nonlinearity analysis

Slide 18 | © INTERLLIGENT [ Instructor: Oren Hagal
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The “base model” for memoryless nonlinearity study:
A (loose, yet insightful) 3" order, odd-function approximation for the
device’s actual (infinite series) V,,,; (V;,,) voltage response function:

Let’s assume for a moment that our actual DUT (Device under Test, such as
an amplifier, for example) has an odd voltage transfer function, which can
be described by the following 3™ order approximation (our “Base model”):

I/out (t) = al[ Vin (t) ] + aB[ Vin (t) ]3 $Vout

It should be highlighted that the accrual amplifier
is “not aware” that we selected to “ease our life”
by treating its V,,,; (V;,,) in/out voltage response
function as if it was an odd function (which can be
in practice very far from truth) and in addition by
a 3" order approximation only.

n

MO

Close to real-life transfer function
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The opposite polarities of a; and a;:

The “Base model” transfer function The “Base model” transfer function
for both a; and a3 positive for a, positive and a3 negative
VvV, ~aV, +aV, > Vou ~ aV,, +a,V,,*
A
Vin [Voit] Vi [Voit]
> —
0"’
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3.2: Two-tone analysis

The following 2-tone nonlinearity measurement setup, consists of 2
CW signal generators with their output combined, a nonlinear
device under test (the DUT is represented by an amplifier) and a
spectrum analyser to measure the device’s output:

f h

V,(t) = Acos(w;t) Spectru m analyser

Power

‘ l\, : > com biner l\ILRLLI( ENT RF TRAINING (L\IRL
5/G 1

) > —
/G2 Vin(6) = L ” ”
(,.\’> > Acos(w4t) + Bcos(w,t)

V,(t) = Bcos(w,t
2( ) ( 2 ) Exact (Real-life, not approximated)
\ voltage infout transfer function:
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Practical setup:

Spectrum Analyzer )
] OO0 oas
D00 | O0m
= 52E
030

S000Ee0Ee

@( 01. oooMHz -40.0 son]
RF ON

S/G 1

~

5(99.000,,. -40. omﬂé
?Lcw RF ON

Slide 22 | © INTERLLIGENT W
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Output spectral analysis for a 2-tone input:

Nonlinear

V, (t) = Acos(w4t) ) Spectrum analyser

Power device \

A l\ILRLLl(L\l RF TRAINING CENTRE

W combiner
S/G1 Z
iy V() = ﬂ ”
("\..) . Acos(w4t) + Bcos(w,t)
V, (t) = Bcos(w,t)

Our 3" order odd nonlinear model: V,,.(t) = a.[ Vi, (£) | + as[ Vi, (2) |3

By substituting the combined 2-tone input for V;,,, we get:

Voue (t) =

a,[Acos(w.t) + Bcos(wyt)] + az[Acos(w4t) + Bcos(w,t)]3
\§ J

Slide 23 | © INTERLLIGENT | Instructor: Oren Hagai| www.int-RF.com
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Investigating the spectral content of the nonlinear device’s output, for a 2-tone input:

4 )

Vour () =
a,[Acos(w,t) + Bcos(w,t)] + az[Acos(w4t) + Bcos(w,t)]3

A\ J A\ J
Y Y

\_ Vout 1 Vout 3 J

Small signal (nominal) gain: By looking at the linearly amplified
“carriers” V,,; 1 term, it becomes obvious that the nominal (small

signal) voltage gain is A,, = a4, hence (for non transimpedance devices)

the small-signal power amplification factor is A, = a’.

Nonlinear term: We now need to investigate the spectral content of the

34 order nonlinear term, V,,; 3 = as Vin3.

. J
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Investigating the spectral content of the nonlinear device’s output, for a 2-tone input:
( )
r N

Vout (£) = Vour 1(6) + Vour 3(E) =
a,[Acos(w.t) + Bcos(w,t)] + az[Acos(w4t) + Bcos(w,t)]3

SalgrE

C)fel=f [)0)] |

) \
\ J
Investigating the 3" order nonlinear term: We will now investigate the

spectral content of V,,,; 3 = as Vy,,>, or by substituting the 2 tones for V;,:
4 ™

=N 3 | By applying
Vour3(t) =asz- | Acos(w,t) + Bcos(w,t) | oo S o
“X” “y” binomial identity,
. To be marked as (X + Y)3 j o get:
(X +Y)3=X3 +3X%Y +3XY2 +Y3~
Independent term “Cross” terms Independent term

J

.
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Let's investigate the spectral content of an independent 3" order term. For example, “X3”:
4 )

cos(3wqt) |
L 0sGend) | _

"X3" 2 A3cos3(wqt) = A3

4
Identlty
cos3(a) =

[
. N
‘+ Zcos(Sa{)
J
34°

e cos(wqt) + 7 cos(3wqt)

The “Gain Compression” term, that

“Eats away” amplitude at frequency w : The 3" harmonic product that oscillates
Since the “X=""term. is multiplied by the at frequency 3wy:

VicLaurin coejjicient as Whicnh\s (Unaer This product’s voltage depends on A
our 3'“*order model’s approximation) oj liherefore, for every. | |:lincrease in the
OppPOsite polarity to dy , this proaucts power ojf the input carrier at @y , this
/oItage oS an eppositersign to the Jirst product increases by <{:/::

oraers linearly-amplified carrier at wq

\.
Slide 26 | © INTERLLIGENT [ Instructor: Oren Hagal
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Now, let’s investigate the spectral content of a “cross” term. Let’s go for “ 3X2Y ”:

( )
1 1
"3X%Y" 2 3A4%Bcos?(w,t)cos(w,t) = 3A*B [E + Ecos(Zwlt) cos(w,t) =
Identity (1):
cos?(a) = =+ =cos(a)
2 2
3A%B 3A%B
=— cos(w,t) + > cos(2w;t)cos(w,t)
Identity (2):
cos(a)cos(B) = + >
3A%B (@,8) + 3A%B N 34°B A 2 )]
= cos(w-,t y *+ —COS w1 — Wyt
2 ? 2 2 2 e
3A*B 3A*B 34*B
= — cos(w,t) + cos|(2wq + wy)t] + cos|(2wq — w,)t]
The “Blocking” term: A* Srd order “sum: intermoaulation (VD) Srd.order difjerence intermodulation
Influences the amplitude at proauct, at frequency. 2wy + Wy proauct, at jrequency 2wy — Wy
the “other” frequency wy (out of band, close tol CE's 3 harmonic) (in-band, ¢/c3= 1) 67)

J

\_
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Results summary:

(- . . i )
Therefore, the final overall expression for the device’s output voltage, under our 3 order
odd-nonlinear “base model” approximation, for the 2-tone input, is given by:

Vout(t) = Vout 1(t) + VoutB(t) —
a,[Acos(w,t) + Bcos(wyt)] + as[Acos(wqt) + Bcos(w,t)]® =

The linearly (1st prder) amplified carriers: The a; X3 term:

3 azA3 azA

3

= a1Acos(wqt) + a;Bcos(w,t) + cos(wqt) + cos(Bwqt) +

Linearly amplified w carrier Linearly amplified w- carrier Gain Compression at w4 3 harmonic of W,

3 a,A%B 3a,A2B SO 3,428
3Tcos(w2t) + 3Tcos[(Z(ul + wy)t] + 3Tcos[(Zwl — wy)t] +

Blocking at w- 3 order sum IMD at 2w, + w, 3 order difference IMD at 2w, — w-,

The a33Y?*X term:
3 a;B*A 3 a;B?*A 3 a;B%*A
Tcos(wlt) + —2 cos|(2w, + wq)t] + —

Blocking at w 3 order sum IMD at 2w, + 1

cos|(2w, — wq)t] +

3 order difference IMD at 2w, — w1

The a3 Y3 term:

cos(wyt) + a3 cos(3w,t)

Gain Compression at w; 34 harmonic of w,

\.
Slide 28 | © INTERLLIGENT [ Instructor: Oren Hagal
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“Blocking” (sometimes also called “De-Sensing”) explained:

Let’s take a close look on the output amplitude at one of the original
carrier’s frequencies, for example at wq:

34° 3B?*4A
Vout at wl(t) — alA + as + cos(wlt)

Gain Comp. Blocking at
at w1 w1
(

\

Single CW input at wq:
V;(t) = Acos(w,t) Power

('\,} > combiner

RF ON
S/G 1 5 , _

/G2 RF OFF Vin(£) = =
@ R Acos(w4t) + 0 N L Y Y YT

w4 W
\ 12 J
V() =0
2( ) Exact (Real-life, not approximated)
. voltage infout transfer function:

Spectrum analyser

\
INTERLLIGENT RF TRAINING CENTRE
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“Blocking” (sometimes also called “De-Sensing”) explained:

Let’s take a close look on the output amplitude at one of the original
carrier’s frequencies, for example at wq:

34° 3B?*4A
Vout at wl(t) — alA + as + cos(wlt)

Gain Comp. Blocking at
at w1 w1
(

\

Dual CW input at @ and w>:

V;(t) = Acos(w;t)

Spectrum analyser
Power P y

@ > CO m b i n e r' INTERLLIGENT RF TRAINING CE\TRP
ssis1 RFON

» p—
*S2 RFON 2 Vin(®) = 4 ” JL ”
@ > Acos(wqt) + Bcos(w,t)

Wy W3
V,(t) = Bcos(w,t
2( ) ( 2 ) Exact (Real-life, not approximated)
\ voltage infout transfer function:
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~*INTE LLIGENT  RF gnd Microwave engineering 101

Aw

+‘— P4 <—>

In.Band:I I 3rd Harmonic '
- . : Band:

Aw Aw Aw

“—> —> «—>

A

Results summary in the frequency domain,
according to our (non-realistic) 3"-order odd
nonlinear “base model”

W, W,

3w1 3w2

S
w (=21f)
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2 Riddle time!

In case we increase the w; S/G’s amplitude by 1dB, and maintain
the w, S/G’s amplitude, what will be the observed power change
at the following frequencies (use small signal approximation)?

e 3wq

* 21 — Wy

* 2w, — W1

Slide 32 | © INTERLLIGENT [ Instructor: Oren Hagal
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Results summary, according to our “baseline” (3™ order, odd) model:
Small signal approximation for the
# voltage expression

(most dominant term)

Log-Amplitude
dependency (small sig.)
1dB;,, = xdB ,,;

Exact voltage expression for the output at this

frequency, according to the 3™ order odd
"baseline mathematical model" selected

34° 3B%A)\]
1 w1 aA+ a3 4 + 2 COS(w1t) alACOS(wlt) A: 1dB - 1dB
" 3B 342B)
2 ap a,B + a; R cos(w-,t) a,Bcos(w,t) B:1,5 - 1,5
- a3 A3 - asA3
3 3w ‘1 cos(3wqt) 34 cos(3w,t) A:lgp = 34p
a3 B3 a;B3
4 3w, Z cos(Bw,t) Z cos(3w,t) B:145 — 34p
3 az;A*B 3 a;A%B A:1,5 > 24
2 -2 2
5 2w+ w,; . cos[(2w, + w,)t] 7 cos[2wy +w2)tl  p.q,, 51,
3 azB%*A 3 a;B%*A A:14p — 14p
2 i — — 2
6 2w, + w; 2 cos[ 2w, + wq)t] i cos[2w; + w)t]  p. 145 = 245
3 a;A%’B 3 az;A*’B A: 145 = 24
2w — % — 2 —
7 2w —w, 7 cos[2w, — wy)t] i cos|Qwy —w2)tl  p.q . 1,
3 azB%A 3 a;B*A A:14p > 14p
8 2wy;—w; Tcos[(sz — wq)t] Tcos[(sz —o)tl .2,

Slide 33 | © INTERLLIGENT
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Practical, real-world results for 2-tone nonlinearity analysis:

In real life, the nonlinear device is “not aware” to the fact that in
order to gain insight to ins behaviour, we selected an easy-to-
analyse, 3" order, odd mathematical model: In practice, our
“baseline” model does not necessarily match the reality.

General case frequency and amplitude results:
(Power results are under the small signal approximation):

ﬂl’he output spectrum containsN

all spectral lines of the form
Pw; + Qw,, where Pand Q
are independent (of each
other) integers:

Dual CW input at w; and w;:

V; (t) = Acos(w,t) B

(“u> > combiner

s/c1 RFON

es Z > O = > P,Q=0,+1,+2,+£3..
RF ON 4 i . The amplitude of a spectral
@ > cos(wyt) + Beos(w,t) P line at frequency Pw; + Qw-
V, (t) = BCOS(&)zt) Exact (Real-life, not approximated) | is proportional to A|P|B|Q|} and
lﬁltage in/out transfer function: the dominant order of the

\ spectrallineis N = |P| + |Q] )
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Practical, real-world results for 2-tone nonlinearity analysis

Practical in-band spectrum (example up to 9" order):

aA4B3aA3B2® A 4 ®aB3A: L
ot e

Aw‘Aw Aw | Aw | Aw  Aw | Aw

Aw Aw w (=2r1f)
+—F | ——  — | —P | ¢—> — | —> | —>
>
5w,-4w, f 3w,-2w, w, w, 3w,-2w, \ 5w,-4w,
4w,-3w, 4w,-3w,
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Practical, real-world results for 2-tone nonlinearity analysis

For closely spaced (practically CF + 5%) 2 input tones:

Even nonlinear products will emerge in
even frequency regions (around even multiplies of CF).

Odd nonlinear products will emerge in odd
frequency regions Even nonlinear products

will emerge in even frequency regions
(around odd multiplies of CF).
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E -~ & Microwave Solutions

Which nonlinearity metric (even OIP2 / odd

? Riddle time!
’ OIP3) is critical for which receiver architecture?

R I | F RF BPF-1 RF BPF-2 Mixer IF BPF-1 IF BPF-2 BALUN . HW bits X
ea - W] —— —t~— | D) 0'0 S f"--—lf-k_, ° =R % - ADc e®] Processor _IJ:ta
(Heterodyne) = ~—~— [\ |—~— | p——t ""r 1 :
i = ) s(t)
architecture Ao sy o éﬁ?ﬂi'l,"fn.
DC offset cancellation, "I"
Zero—l F “]” Path [LACF—————=----
(Homodyne / Direct conversion) = ts
==
RF BPF-1 _—
(C,) o
w| —4A~—|® z ) LO Synth.
% & -.(c_) 00° -@Vm(t)y:(:OS(wmt)
-Sin{w ,t)
[RF-AGC] —t
==
cl BB LPF-'Q’
T att
Q Path DAC |- /= et Tanceliztion."am — — '
RF LPF BALUN :W bit
- ) 1S RX
w| —~— N2t Data
SDR —— % 1 ADc Processor j=p
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E - & Microwave Solutions
[ ] [ ] [ ] [ ] \
Millimetre wave harmonic mixer - spur
identification — LIVE Video example:
Real life sweep. A single 62.5GHz input is fed to a harmonic mixer.
e
T 60,09 G o
IREOEESS EOEE
And that’s only between 60 to 63 GHz...

J

.
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E -~ & Microwave Solutions

2 Riddle time!

With respect to the 2-tone IMD measurement setup,
The user increased the power of BOTH signal generators (SG1 as

well as SG2) by 1dB.

Under the small-signal approximation, what will happen to the
power of the 3" order products at the device’s output?
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The interception-point concept
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The (theoretical) concept of interception point:

2 equal-power input tones, power sweep,
according to our small-signal approximated results:

- ™

Input spectrum Output spectrum
¢’ INTERLLIGENT RF TRAINING CENTRE ) ¢ INTERLLIGENT RF TRAINING CENTRE )

11

mﬂmm yvon wwwﬂmwwf
\_

Vin (t)

wﬁ,m,ﬁwwwwwﬂm«'J anwww.ww

J

\\
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The (theoretical) concept of interception point:

2 equal-power input tones, power sweep,
according to our small-signal approximated results:

- D

Input spectrum Output spectrum
¢’ INTERLLIGENT RF TRAINING CENTRE ) (" INTERLLIGENT RF TRAINING CENTRE )

0.33dB= | A=

1dB

Vin (t)

T[M 0.33dB
»m-m.ﬁwww.*wwJ L‘NM#' et AT

J

\\
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The (theoretical) concept of interception point:

2 equal-power input tones, power sweep,
according to our small-signal approximated results:

- D

Input spectrum Output spectrum
(" INTERLLIGENT RF TRAINING CENTRE "\ (" INTERLLIGENT RF TRAINING CENTRE "\

MZdB

0.66dB% i

Vin (t)

(\ T[j 0.66dB
AT L i | Plivnnnioing

\\ J
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The (theoretical) concept of interception point:

2 equal-power input tones, power sweep,
according to our small-signal approximated results:

a D

Input spectrum Output spectrum
(" INTERLLIGENT RF TRAINING CENTRE "\ (" INTERLLIGENT RF TRAINING CENTRE "\

ﬂld B i m
3d B(
Vi, (T
” . BL 1dB in(t)
Mgy i | Privfirmieguint

\\ J

Yy WWW‘J WWW‘J vy | Wn
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E -~ & Microwave Solutions

4 )

IIP3 and OIP3 are the cartesian
projections of IP3, which is a point
on the (linear gain)
line. Therefore:

OIPS[dBm] — IIPB[dBm] + G[dB]

Obtaining the line equation for
Pout 3 [dBm]*

P oyt 3 [apm) @t 3rd order
IMD frequencies, Small
\_ sig. approximation Y,
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B - & Microwave Solutions

(
Summary of results, IMD’s power domain (for equal power carriers, A=B):

7 » \Th a
oifgjtr?ovtlerol; :S(relll/lhz Pout Nth order 1MD [dBm| —
' N — (N —1) - OIPN 4pm

small-signal approximation:

For intuitive measurements, let’s define the “carrier output power to N™ order IMD
power” ratio, IMR-N as:

/" INTERLLIGENT RF TRAINING CENTRE \

IMRy apc1 =
[ ] _ P Pout 1 IMR3 [dBc]
out Nth order IMD [dBm] ﬂ t
Pout 3
And by substituting the definition of IMRy 4p) in
the P oyt Nth order IMD [dBm) liN€ equation, we get:
Wl 9 | oo an MWW[
oIP = N d5 =" ‘==
N [dBm] — (N-1) \ (20— 2] (202 = 0]
\_ J
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3rd order nonlinearity, private case analysis:
Pout [dBm]

Pout 3 [dBm]
=3Poui1 [dBm] — 2- OIPS[dBm]

P out 1 Actual [dBm]

Pout 1 Small sig

o OIP3 qpm) =
> IMR3 (B,
.3? 2 +P0ut 1 [dBm]

Pout3 [dBm]
Small sig. approximation

Pin (aBm)
p [[ Do) Power of each input carrier
out 1 [dBm] 3 s O 071 .
L : LT ¢t ool (carrier powers are equal, A=B)
At carriers' frequencies, N
Small sig. approximation d
\_ J
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2 Riddle time!

With respect to the 2-tone IMD measurement setup, The test
engineer has increased the power of SG1 (generation the w4 carrier)
by 1dB. For the removal of doubt, the power of SG2 remained fixed.

In practice, to the engineer’s surprise, the measured power at
frequency 2w, — w, has increased by 3.2dB (and not by the
expected theoretical value of 2dB).

(a) How can this be explained?

(a) What can be modified in the set-up in order to observe the
“expected” result of 2dB power increase?
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The IP3 model is based on
a 3" order, odd, small

signal approximation of the

device’s V,,,+ (V) transfer
function.
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deladl1M “The OIP3 trick” for simply calculating the overall OIP3 of a
AR [" ' nonlinear device followed by a passive lossy (and linear!) device:

Obtaining the overall OIP3 of a chain which 2
consists of a nonlinear device (to be
represented as an “amplifier”) followed by — 1
a passive, lossy and linear device (to be
represented by an “attenuator”) is easy

and straightforwa rd: Nonlinear device’s output: Attenuator’s output:
. J ” ; INTERLLIGENT RFMW TRAINING CENTRE INTERLLIGENT REEMW TRAINING CENTRE
The attenuator “considers” all of its Ref20dBm  Atien20dB July 4, 2021

Ref20dBm  Atten 20dB  July 4, 2021
input signals (including the nonlinear H@IMR% L,
products of the nonlinear amplifier) as

irst order” signals. | L
o IO

The attenuator linearly attenuates all its Center 100.00 MHz ~ Span 10 MHz Center 100.00 MHz ~ Span 10 MHz
Input Slgna|S by |tS attenuat|0n Lz RBW 10 KHz VBW 10 KHz RBW KHz VBW 10 KHz
(hence, absolute power decreases while IMR
. . 3 [dBc]
rations, such as IMR remain the same) OIP34pm) =— —

* 2

According to the OIP3 measurement Result: ]

formula, the overall system’s OIP3 will
be the OIP3 of the nonlinear device, — m—lp OIP3y,; = OIP3, — L,

minus the attenuator’s loss, Ly :

OIP3 of an amplifier followed by an attenuator
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Measuring nonlinear products by a
spectrum analyser
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E -~ & Microwave Solutions

Instrumentation available for RF power
measurements

Spectrum analysers: Power meters:
* Frequency selective Tuned receiver * Non-frequency selective,
 Degraded absolute accuracy broadband detection
(typically 0.1s of dB) e Best absolute accuracy
 Widest dynamic range (due to RF (typically 0.01s of dB)
step attenuator / Pre-Amp)  Smaller dynamic range (due to

broadband noise)
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? Riddle time!

Is a Power meter suitable to serve for 1dBcp measurements of
an active device?
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A simplified block diagram of Frequency swept (Heterodyne) analysers
Example: N9010B-503, 3.6GHz Signal analyser.

Input LPF Step Atten. Resolution filter ~ Envelope  Video (BB) filter Display
(Image reject) (mixer level) mixer  (Filter bank) detector (Filter bank)
—r— a —r— —— |
> A W D =
— 7 —F —
3.6GHz cutoff CF=5.1225GHz
LO sweep

generator 5.1225-8.7225GHz X

_/I_ Ramp (sweep)

Generator

fiF fiF
f— Ce——
4 JTuned

AfLO flmage
Input LPF
Tuning equation:
_ . Input frequency . Image frequency
fTuned — fLO fIF tuning range LO tuning range range f
DC 3.6¢Hz fir 8.72¢nz 10.245.y, 13.845.y,

5124y,
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E -~ & Microwave Solutions

A real-life, practical block diagram of a modern signal analyser with external mixing capability:
The block diagram below is based on the structure of modern Keysight “X-series” analysers
(N9010/20/30/40B). The signal chain has 3 main paths: Low-band (up to 3.6GHz), High band
(above 3.6 GHz and up to the analyser’s highest frequency) and the external mm-wave mixing
path. In all those paths, the frequency sweep is done only by the 15t LO. The final IF is processed
by a tuned receiver (in regular signal analser mode) or by a broadband digitizer (in VSA mode).

' . - M
. Broadband digitizer for zero-span
The complete signal analyser (only the mmw mixer is external) isiti
moade aCC|U|S|t|0n
322.5MHz
mmw. IFout/LO in |2 == |mmw mixer’s IF out
mmw - el = = | = o
waveguide hanrqr?';((;rr\m — Diplexer [ o — % —¢—<ADC »| FPGA
input - Single coax  (ERS &=
External mixer S 42% fioq g = 200MHz BW
2 9, o . .
( Ws = Tuned receiver for the last (fixed) IF
X2 doubler RO =
< e o frequency of 22.5MHz, serves regular
1 2 5 = spectrum analysis mode (not VSA)
H . L . <L i
Low band section: Low band Low band, §% °© Q Last RéEéVgl mhezr Envelope
RF A = 4 GHz Cutoff mixer 1 }5.12255GHz mixer 2 2 322.5MHz  mixer ) 4  detector
in | St Low band path o <0
O—lbn—A;p 100 P % % o {0 0, 04> % %—-——D} >
. <o ot SPDT
I I’
! ¥ 1 Selectable 1 s
High P ) RBW
band LO1 swept tuned synth. 9 1 LO2 synth, Measurement 300MHz £ ZE.,
path 3.82255 - 8.72255 GHz % °T— 4.80GH: path select: Lo3 (fixed) 58 =
; o N (fixed) VSA mode or £z N
— “conventional” @ {
Preselector bypass [ SP3T for LO distribution ] spectrum <
Q.
Y |«° Vol O» Wanieaiprouictials 1 3
19 O g >0 ;o PETTE T 0
SPDT SPDT HHOUNORSZeIivVINIE +
Yig tuned $YTF Tune High band mixer ) . X-axis in B v-axis in
preselector o < > 3 | '
filter (YTF) Ramp sweep Y § Ramp sweep
Microwave preselector E;;nepp
filter (YTF) section vy e T

m © INTERLLIGENT Instructor: Oren Hagai
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E -~ & Microwave Solutions

Controlling the S/A’s input step-attenuator to assure mixer’s linearity:
Usually implemented as a cascaded chain of binary-valued attenuation
sections:

10dB section 20dB section 40dB section

(" spDT 10dB sepT \ [ spoT 20dB seot \ ( spoT 40dB sPDT )

S T e u ANEEre, ETH e n Reve KT e A

: Bypass > : Bypass ° 2 Bypass
& VAN VAN J
Atten. 10dB section 20dB section 40dB section

0dB OFF OFF OFF
10dB ON OFF OFF
20dB OFF ON OFF
30dB ON ON OFF
40dB OFF OFF ON
50dB ON OFF ON
60dB OFF ON ON
70dB ON ON ON
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D Riddle time!

Can this 3.6GHz signal analyser

, actually be gain-compressed?
In un-preselected spectrum analysers, the input (05531 July 4 2090 INTERLLIGENT RE/NIW TRAINING CENTRE

mixer is “open to see” all spectral components Ref10dBm  Atten 10 dB Pre-Amp off
(from the input) that pass through the input’s Log

LPF. i ------mm-

Be careful of “hidden” mixer’s compression

Hence, “unseen” (outside of shown trace)
strong signals or even broadband noise may
cause mixer compression.

In particular, the RBW filter cannot remove

unwanted signals from the first mixer!
Center 1300.0 MHz Span 700 MHz
Res BW 1 MHz VBW 300 KHz Sweep 25 mS (401 pts)
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Verification procedure for “linear fidelity” of signal

analysers (which do not use external mixers):

*** Not suitable for external mixing due to lack of an internal input attenuator ***

Step 1: Set a nonzero input attenuation and measure the displayed (“to be verified”) spectrum:
Measure the amplitude of the displayed signals, using a nonzero internal atten. setting (e.g. Att = 10dB).

Step 2: Expose the analyser’s mixer to stronger signal levels and check if the mixer is now compressed:
Decrease the input attenuation by a step or two (example: change the attenuator setting from 10dB into
5dB), and measure again the signal’s displayed amplitude. It should be noted that the analyser’s CPU
always corrects the displayed amplitude to take into account the analyser’s internal attenuator setting.
pay attention to changes in the displayed amplitudes or to the appearance of any new spectral content

Step 3: Decide if to approve step 1’s spectrum + amplitude readings, or start-over with increased attenuation:

~

" No significant difference observed:

The analyser hasn’t shown yet any
apparent nonlinear distortion of its own.
f/r e the mixerm \/(0 ma /IU‘HALI,‘U":
OW sonithe pf:com L'}UH, 0)\/
LUf'i'Ji_{ L‘r_f_.- ncreaseain JL\L dttenuation
'_u’_",t_i’_wij Ssure our

measurements mH oJf wﬁ iyn

Bfrectec U/ ne IdIySE nonlinear ‘/
Hence we can restore the settmgs of step 1

2) (\J &4
(S

DIfStep \, Wercanid

Has a
significant
difference (e.g. new
spectral content or
an amplitude

difference of more

than 0.1dB) been
ﬁo

observed?

Y|

(A significant difference has been observed:)

It is clear that the analyser’s mixer is now
gain-compressed. This is due to the fact
that the displayed power of the same
signals input has changed, or new spectral
content has appeared while exposing the
mixer to a hlgher input power Ne also

diiingG Uf.‘ SUIE '_?F\ H'H
Vher :‘w;\ creasediattenuation setting
Hence, the readmgs of

~CA>C

"\\H)')

and rest assured that our spectral content
\.and amplitude readings are indeed valid. /

Step 3A:
Perform the measurement using the o

(increased) attenuator setting.

Step 3B:
riginal

“starting

step 1 cannot be trusted We need to start-
\_over with an increased input attenuation./

Return to step 1, this time with a higher

point” input attenuation.
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OIP3 measurement example, step 1:

5 Agilent  18:55:31 Dec 13, 2085 INTERLLIGENT RF TEAIMIMG CENTER I Detector

C 0000 MHz
Atten 260 dB - dBm

Auto

Average
(Mideo /RMS)

Peak

Il.l_l""h' 1I||-|I,.‘||||'\.-,,..;

Sample

Negative Peak

VEH 36 kHz
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OIP3 measurement example, step 2:

5 Agilent  18:55:31 Dec 13, 2085 INTERLLIGENT RF TEAIMIMG CENTER I Detector

: 0000 kHz
#Atten 10 dB ~26.32 dBm

Auto

Average
(Mideo /RMS)

Peak

Il.l_l""h' 1I||-|I,.‘||||'\.-,,..;

Sample

Negative Peak

VEH 36 kHz
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Q SULLAM Passive IMD (PIM) caused by corrosion

interest

Rusty or dirty device contacts, connectors or adapters can significantly deteriorate the RF
performance of transmitted signal’s purity by introducing nonlinear behavior: Corrosion or
dirt between 2 metal contacts forms a quantum potential barrier (Fermi gap) that acts as a
junction and creates a diode-like exponential I-V curve.

SMA Male SMA Female

Quter
Conductor Outer
Conductor

Plostic

ielectri Plastic
Dielectric Dielectric

Center Center
Conductor Conductor

¢—— Quter Conductor
Mating Plane

Rust layer Junction’s I-V curve:
insulat
(insulator) " |(V)

Quter Conductor —p
Mating Plane

Female’s
Metal socket

metal pin
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Any questions?

That’s it for today!

Don’t forget today’s homework!

Thank you for attending and see you next week!

Oren Hagai
Email: oren.h@int-RF.com
Cell: +972-54-8138200
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